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Modeling the Shaking Process of a Walnut Tree: Determining the Natural
Vibration Frequency

Constantin Zirnescu, Vasile Pavliuc
Technical University of Moldova, 168, Stefan cel Mare Blvd., Chisinau, Republic of Moldova
constantin.zirnescu@doctorat.utm.md

Abstract: The results of a study of the shaking process of a walnut tree are presented. Shakers used in harvesting machines are
specialized equipment that is attached to the tree trunk and generates controlled vibrations, causing the fruit to fall to the ground or into
special catching devices. Thus, universal shakers for various types of nuts, including walnuts, almonds and hazelnuts, ensure fast and
uniform harvesting without significant damage to the trees. When harvesting nuts by shaking, the dynamic properties of the trees are
important. Therefore, it is necessary to calculate the natural frequency of the system's oscillations, and it plays a key role in the occurrence
of the resonance effect. Thus, during the shaking process, the natural frequency of the system includes the tree and other elements interacting
with it, which makes it possible to determine the optimal operating modes of the vibrators to ensure the required completeness of fruit
removal with the least energy expenditure. For this purpose, the Euler-Bernoulli theory is used, according to which, when solving a dynamic
equation for specific fastening conditions, the natural frequencies and corresponding vibration modes are determined, at which the beam

oscillates without external forces.

KEY WORDS: OSCILLATION FREQUENCY, SHAKING PROCESS, WALNUT TREE, PHYSICAL MODEL.

Introduction

Harvesting nuts is one of the most important stages in
horticultural technology, determining not only the yield of the crop,
but also the quality of the final product. Traditional harvesting
methods such as manual labor or simple mechanical devices, which
are generally labor-intensive and inefficient, are especially
ineffective in large orchards or plantations of nut crops such as
walnuts, hazelnuts and almonds.

Fruit shakers used in harvesting machines are specialized
equipment that is attached to the tree trunk and generates controlled
vibrations, causing the fruit to fall to the ground or into special
catching devices. As noted by Bradu N., Melnic lu. et al,
mechanized harvesting of nuts provides a solution to the problem of
efficient removal of fruits from trees, while reducing harvesting
costs to 35-45% of the total cost of production, which ultimately
contributes to an increase in overall production efficiency [1, 2, 3].
Compared with manual collection, the use of machines with pulse
vibration exciters, mechanized harvesting can increase labor
productivity several times [3, 4].

The most common mechanical harvesting system in orchards
is shaking the trunks and crowns of trees. As noted by Mohsen
Farajijalal et al., the branch shaking system enables selective fruit
harvesting due to the varying vibration characteristics of different
branches, as well as branches in the tree canopy, depending on their
age, water content in the trunk, and elasticity [5]. The
morphological characteristics of fruit trees, the diversity of fruit
structures, growth patterns and agricultural practices in the orchard
are the main factors in choosing the appropriate type of mechanized
fruit harvesting system. These basic characteristics will help to
select optimal vibration parameters such as frequency, amplitude,
duration and type of shaking [4, 5].

Fruit shakers used in harvesting machines are specialized
equipment that is attached to the tree trunk and generates controlled
vibrations, causing the fruit to fall to the ground or into special
catching devices. Thus, universal shakers for various types of nuts,
including walnuts, almonds and hazelnuts, ensure fast and uniform
harvesting without significant damage to the trees.

Prerequisites and means for solving the problem

Like any other tree, the walnut tree is a complex natural
structure and its properties vary depending on the species and age.
When harvesting trees, where their dynamic properties are
important, it is necessary to calculate the natural frequency of the
system's oscillations, since the natural frequency is the frequency at
which the system oscillates on its own, without any external
influence on it, and which plays a key role in the occurrence of the
resonance effect. Thus, during the shaking process, the natural
frequency of the system includes the tree and other elements
interacting with it, which makes it possible to determine the optimal
operating modes of the vibrators to ensure the required
completeness of fruit removal.

From the theories of vibrations it is known that vibrations that
are supported only by elastic force are called free or natural
vibrations, and their frequency depends on the physical
characteristics of the tree, such as the length of the trunk, the
elasticity of the wood, the mass of the crown, etc. [6, 7]. In this
case, the diameter of the cross-section A of the trunk within each
section is considered constant and the material is homogeneous.
This allows to apply Hooke's law, which states that for elastic
deformations (small in magnitude), the normal stress & in the body
is directly proportional to the relative deformation &, and the
proportionality coefficient depends on the properties of the
materials — Young's modulus E. In this case, the mass of the crown
is brought to a common center of mass, and its interaction with the
air is excluded [8].

It has been established that the falling of nuts when the tree is
shaken is due to a physical phenomenon known as resonance. If we
take into account that resonance is a phenomenon in which an
oscillatory system reacts with a maximum oscillation amplitude & to
an external influence, the frequency of which coincides with the
natural frequency of the system under study, then this occurs
because the external force transfers maximum energy to this system.

In the particular case under study, the tree vibrates at a
frequency close to its natural frequency, when the oscillation
amplitude & increases sharply. Therefore, to ensure fruit fall with
minimal impact, mechanical shakers should be tuned to a resonant
frequency, which will ultimately:

1) maximize fruit removal (up to 90-95%);
2) minimize damage to the tree trunk and branches;
3) reduce energy consumption.

Solution of the examined problem

To calculate the natural frequency of oscillations of a walnut
trunk, physical and mathematical models are used to determine the
natural circular frequencies for medium and large trunks, as well as
the parameters of the rigidity of walnut wood, which are expressed
through the expression of Hooke's law [8].

o=E¢ (1)
where: ¢ is the relative deformation;
E - Young's modulus, Pa.

It is also formulated as a function of absolute elongation, load,
length, and cross-sectional area.

Based on the selected physical model, electronic
dynamometers connected to a computer are used in practice to
determine the frequency of free oscillations or natural frequency.

The trunk is usually modeled as a cantilevered cylinder,
rigidly fixed at the base and free at the end (top). For this purpose,
the Euler-Bernoulli theory is used, according to which, when
solving a dynamic equation for specific fastening conditions (for
example, clamping), the natural frequencies and corresponding
vibration modes are determined, at which the beam oscillates
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without external forces. It should be noted that the theory is most
accurate for thin beams and small deformations. For short and thick
beams or large deformations, more complex theories are required
that take into account shear deformations and nonlinear effects.

Rezults and discussion

To perform calculations, it is necessary to adopt a calculation
scheme, the physical model of which is presented in Fig.1. A real
trunk is not perfectly uniform, usually spherical and less commonly
conical. Root rigidity may not provide sufficient anchorage, which
reduces the oscillation frequency. Branches and foliage on trees
during harvesting increase their effective mass and also reduce the

oscillation frequency f (Fig.1,b).

/— \
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¥

e ASSUSENTEON

a)

Figure 1. Physical model for determmlng the frequency of
free oscillations: a) walnut tree; b) physical model; H — height
of the tree; d - trunk diameter; m — nominal mass;
¢ - amplidude of vibration.

If in the calculation scheme there is a concentrated mass m at
the top of the rod (fruits, branches, leaves), then it is necessary to
take into account the reduced mass (the usual correction), since with
a large mass m the oscillation frequency f decreases.

The mathematical model for such a homogeneous cantilever
beam of circular cross-section with diameter d expresses the natural
angular frequencies wy, (rad/s) in the following form [6, 71:

e )

AI4

where: S, are the coefficients of n modes of natural oscillations;
I - moment of inertia of the section, m*;
p - bulk density of the trunk, kg/m3;
A - cross-sectional area of the trunk, m;
I=H - reduced length of the trunk or height of the tree, m.

In this case, Young's modulus for walnut wood is taken to be
within the range of 8.0-14.0 GPa, depending on the variety,
humidity and direction of the walnut wood fibers [8].

Since the mass of the tree is distributed along the trunk,
according to the Euler-Bernoulli theory, there are n modes of
natural oscillations [6, 7]. In formula (3), the coefficients S, (the
first three) are standard numbers:

B, ~19, B, ~41, B, ~79,.

When solving a dynamic equation for specific fastening
conditions (for example, clamping), the natural frequencies and
corresponding vibration modes are determined, at which the beam
(trunk) vibrates without external forces.

It should be noted that the theory is most accurate for thin
beams and small deformations. For short and thick beams or large
deformations, more complex theories must be used that take into
account shear deformations and nonlinear effects [8, 9, 10].

Then the natural frequency f, of the trunk expressed in hertz
(Hz) is equal to:

f =% @
2

In practice, shaking of a walnut tree trunk occurs at the first
fundamental frequency (n=1), because under real-world conditions,
it is the one that manifests itself most strongly. Then, expression (3)
takes the following form:

El

—w = B2 ®)
1 ﬂl pAI4
orsimplified 5 = 2 = (5.a)
PAl*

where p =1 9
As a first example, we take an average trunk of a walnut tree
with the following parameters:
- Young's modulus E=11.0 GPa;
- trunk diameter d takes values from 0.15 to 0.3 m;
- reduced length of the trunk or height H of the tree takes
values from 4.0 to 8.0 m;
- bulk density of the trunk p= 650 kg/m®.
First, the cross-sectional area of the trunk A is determined
using the formula:
2
P ®)
4
The moment of inertia | of a circular cross-section is
determined by the formula:
4
oA @
64
Substituting the corresponding values of the parameters of the
walnut tree trunk into formulas (6) and (7), we obtain the values of
the cross-sectional area A of the trunk and the moment of inertia |
of the circular cross-section, respectively.

E
o=t oo | ®

Taking into account formula (4), the natural frequency f,, of
the the trunk, expressed in hertz (Hz), is equal to:

d E
t=p——= - ©)
8r-1°\ p
After calculating the natural angular frequency w using
formula (5,a) and the natural frequency f,, expressed in hertz, using
formula (4), the calculated data are summarized in Table 1.

Table 1. Natural frequency of a walnut tree trunk

Trunk Geometric
parameters characteristics
of the section Natural Oscillation
Diameter| Height | Cross- Moment angular frequency
d,m | H,m |sectional |ofinertia |[frequency of f, Hz
area A, ofa oscillations
102 m? | circular w, rad/s
Cross-
section I,
10° m*
2 2 4 5 6 7
4.0 1.77 2.48 34.74 5.53
0.15 5.0 1.77 2.48 22.22 3.54
5.5 1.77 2.48 18.37 2.93
6.0 1.77 2.48 15.44 2.46
5.0 3.14 7.85 29.68 4,73
0.20 5.5 3.14 7.85 24.54 3.91
6.0 3.14 7.85 20.64 3.29
6.5 3.14 7.85 17.57 2.80
5.0 7.10 39.74 44.45 7.08
0.30 55 7.10 39.74 36.73 5.85
6.0 7.10 39.74 30.87 4.92
6.5 7.10 39.74 26.31 4,19
7.0 7.10 39.74 22.69 3.61
8.0 7.10 39.74 17.35 2.76

From the analysis of the data from Table 1 it follows that,
with the same diameter of the trunk of a walnut tree, as its height
increases, the natural frequency of oscillations of the trunk
decreases (Fig.2). However, for the same tree height, the natural



MATHEMATICAL MODELLING 2025

frequency of trunk vibrations increases with increasing trunk
thickness (Fig.2). For example, with a conventional height of the
trunk of a walnut tree H=5 m, the frequency of natural f oscillations
of the trunk will be equal to 3.54 Hz for a diameter of d=0.15 m,
4.73 Hz for d=0.20 m, and 7.08 Hz for d=0.30 m.

00} —F—F— | |
2 3

Height H (m)
= o
[~] (=]

~
)

70 20 30 40 50 60 7.0
Frequancy f (Hz)

Figure 2. Dependence of natural frequency f of oscillations
on the height H of the trunk: 1 - d=0,15 m; 2 - d=0,20 m;
3-d=0,30m.
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Figure 3. Dependence of natural frequency f of oscillations
on the diameter d of the trunk: 1 - H=0,50 m; 2 - H =0,55 m;

3-H =0,60 m.
From formula (9) we determine the diameter d of the trunk:
87 -H*f
d=""""— P (10)
B E
0.35 T
030t
E
p
£025¢1
£
8
Q
0.20 t
0.15 }
0.10
45 5.0 55 6.0 6.5
Height H (m)

Figure 3. Dependence of the height H of a walnut tree on the
diameter d of the trunk at fixed vibration frequencies f:
1-f=4,0Hz; 2 - f=4,5Hz; 3 - f=5,0 Hz.

Figure 4 shows the dependence of the height H of a walnut
tree on the diameter d of the trunk at fixed vibration frequencies f.
It means that if, for example, we initially set f=5 Hz, i.e. f=5
oscillations per second, then in order to maintain this parameter, we

need to selectively measure the trunk diameter of several trees in
the garden and to determine it arithmetic mean value dm. The graph
in Fig.4 can be used as a nomogram to set the tree height H to be
the same for all trees in a nut orchard for the next year, taking into
account the annual growth rate of branches and determining the
working height for adjusting the machine during mechanized
pruning of the orchard. For example, for a trunk diameter d,=0.24
m and an oscillation frequency f=5 Hz, according to the nomogram,
the height of the trees should be equal to Hyn=5.35 m (Fig. 4).

Conclusions

1. Modeling the process of shaking a walnut tree made it
possible to obtain the dependence of the natural frequency of
oscillations f of the tree on the trunk diameter d and on the height of
the tree in the range of 0.15-0.30 m and 4,0-8,0 m, respectively. The
obtained results show:

- for a walnut tree with the same trunk diameter d, as its height
increases, the frequency f of oscillations of the trunk decreases;

- for the same tree height H, the natural frequency of trunk
oscillations f increases with increasing of thickness of the tree d.

2. The graph in Figure 4 can be used as a hnomogram to set the
tree height H to be the same for all trees in a nut orchard for the
next year, taking into account the annual growth rate of branches
and determining the working height for height adjustment during
mechanized pruning of the orchard.

3. Tuning the shakers to the resonant frequency of the tree
promotes higher-quality collection of nuts with minimal effort
required to break the nut off.
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Study on the dynamics of truck loader crane during cargo unloading using modeling
and simulations

Ilir Dogi, Naser Lajqi, Xhevahir Selimi
Faculty of Mechanical Engineering — University of Prishtina “Hasan Prishtina”, Kosovo
E-mail: ilir.doci@uni-pr.edu

Abstract: This article is a study on the work operation of a hydraulic crane installed on a heavy truck known as Truck Loader Crane. The
crane is used to carry loads from the truck to the ground and vice versa. It usually is an integral part of the truck mounted behind the cabin
or behind the cargo body, and there are cases when it is additionally mounted on the truck. The crane has several mechanical and hydraulic
parts. It is controlled from the command panel attached to the crane or by using the remote panel. The work operation analyzed is cargo
unloading from the truck body on the ground. It is a complex process consisting of attaching the cargo (load) to the boom, lifting the cargo
from the truck body, transferring the cargo several meters, and lowering it on the ground. During this process, the crane undergoes heavy
oscillations due to the motion and swinging of the load it carries. The type of analysis is dynamic analysis, and the methodology consists of
3D modeling of the crane and implementing simulations with SimWise4D software. Through this study, the aim is to identify the nature and
extent of forces and stresses on the crane and its parts, the intensity of the swinging and oscillations of the cargo, and their effect on crane
operation. High oscillations can cause parts failure and raise concerns about safety. Results will be shown in graphical form for the main
influential parameters. Conclusions from this paper will be useful regarding the strength of crane materials, motion dynamics and motion
control of crane and cargo, design of crane parts and safety during work. The Truck Loader Crane model is designed based on the data from
the standard manufacturer.

Keywords: TRUCK LOADER CRANE, CARGO UNLOADING, OSCILLATIONS, DYNAMIC ANALYSIS, MODELING, SIMULATIONS

1. Introduction Table.1. Technical features of the Palfinger Loader Crane [1]

. L A . . Crane Specifications
The crane that will be studied is shown in Fig.1. Itis a hydraulic  ["\odel PK 11001
type crane mounted on the heavy truck. The study example is from Capacity-max 4000 kg to 2.5 m range
a local company in Prishtina City that handles transport of pallets Capacitv-min 340 ka to 18.8 m range
and other loads. There are two main work activities of the Crane: pacity-mi 9 : 9
. L Load torque 109 KNm
- Lifting the load from the ground and lowering it to the truck’s Max manual outreach 234m
cargo body. . '
- Taking the load from the truck and lowering it to the ground, Max hydraullc outreach | 15 ”l
to some platform or even to a certain height, depending on the | Slewingangle 420
request. Operating pressure 290 bar
There are situations when the crane keeps the load steady at a Dead weight 1510 kg

certain height to stabilize it for a certain amount of time.
The height H of lifting is around 2 — 3 m from the ground,
depending on the cargo (load) dimensions. Crane has a defined

The main parts of the crane are presented in Fig.2.

o - B
lifting velocity. o o f:, ") ©) @
The cargo (load) can be in various forms, it is usually a pallet
with various materials, various boxes, concrete structures — pipe or y -
plate, metallic structures, cylindrical form material, etc. = @) @ H

{Co Q

~out;

Fig.2. Crane parts: Out-Outriggers; C-out- Outrigger
cylinders; Cb- Crane base; Cbf — base frame, B- Boom with
frames; Cmf- Middle frame; F3, F4, F5 — Crane upper frames
(beams), C1, C2, C3, C4 — Crane cylinders; BT-Telescopic Boom;
Q — Load (cargo) ; H— Hook [4]

An electro- hydraulic system is used to move the crane. After
the lifting command from the panel, the hydraulic oil is delivered by
the gear pump to the oil cylinders, which pushes upwards its

Fig.1. Crane mounted on the truck in the working environment

The type of crane is Palfinger PK 11001 [1], [3], with maximum
lifting capacity Q = 4000 kg. It is mounted on a Mercedes Benz
1317 heavy truck (Fig.1). Main technical data are taken from the
manufacturer's manuals and notes placed on the crane, which are
shown in Table.1.

pistons. Then, the pistons move the Boom and load Q in various
directions (Fig.2).

Dimensions of the cargo body of Mercedes Truck are Length:
7.3 m, width: 2.3 m. Cargo body of the truck is 1.5 m up from the
ground.



Fig.3. Rear view foto of the main Crane Parts

Results of the research will be acquired for some main parts of
the crane. Forces, torque, stresses and oscillations of the cargo-load
during the cargo lowering from the truck body to the ground are
considered main influential parameters for measuring strength and
strain of crane [4], [5], [6]. The analysis will be carried out for the
cargo-load capacity Q = 1500 kg, which is the lifting capacity for
the crane based on the crane specifications and Load Q carrying
distance that will be around 7 m [1]. Maximal motion speed of the
crane can reach vgna = 0.7 m/s. Results will be presented with
graphs and then discussed.

Regarding the Literature review, some authors in their papers
have studied Truck loader cranes, shown in the References, with
studies regarding the crane dynamic analysis [4], [5], [7], modelling
[5], [8], [11], simulations [5], [6], [11], [12], theory of dynamic.
analysis [7], [12], motion control and regulation [6], [9], [10] and
crane safety [13].

2. Modeling of the Truck Loader crane and

simulations scenario

Modell of the Truck Loader Crane is designed with software
SimWise 4D [2]. The model contains Mercedes Truck and Loader
crane with its important parts, Basement and Load Q.

Working load Q as a cargo to be carried has a box form with
dimensions: Length =1 m, Width= 1 m, Height = 1 m, Mass Q =
1500 kg. It is placed on the Truck cargo body, ready to be moved.
(Fig.4).

Loader crane has its outriggers extended for stability purposes.
Distance of the outrigger from Crane Base is 2.1 m.

+i1eRsamED VEarasn -

Loader crane
Cylinders -

Telescopic
Boom ~
Truck cargo
body

— ——— Boom Frames

Loader crane
~" Cylinders

Truck Cabin
wheels

Fig. 4. Model of the Truck and Loader Crane with main parts in the
software environment, in the initial position [2]

After completion of the model, simulations will be carried out
to get results. Analysis with simulations will be acquired using two
numerical Methods, namely Finite Elements Method (FEM) and
Numerical Kutta-Merson Method, which are part of the software
modules.
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Upper Frames Middle Frames

Middle cylinder- Lower cylinder

Upper cylinder1 Base Frames
Upper cylinder2

Telescopic

IR
Hook 7% \
4 Lifting Rope:
Outriggers / ‘
left '\
Load Q (carw

Truck carg >
body )

Truck Cabin

[~ outriggers -
Outrigger right

Crane cylinders
base

y i ] |
Fig.5. Modelled main parts of the Crane mounted on the truck
(Rear view)

For the proper analysis of the load lowering, simulations will be
organized as close as to real occasions [6]. The plan is to unload the
load Q in the distance around D = 7 m from the Crane base (center).
This distance is selected randomly. There are five phases of
continuous Crane and Load motion identified:

- Phase 1: The Crane’s Boom in its initial position is linked
with the Load Q through the Hook and the Lifting ropes, which are
not restrained (loose). Load Q stands on the cargo body at the
height of 1.6 m from the ground. (Fig.4 & Fig.5).

- Phase 2: Crane cylinders will start the lifting from the time t;
= 0 s. Initially, they will lift unrestrained 4 ropes, and then the Load
Q. Lifting will continue slowly, until the height of load 2.23 m from
the ground, until the time t, =5s.

- Phase 3: Next motion is Right turning of the Boom with load
Q, until time t; = 21 s. The time is longer in order to minimize the
excessive load swinging.

- Phase 4: In this phase is the horizontal extension of Telescopic
Boom and upper cylinders with load Q, to reach the unloading
position in final the distance D =~ 7 m. During this phase, the load
moves horizontally to the right direction. This phase lasts until time
= 40 s.

- Phase 5: In this phase is the lowering of the load on the
ground. It lasts until the time t; = 43 s. This is the final motion
process when the load Q is unloaded on the ground (Fig.6).

After the time t; = 43 s there is no motion, but the simulation
will continue until the time t; = 47 s to monitor the occurrences on
the crane after the end of the load motion [6].

Fig.6. Final position of the simulation - Load Q is unloaded on the
ground

3. Results of the unloading

Results of the Load motion and unloading will be presented in
the form of graphs for influential dynamic parameters for some
main parts of the crane and for the load Q. These parameters are
kinematic and dynamic in nature: Forces in the cylinders, Resultant
Force and Torque in joints, Stress in the crane frame; Load Q
motion, speed and swinging.
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3.1. Force in the Cylinders

There are four cylinders in the Boom Frames of the Loader
crane that will be analyzed (Fig.7). The parameter that will be
measured is the force in the pistons of the cylinders while moving
the load. The nature of this force is pressure force.

Middle
Frame

Upper
Frames

Upper

cylinder1 Lower

(Left) Middle cylinder
cylinder

Upper

cylinder2

(Right)
Telescopic
Boom

Load Q

Fig.7. View of the Boom cylinders

- Force in the Lower Cylinder. In Fig.8 is the graph of the
Pressure force Fp, in the piston of the lower cylinder. This cylinder
is connected on the bottom side with the Crane Base and on the
upper side with a Middle frame. Based on the graph, the piston of
this cylinder is heavy loaded part. The force has negative values,
while it is a pressure force.

1000000,
(1}
~30000,0

1000000

2000000

Foree [N]

~300000,0/

4000000

5000000

0 50 100 150 00 50 29 50 00 450

Time [s]

Fig. 8. Force on the piston of the Lower Cylinder

Based on the graph Fig.8, at the start of the lifting, piston force
is smaller, around Fy;o = -30000 N. On time t = 1 s it reaches the
value Fp;; = |-130000] N. With the continuation of the lifting
process, until time t = 14 s, the piston force increases up to Fp;, = |-
200000| N. Between the time t = 14 s until t = 22 s the intensity of
force does not change significantly, almost constant, with some
oscillations. This is the time when cylinder holds steadily the lower
and middle frame, while other cylinders move the upper frames
with the load Q. Next, between the time t = 22 s until t= 43 s the
value of force is increasing up to Fp;3 = [-320000] N. On time t = 43
s the load is lowered on the ground. The piston force decreases
significantly, to the value of Fy4 = [-65000] N, while it carries only
the weight of the frames and Telescopic Boom of the crane.

During the entire process, the piston is heavily loaded with
pressure force, with high oscillations that result in intense
amplitudes. In some moments of the process, there are short timed
high jumps of force values as a result of intense oscillations. These
are particularly present at the start of the process, between the time t
=1s+3s, between thetimet=27s+28sand t=40s + 43 s.

- Force in the Middle Cylinder. In Fig.9 is the graph of the
Pressure force F, in the middle cylinder. This cylinder is connected
on one side with the Middle Frame and on another side with upper
frame. Based on the graph, the piston of this cylinder is also heavy
loaded part. At the start of the lifting, piston force is around Fpy =~ -
7000 N. On time t = 1 s it reaches the value Fy; = |-50000] N.
During the lifting process, until the time t = 14 s, the piston force
increases up to Fpy, = |-110000] N. Also in this cylinder, between
the time t = 14 s until t = 22 s the intensity of force is almost
constant, but with some oscillations. Next, between the time t =22 s
until t= 43 s the value of force increases up to Fpy3 = [-225000| N.
After time t = 43 s, the load is lowered on the ground, so the piston
force decreases significantly, to the value of Fy, ~ |-28000] N, while
it carries only the weight of the Upper frames of the crane.

For this piston, the conclusion is that it is heavily loaded with
pressure force during the entire process, but with less intensity of
the force compared with Lower cylinder. There are high oscillations
that result in intense amplitudes. In addition, there are short timed
high jumps of force values because of intense oscillations.

1030080

Mw

000

Force [N]

00 50 100 150 20 250 00 350 @ 450

Time [s)

Fig. 9. Force on the piston of the Middle cylinder

- Force in the Upper cylinderl. In Fig.10 is the graph of the
Pressure force Fy3 in the upped cylinder 1 (left) (Fig.7). This is one
of the two cylinders connected with Telescopic Boom used mainly
to push or pull the load Q. Based on the graph, the piston of this
cylinder is also heavy loaded part, but with less intensity of the
force compared with two previous cylinders.

At the start of the lifting, piston force is around F3 = 2500 N.
It is a push force, has a positive value, while the cylinder is pushing
the telescopic Boom. On time t = 1 s it reaches the value Fp3; =
16500 N. During the pushing process, until the time t = 14 s, the
piston force drops to Fy3, ~ -800 N. Between the time t = 14 s until t
= 41 s the intensity of force is almost constant, around Fg33 = -800
N, but with oscillations in form of sinusoids. After time t = 43 s, the
load is lowered on the ground, so the piston force decreases up to
Fpss = 500 N, carries no load.

200000

£
2 100000
&

Time [s)

Fig. 10. Force on the piston of the Upper cylinder 1 (left)
- Force in the Upper cylinder2. In Fig.11 is the graph of Pressure
force Fy, in the Upper cylinder 2 (right) (Fig.7). This is the second
of the two cylinders pushing the Telescopic Boom, used mainly to
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process is F., = 22500 N. At the end of the motion, after the Load is

push and pull the load Q. The piston of this cylinder is also heavy
loaded part, but with less intensity of the force compared with the
first two cylinders.

Based on the graph, there are similarities of the piston force in
this cylinder compared to Upper Cylinder 1, in terms of intensity
and oscillations.

200000

rea [N]

£ 100000+ WJ
2
00 w

00 100 20 300 00
Time 5]

Fig. 11. Force on the piston of the Upper cylinder 2 (right)

Fi

3.2. Forces in connections (joints)

Connections or joints between crane parts are heavy loaded
parts. There can be different types of connections in form of joints
that represent the connection between parts in the form of restraints.
Typical types can be Rigid joints, Revolute joints, Rigid Joints on
slot, etc. We will present one significant joint between main parts of
the crane Connection-joint between Crane Base and Base frame
(Fig.12). It is a type of Revolute joint.

Crane’s
base frame

ction

Outrigger
cylinder-left

Outrigger,,‘
cylinder-right

Fig.12. Connection-joint between Crane Base and Base frame
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Fig. 13. Force in the connection between Crane Base and Base
frame

In Fig. 13 is given the graph of Resultant Force F,, in the
connection. At the start of the lifting, resultant force is smaller,
around F,; = 8000 N. The medium value of this force for entire

unloaded on the ground the Resultant force drops significantly,
around F; = 8000 N There are short timed high jumps of Resultant
force values because of intense oscillations. These are particularly
present at the start of the process, between the timet=1s +2.5s
and repeat several times during the process. Conclusion is that this
connection is heavily loaded with reaction force and with
oscillations in entire motion process.

In Fig. 14 is the graph of resultant torque (Force moment) in the
joint. At the start of the lifting, torque is small, around T, = /1000
Nm. On time t = 1 s it reaches the value T, = 50000 N. With the
continuation of the lifting process, until time t = 12 s, the torque
increases up to T3 = 80000 Nm. Between the time t = 12 s until t =
22 s the value of torque does not change significantly in intensity,
but has oscillations. Next, between the time t = 22 s until t= 43 s the
value of torque is increasing up to T4 = 119000 Nm. There are also
short timed high jumps of torque values as a result of intense
oscillations. After time t = 43 s, when the load is lowered on the
ground, the torque decreases significantly up to the value of T; =
20000 Nm, while it carries only the weight of the frames and
Telescopic Boom.

We can conclude that this joint (connection) is heavily loaded
during the entire process, with high oscillations that also result in
intense amplitudes.
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Fig. 14. Torque in the joint — connection between Crane Base and
Base frame

3.3. Motion and Speed of the Load Q

In this paragraph will be presented the motion of the Load Q,
its swinging and oscillations, and its speed. In Fig.15 is given the
movement trajectory of the Load Q in three axes of directions,
based on coordinate system shown in Fig.6. According to the curves
of the graph in Fig.15, we can see the motion trajectory and
swinging of the Load Q.

Note: The position of Load Q represents the position of its
Center of mass, which is 500 mm (0.5 m) inside from its edges.

Position (mm }

00 100 200 00 400 500
time (s)

Fig. 15. Position and motion of the Load Q (mm).
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The trajectory towards Y axis, in red color, full line, shows the
motion in the right direction and starts from initial position of Y =
500 mm to the final distance Y = 7000 mm (7 m). Between t= 0 s
and t = 6 s there is no motion towards Y axis (flat line), while
during this time there is a vertical lifting of the load towards Z axis
and some oscillations towards X axis. Between time t ~ 6 s and t =
15 s there is a rotation of the load to the right, and after time t= 15 s
there is a horizontal motion of the Load Q in the right direction.

Trajectory towards Z-axis, in orange color, dashed line, shows
vertical motion of the Load Q. It starts from initial position of Z =
1600 mm to the final distance on the Ground Z = 500 mm. Between
time t=15 s and t = 40 s there is no vertical motion towards Z axes
(flat line), while during this time there is only horizontal motion of
the load Q.

Trajectory towards X axis, in blue color, dash-dot line, shows
the motion that starts from initial position of X = -2000 mm to the
final position X ~ -4000 mm. Based on this curve, the load has
intense swinging and oscillations towards X axes at entire motion
process. The amplitudes of swinging can be up to A_ = 300 mm.

In Fig.16 is given the Resultant Speed of the Load Q. Based on
the speed curve we can conclude that load undergoes intense
oscillations of the motion speed at entire process. Highest
amplitudes of speed appear on times t = 2 s to t = 15 s which is the
process of lifting and rotation of the load Q. Maximal value of the
speed is Ve = 1.23 m/s at time t = 14 s. After the time t = 15 s the
oscillations of resultant speed have lower intensity, almost same
amplitudes but high frequencies, and continue until the end of the
motion te,g = 43 s, when the load Q is lowered on the ground.

ed (mis)

Spe

100 200 300 400

time (s)

Fig. 16. Resultant speed of the Load Q (mm/s).

3.4. Stress on the Crane frame

We will present the stress of one part of the Crane that is
heavily loaded, the Base frame. The type of stress is Von Misses
stress. In Fig.17. is given the graph of stress.
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Fig. 17. Graph of Stress on the Base Frame of the Crane Boom (Pa)
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Based on the graph Fig.17, at the start of the lifting, stress on
the Base Frame is around o = 50000000 Pa = 5-10"Pa. On time t =
1 s it reaches the value o; = 2:10® Pa. Until time t = 14 s, the Stress
increases up to o, ~ 3.15-10° Pa. Between the time t = 14 s until t =
22 s the intensity of Stress does not change significantly and has
heavy oscillations. Between the time t = 22 s until t = 43 s the value
increases up to o3 ~ 5.15-10° Pa.

After time t = 43 s, when the load is lowered on the ground the
value of stress decreases significantly, to the value of o, ~ 1-10°Pa,
while it carries only the weight of the frames and telescopic Boom
of the crane.

Conclusion is that Base frame is heavily loaded part with
dynamic stress in entire motion process. Also, based on Fig.19,
there are short timed high jumps of stress values as a result of
intense oscillations. These stress value jumps are a matter of
concern regarding material durability, while in short time and in
some periods of motion, it can exceed the tensile stress of the
material [13].

In Fig.18 is shown an example of stress dispersion in the Base
frame on its entire volume, in the time t =14 s. The part is meshed
and calculated using Finite Elements Method (FEM). Based on the
color contrast on the volume, the values of stress are not equally
dispersed. Maximal values of stress are in the lower part, at the joint
between the Base frame and Crane base.

Fig. 18. Sample of dispersion of the Stress on the Base Frame in
the time momentt =14 s

4. Conclusions

In this study, we analyzed lowering of the load by the Truck
Loader crane and analyzed the dynamics of this work operation.
Analysis was focused on some main parts of the Loader crane:
Main frames of the Boom, cylinders that move the boom frames and
the load, main joint in crane base and motion of the Load Q.

Based on the analysis and results, we can conclude that during
the load lowering the crane is heavily loaded with dynamic
occurrences and oscillations that are present on entire duration of
the process. Matter of concern are some temporary jumps of forces,
torque intensity and stresses during the motion that can be short in
time, but with high values. This can lead to safety issues; therefore,
it is important to have slow speed of the Load Q. In addition, the
motion needs to be controlled so that the Load Q does not swing
and oscillate heavily, which can lead to problems in the crane and
truck stability.

The dynamic parameters selected for analysis best represent the
dynamics of the motion, and these are forces, torque, stresses and
the motion of the Load Q. Results of the parameters are shown in
graphical form and discussed, and conclusions are given for each
case.
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CFD and Differential Evolution Optimization of an Air-To-Air Heat Recovery System
for an Industrial Dryer
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Abstract: This study details the thermal and fluid dynamic performance analysis and geometric optimization of a compact plate heat
exchanger designed for waste heat recovery in industrial drying systems. The objective is to preheat fresh process air (25°C) to a target
temperature range of 65-70 °C by recovering heat from high-temperature exhaust air (84 °C inlet, 36,000m*h flow rate). The methodology
integrates fundamental thermodynamic assessment (LMTD and & methods) with Computational Fluid Dynamics (CFD) for detailed flow and
temperature mapping. Critically, a Differential Evolution (DE) algorithm was applied to optimize plate geometry, channel size, and profile
arrangement, subject to a mass constraint, to maximize heat transfer. Results confirm that the optimized design achieves 18-25% natural gas
savings and 27.5% higher efficiency compared to conventional systems. This hybrid approach validates the optimized heat exchanger as a
highly sustainable and economically viable solution for industrial thermal management.

Keywords: HAET RECOVERY, THERMAL MANAGEMENT

1. Introduction

Industrial dryers are significant energy consumers within
manufacturing facilities due to their reliance on high-volume, high-
temperature air. Operations across nonwoven, textile, paper, food,
and chemical sectors incur substantial energy costs by utilizing
fossil fuels (natural gas) or electricity for air heating. Drying is
globally recognized as one of the most energy-intensive industrial
processes, typically accounting for 10-20% of total industrial
energy use in developed nations, primarily due to the necessity of
supplying the latent heat of evaporation [1]. Furthermore,
convective dryers often exhibit inherently low thermal efficiencies,
sometimes below 50% [2]. Minimizing this energy expenditure is
crucial for operational sustainability.

The exhaust air discharged at the end of the drying process typically
retains substantial thermal energy, frequently ranging from 70-120
oC. This waste heat represents a potential recovery of 20-30% of
the total process energy input [3]. Studies estimate that around 29%
of the energy supplied to industrial dryers is often wasted or
rejected as heat losses [4]. Historically, this energy is vented,
resulting in economic loss and adverse environmental
consequences, including elevated CO2 emissions. Effective heat
recovery strategies are therefore vital, offering the potential to
reduce the specific energy demand of drying processes by 20-80%

[5].

This research focuses on the optimized design and analysis of an
air-to-air heat recovery unit to exploit this waste energy. The system
targets a process where 36,000 m3/h of 84 oC exhaust air preheats
the fresh air supply (inlet temperature 25 oC) to 65-70 oC . This
preheating action effectively reduces the thermal load demanded
from the main burner, thereby significantly improving the system's
thermal efficiency and contributing to the reduction of the carbon
footprint.

While extensive studies address the general application of heat
exchangers, research specifically targeting the geometric
optimization of compact plate designs for high-flow industrial
exhaust, coupled with both detailed CFD modeling and advanced
evolutionary algorithms like Differential Evolution (DE), remains
limited. Existing literature often relies on steady-state analytical
solutions or focuses solely on fixed geometries. This paper
distinguishes itself by employing a rigorous numerical approach,
utilizing the DE algorithm to systematically optimize multiple
geometric parameters of a high-capacity counter-flow heat
exchanger, ensuring both thermal performance maximization and
compliance with critical physical constraints (e.g., mass and
pressure drop limits).

This paper details the combined theoretical, numerical (CFD), and
evolutionary optimization approach used to develop this high-
performance heat recovery system.

2. Methodology

2.1. System Configuration and Design Parameters

The heat recovery unit utilizes a compact plate heat exchanger
configuration. It is constructed from 399 AISI 316 stainless steel
profiles measuring 40x40x2 mm. A counter-flow arrangement is
employed, where exhaust air flows externally over the profiles, and
fresh air flows internally through the rectangular channels. This
configuration inherently maximizes the Log Mean Temperature
Difference (LMTD) for enhanced energy transfer. The design and
operating parameters are summarized in Table 1:

Table 1: The design and operating parameters

Parameter Exhaust Air Fresh Air
(Hot Side) (Cold Side)
Inlet Temperature 840C 250C
Outlet Temperature 75-760C 65-700C (Target)
Flow Rate 36,000 m3/h 18,000 m3/h
Pressure Drop 300-400 Pa 300-1000 Pa
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The heat exchanger casing incorporates a 1.50 sloped bottom
surface to facilitate gravity-assisted drainage of any condensation.

2.2. Thermodynamic Modeling (LMTD and Energy Transfer)

The LMTD method was used to calculate the average temperature
difference (ATIm) driving the heat transfer (Q).

The LMTD calculation based on design temperatures is:
LMTD=In(AT2AT1)AT1-AT2

For the counter-flow design:

* AT1=Th,in—Tc,out=840C—700C=140C

* AT2=Th,out—Tc,in=750C—250C=500C

The resulting LMTD is approximately 29.20C.

The total theoretical heat transfer (Q) is calculated using the energy
balance for the cold fluid (fresh air):
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Q=m’-cp-AT

With a mass flow rate (m") of approximately 5.8 kg/s (derived from
the 18,000 m3/h flow rate at standard air density) and a target AT of
450C, the theoretical heat transfer is Qtheoretical~262.2 kW. Actual
field measurements and optimized analysis target a recovered heat
range of 120-135 kW.

3. CFD and Optimization

CFD analysis was performed according to the technical
specifications of the resulting heat exchanger, and analysis data was
obtained. Analysis attempts were made with different profile
lengths, layout combinations, and profile offsets. These simulations
were used to understand the flow and temperature distribution of the
baseline heat exchanger geometry and to create an initial data set
for the optimization process.

A Python code utilizing the Differential Evolution (DE)
algorithm was developed to optimize the output of a mathematical
model created based on specific physical parameters (x: number of
vertical profiles, y: number of horizontal profiles, p: profile offset,
L: profile length, and D: profile diameter); to best fit this model to
the CFD (Computational Fluid Dynamics) results; and
simultaneously to determine the optimum geometric and physical
parameters that maximize heat transfer, while not exceeding a
specific mass limit (approximately 1142 kg). The regression
analysis data is presented in Table 1.

Table 1: The regression analysis data

1s1 182 183 282 p2s3 P3s2 P3s3 Pas2 P4as3 P5S2 P5S3

Horizontal
Profile Count 0 4
(units)

Vertical
Profile Count
(units)

Profile Offset
(mm) 0 0 0 0 20 30 40 20 20 20 20

Profile Length
(m) 1 1 1 15 2 1 1

Circle
Diameter o o 0 0

40 40 40 2 2 50 60
(mm)

Q Heat
TranSfer 161 875 430 340

8600 3946 3829 5919 7596 3907 3805
Amounts (W)

Regression analysis was performed using the analysis data in the
table 1, and the following code was structured based on the results
of this analysis.

Python
import numpy as np
from scipy.optimize import differential evolution

# Constants
b =1.5# mm
rho = 7990 # kg/m"3

# Mass calculation function

def mass(x, y, L, D):
X int (round(x))
y int (round(y))
A (D * b - b**2) * le-6 # mm? — m?
V=4 *np.pi *x*y*L*AE{#m?
return rho * V # kg

# Q function
def Q total(x, y, p, L, D):

X = int (round(x))

y = int (round(y))

g x = -4.9688 * x**2 + 758 * x - 208.125
gy = 10.125 * y**2 + 988.25 * y + 46
gp = 0.49 * p**2 - 46 * p + 4885

q L = -202 * L**2 + 4041 * L + 322

gD =20.76 * D**2 - 93.8 * D + 6697
return g x + gy + gp + gL+ gD

# Objective function
def objective (vars):
X, vy, p, L, D = vars
X int (round(x))
y int (round(y))
m mass(x, y, L, D)
penalty = abs(m - 1142) * 1000
return -Q total(x, y, p, L, D) + penalty

# Variable bounds
bounds = [
(2, 10y,
( 70),
(20, 30),
(
(

(integer)
(integer)
(mm)
1.5), (
30, 40) (

m)
mm)

H o W
O BT X

]

# Optimization

result = differential evolution(
objective,
bounds,
strategy='bestlbin',
maxiter=1000,
tol=le-6,
seed=42

)

# Results
x opt, y opt, p opt, L opt, D opt = result.x

x_opt = int (round(x_opt))

y _opt = int(round(y_opt))

m opt = mass(x_opt, y opt, L opt, D opt)

Q opt = Q total(x opt, y opt, p opt, L opt, D opt)
# Print

print ("\n--- OPTIMAL VALUES (x, y integer) ---")
print (f"x = {x_opt}")

print (f"y = {y_opt}")

print (f"p = {p_opt:.2f} mm")

print (f"L = {L_opt:.2f} m")

print (£"D = {D_opt:.2f} mm")

print (f"Q (heat transfer) = {Q_opt:.2f} wW")
print (f"m (mass) = {m_opt:.2f} kg")

Key Results Obtained from CFD Analysis are shown in Table 2.

Table 2: Key Results Obtained from CFD Analysis
Parameter Value
Fresh Air Outlet Temperature 313.57 K(=40.4-C)
Total Heat Transfer Rate -120,412.22 W
Exhaust Air Outlet Temperature 341.98 K(=68.90C)
Fresh Air Pressure Drop 1003.25 Pa
Exhaust Air Pressure Drop 377.89 Pa

The initial 40.40C outlet temperature shows that the baseline design
did not meet the 65-700C target. This outcome highlighted the
necessity for systematic optimization, providing the empirical
foundation for the subsequent optimization phase. The reported
Heat Transfer Rate (120.4 kW) represents the recovered energy in
the unoptimized state.

3.2. Geometric Optimization via Differential Evolution (DE)

The low Tc,out of 40.4 °C relative to the design target necessitated a
systematic optimization of the heat exchanger geometry. The
optimization problem was formulated to maximize the total
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recovered heat (Q) while strictly adhering to dimensional and mass
constraints, thereby minimizing the parasitic energy consumption
(fan power) associated with high pressure drops [11].

The Differential Evolution (DE) algorithm [12] was employed to
iteratively solve this constrained maximization problem. DE is a
robust, population-based search technique well-suited for non-
linear, multi-dimensional objective functions encountered in
thermal system design.

The optimization problem is defined as:
Maximize Q(X) Subject to constraints

Where X is the vector of geometric design variables:

X={x,vy,p, L, D\}

(where x and y are integer-constrained profile counts, p is the offset,
L is the length, and D is the profile diameter).

Objective Function and Constraints

The objective function f(X) was designed to maximize the heat
transfer rate Q while penalizing solutions that violated the mass
limit (Mmax):

Objective Function = Minimize [ -Q(X) + C . max (0, M (X) —
Mmax)]

Where:

Q(X): The heat transfer rate (derived empirically from CFD data).
M(X): The mass of the heat exchanger, calculated as a function of
the geometric variables X.

Mmax approx 1142 kg: The maximum allowable mass constraint.
C: A large penalty constant to enforce the mass constraint [13].

The geometric boundaries for the DE search space were defined to
ensure physical feasibility and are crucial for the algorithm's
convergence efficiency. The constraints primarily focused on the
maximum allowable mass and the maximum allowable pressure
drop (A Pmax) across the fresh air circuit, as this dictates the size
and power of the industrial fan [11].

The successful convergence of the DE algorithm identified the
optimal combination of profile counts (x, y) and dimensions (p, L,
D). This ensured the final heat exchanger geometry achieved the
thermal target (Tc,out = 65-70 oC) while balancing the trade-off
between heat transfer maximization and hydraulic performance (i.e.,
maintaining AP within acceptable limits). The resulting design
represents a techno-economically optimal solution for industrial
integration [13].

Graphical values for the designed heat exchanger are given in
Figures 1-5, the Temperature Gradient is given in Figure 6, and the
Inlets and Outlets of the Designed Heat Exchanger are given in
Figure 7.
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Figure 6. Temperature Gradient

u Mesh x

Figure 7. Inlets and Outlets of the Designed Heat Exchanger

4. Results and Economic Impact

The implementation of the optimized air-to-air heat recovery system
results in significant energy savings and operational cost reductions.

1. Thermal Energy Savings:

The system provides a steady preheating capacity that corresponds
to a 18-25% reduction in annual natural gas consumption.
Furthermore, analysis shows that the optimized heat exchanger
exhibits an efficiency improvement of 27.5% over older, non-
optimized systems commonly used in the industry, highlighting the
significant impact of the design methodology.

2. Economic Impact:

The substantial decrease in fuel consumption translates into annual
energy cost savings estimated between 3000 — 600 0 € . Such rapid
return on investment (ROI) is crucial for justifying the capital
expenditure associated with the heat recovery unit [15].

3. Environmental Benefits:

The reduction in natural gas combustion directly leads to a 10-20%
decrease in annual CO, emissions, significantly improving the
environmental profile of the industrial operation and aligning the
facility with sustainability goals [16].

The synthesized results confirm that the designed waste heat
recovery system is an KANSAN innovative engineering solution
that simultaneously addresses three key industrial concerns: energy
cost reduction, process stability enhancement, and environmental
mitigation.
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FEA-Driven Design of Nonwoven Winder Drums:
Stress Minimization and Rigidity Assessment for Structural Integrity
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Abstract: Nonwoven winding machines are critical equipment where the structural integrity of the main drum directly impacts the quality
and stability of the final product. This study presents the mechanical analysis and braking system design for a main winding drum (Diameter
400 mm) in a high-speed nonwoven application, driven by Finite Element Analysis (FEA) for stress minimization. The load analysis, based
on the Principles of Static Equilibrium, determined the total maximum load on the drum supports, considering a maximum spool weight of
1500 kg and a nip force of 1962 N. The resultant total load applied on the supports was calculated as approximately 11.5 kN. The FEA,
utilizing ST37 steel, revealed a maximum Von Mises Stress of 1.754 MPa and an extremely low maximum deflection of 0.005 mm. This
confirms an optimal factor of safety (FS approx 134) and high rigidity. Furthermore, the paper addresses the safety requirement for
emergency stopping from a maximum speed (omega = 50 rad/s). The minimum required braking torque was calculated as 235 Nm, while the
selected COREMO PNEUMATIC CALIPER BRAKE B-2N system provides 306.8 Nm, ensuring reliable and controlled deceleration. The
results validate the structural and functional design, contributing to enhanced machine performance and operational safety.

Keywords: FEA-DRIVEN DESIGN, STRESS MINIMIZATION, STRUCTURAL RIGIDITY, WINDING DYNAMICS

Maintaining constant web tension and ensuring operational
safety relies heavily on the deceleration mechanism. The braking
system is vital not only for precise tension control during normal

Nonwoven winding machines are central to the production operation but also for emergency stopping. High-speed winders,
chain in industries ranging from hygiene and medical textiles to  operating at speeds up to 600 m/min, possess high rotational inertia
automotive and geotextiles, where wide nonwoven webs must be  [16]. A safe, rapid, and controlled deceleration requires a braking
accurately slit and rewound into stable, high-quality finished rolls  system (such as highly reliable pneumatic caliper brakes) capable of
(reels) [1]. delivering a high torque output to absorb the total kinetic energy of

the rotating masses within a very short timeframe [17]. The thermal

The efficiency and quality of the final product depend critically ~ energy generated during this process must also be managed to
on the control of the web handling process, particularly the  Preventbrake performance degradation [18].
precision applied to Tension, Nip, and Torque (TNT) parameters
throughout the winding cycle [2, 3]. Failure to maintain optimum This study focuses on providing a validated engineering
control can lead to costly defects such as telescoping, starring,  solution for the main drum structure and its associated deceleration
wrinkling, buckling, and layer slippage, which compromise product  mechanism, utilizing FEA as the primary verification tool. We first

1. Introduction

performance and structural integrity [4, 5]. conduct a detailed Static Equilibrium analysis to accurately model
the complex loading profile on the Diameter 400 mm main drum.
Structural and Dynamic Challenges of Winder Drums Subsequently, we utilize FEA to confirm stress minimization, high

factor of safety, and minimal deflection under maximum operating
conditions. Finally, we design and size a specific Pnomatic Caliper
Brake system to meet the critical emergency stopping requirements
dictated by the system'’s high inertia and speed.

The main drum (winding roller) serves as the primary load-
bearing and driving element in most surface or two-drum winding
configurations [6]. Its design is subjected to complex static and
dynamic loading conditions.

2. Theoretical Background and Methodology

The primary structural challenge lies in managing the combined
loads from the increasing weight of the final spool (which can The Schematic Representation and Free-Body Diagram of the
exceed 1500 kg), the controlled pressure exerted by the rider roll Main Drum are given in Figure 1 and Figure 2, respectively
(nip force), and the continuous web tension [7].

High-speed operation introduces significant rotordynamic
effects. As the rotational speed of the roll intersects with the natural
frequencies of the winder system, resonance can occur, leading to
phenomena like roll bouncing and excessive machine vibration [8,
9]. Previous research emphasizes that winder design must be guided
by the principle that major excitation sources, such as
manufacturing imperfections or polygonization of viscoelastic
components, should not coincide with the system's resonance /
frequencies [10, 11]. Therefore, a comprehensive Finite Element |
Analysis (FEA) is necessary to evaluate the structural stress
distribution and confirm that the drum's rigidity is sufficient to
prevent critical deflection and guarantee stable operation [12].

The Critical Role of Braking and Inertia Control

Figure 1. Schematic Representation of the Main Drum
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v, . Main Drum Sectional View

Figure 2. Free-Body Diagram of the Main Drum

2.1. Load Analysis based on Static Equilibrium

The main drum's static loads were calculated based on the Figure 3. Main Drum Meshing Configuration
Principles of Static Equilibrium X Fy = 0). The drum material is
ST37 structural steel. The primary vertical loads are given in Table
1. (assuming g=9.81 m/s"2)

2.2. Finite Element Analysis (FEA)

Table 1. The primary vertical loads
Load Component kg N Static structural analyses were carried out using SolidWorks
Spool Load Force (Fy) 1500 14715 Simulation (CosmosWorks). The objective of the FEA was to verify
Nip / Pressure Force (Fb) 200 1962 that the drum design minimized internal stresses and maintained
Drum Weight (Gt) 566 5552,46 high rigidity under the defined operational loads, thereby validating
Total Bearing Reaction 1172 11498 the design for structural integrity.
Force (per Support) (Ft)
Vertical Component (per 1132 11107
Support) (Fty)
Horizontal  Component 300 2942 . . .
(per Support) (Ftx) 3. Structural Analysis Results and Discussion
The total downward load is balanced by the two bearing reaction 3.1. Maximum Stress (Von Mises) Analysis
forces (Ft). Assuming the bearing reaction acts at an angle 6 = 150
from the vertical: The FEA results confirmed the structural integrity of the drum:
Total Downward Load = 22229.46 N Maximum Von Mises Stress (c max): 1.754 MPa
The resultant force (Ft) on each bearing is: Material Yield Strength (c y): 235 MPa (ST37 steel)
Ft=(Fy + Fb + Gt) / 2 cos(15) = 22229.46 / 2 x 0.966 = approx The resultant Factor of Safety (FS) is calculated as:
11498 N

. FS=(cy)/(c max =235 MPa/1.754 MPa = approx 134
A conservative load of 12,000 N (12 kN) was used for the FEA

simulation to ensure an additional safety margin.
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The exceptionally high safety factor demonstrates that the FEA- 4.1. Required Braking Torque Calculation
driven design has successfully minimized stress concentrations,
guaranteeing high structural integrity and reliability. The braking system must ensure a safe stop within t=3 s from

the maximum angular velocity (o = 50 rad/s).
e Drum Inertia (J drum): 14.10 kg m"2
The minimum required torque (T required) is:

T required = Jdrum. o / t
T required = 14.10 . 50 / 3 = approx 235Nm

4.2. Selected Brake System and Torque Capacity

The selected system is the Coremo Pneumatic Caliper Brake
(Negative-Acting B-2N) with an A1303 brake disc.

woks 1754 ¥
I

Figure 4. Stress Distribution Analysis of the Main Drum

3.2. Maximum Displacement (Rigidity Assessment)

Maintaining minimal displacement is crucial for winding
quality.

Maximum Deflection (8 max): 0.005 mm

This remarkably low displacement value confirms the drum'’s
high stiffness. The rigidity assessment proves that the chosen
geometry and ST37 material combination ensures that the drum
maintains its precise surface profile, preventing dimensional errors
and quality degradation during high-speed winding.

Figure 6. Pneumatic Caliper Brake

e  Braking Force (F): 2600 N
The actual braking torque (T brake) provided is:

T brake = 2600 N (0.15 m - 0.032 m) = 306.8 Nm

4.3. Safety Margin Assessment

Fi . Analysis of Max. Displ in the Main D . .
igure 5. Analysis of Max. Displacement in the Main Drum The provided braking torque of 306.8 Nm significantly exceeds

the minimum required torque of 235 Nm. This margin ensures the
system’s robust performance in safety-critical situations, accounting
for operational variations and friction losses.

4. Braking System Design and Deceleration
Control

A Pnomatic Caliper Brake system was selected to manage the
high kinetic energy of the system during emergency stops and
controlled deceleration.
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Figure 7. The selected COREMO B-2N brake system

5. Conclusion

This study successfully utilized FEA to validate the structural
design of the main drum for a nonwoven winder, achieving stress
minimization and ensuring optimal rigidity. The analysis confirmed
an exceptionally low maximum stress (1.754 MPa) and a minimal
deflection (0.005 mm), guaranteeing long-term reliability and
winding quality. Furthermore, the designed braking system provides
a torque capacity (306.8 Nm) that safely exceeds the inertia
requirements (235 Nm), ensuring effective deceleration control. The
results conclusively validate the FEA-driven structural and
functional design of the main drum and its associated braking
system.
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Abstract: Coatings of titanium nitride (TiN) are widely used due to their high hardness and wear resistance, making them suitable for
protective, decorative, and semiconductor applications. However, their tendency toward brittle cracking and low fracture toughness limits
their performance in demanding environments. Understanding and accurately modelling fracture behaviour in TiN is therefore essential to
improving reliability in microelectronics, protective coatings, or biomedical devices. This work presents a first approach to modelling
fractures in TiN films by explicitly representing their columnar morphology. A procedure for generating statistically representative digital
microstructures and incorporating them into finite element simulations is described. The approach uses a hybrid cohesive—XFEM fracture
model to capture crack initiation and propagation under complex deformation states, particularly during nanoindentation. The numerical
results are validated with results from a scanning electron microscopy (SEM) investigation.

KEYWORDS: COATINGS, CZM, XFEM, FRACTURE MECHANISMS, OPENCV

1. Introduction

Nowadays, there is a growing demand for new methods to . . .
extend the functionality of devices used across key industrial areas. 3. Numerical model of the nanoindentation test
Therefore, composites comprising multiple thin  films of As mentioned, nanoindentation is used to analyse the
conventional materials are increasing|y used to improve the mechanical properties of films and coatings. It involves inserting a
properties of the final product. One of the most popular techniques ~ diamond tip of a specific shape into the material's surface while
for creating these composites is the PVD (Physical Vapor  simultaneously monitoring the applied force and the corresponding
Deposition) method. It consists of the material’s target evaporation ~ displacement. From this data, information on the material's
and its synthesis with the substrate, characterized by nanoscale ~ Mmechanical response can be extracted [3].
accuracy in the creation of thin films and Coatings [1] Another In this Work, a numerical model for this test was created USing a
technique used in this work is the PLD (Pulsed Laser Deposition), ~ Plug-in implemented in Abaqus CAE software, which automated
schematically shown in Fig. 1a. This method is based on laser ~ the process of creating models ready for nanoindentation analyses.
ablation, which involves local evaporation of the target material ~ Based on this plug-in, a 2D planar model was created, including:

using a laser beam. The plasma containing the material atoms is * Conical indenter with a spherical tip with a radius of 1um,
then transported to the substrate, where it condenses to form the thin which was considered as an analytical rigid shell.

film structure (Fig. 1b). e Thin film 0.1pm thick and 15pm wide, consisting of 100
AT A funnel-shaped columns representing film morphology,
defined as a deformable shell.
e Substrate of the selected material, defined as a deformable
shell with dimensions of 30x50um.
Additionally, the concentrated force was applied to the indenter,
with a value of 1 gf (0.0098 N). Fig. 3 illustrates the developed 2D
model used to conduct numerical simulations of the nanoindentation
process.

a) Laser beam
Target

Substrate

Laser plume
Vacuum
chamber

Fig. 1. a) Concept of PLD, b) TEM image of TiN film on Si(100) substrate. indenter

thin layer columnar structure

2. Thin films morphology ¥ A" VANAYR WAVECAWE

Since the deposition process involves transporting plasma onto
the substrate, the resulting morphology often depends on the i v \
chamber's operating parameters. Thornton's model has extensively ' 0l
described the possible film morphologies. This model is one of the
basic diagrams illustrating the possible growth of the polycrystalline

microstructure of thin films deposited physically from the gas phase

\ displacement

50 um

[2_]._The growth of the columns_ is reprgsented as a map Wit[h four Fig. 3. 2D Numerical moalglasgsf?ﬁz nanoindentation process.

distinct zones, each corresponding to different column density and

composition characteristics as shown on Fig. 2. The horizontal axis The aim of this work was to determine the crack characteristics

represents the ratio between the substrate temperature and the of the Titanium Nitride (TiN) thin film deposited on 2 different

melting temperature of the deposited material. material hardness bases: stainless steel (SS316L) and aluminum (Al
Zone '1 Zone T | Zone ": Zone Il 1050). Material data were derived from literature[4, 5]. A simplified

rheological model of Swift-type hardening was used (1)
o= (A+B-e")).
1) oc=(A+B-&")

where: o — yield stress, A — initial yield strength, B — strain
hardening constant, ¢ — plastic strain, n — strain hardening exponent.

Ty /Ty =025 Tg/Ty=03 TgT,, =045

. o i ; In the presented model, two numerical methods were used to
Fig. 2 Schematical illustration of Thorton's model.

model fracture mechanisms: the cohesion zone method (CZM) and

Film behaviour under loading conditions is often evaluated  the extended finite element method (XFEM). The CZM method is
using the nanoindentation technique. Since it probes extremely ~ based on a traction-separation law that represents the fracture
small volumes, nanoindentation is especially valuable for thin films ~ mechanism at the boundary of TiN microstructure columns (Fig. 4a)
and coatings where conventional mechanical testing is not feasible. and at the delamination between the thin film and the substrate (Fig.
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4b). The XFEM model depends on the maximum nominal stress at
the crack tip and can predict fractures within the columns (Fig. 4c).
a) o b) c)

Fig. 4. Assignment of the CZM to a) intercolumn boundary, b) column-
substrate boundary and XFEM to c) intracolumn area.

These models assume initial linear-elastic behaviour, followed
by crack formation and propagation. To simulate fracture
development, it is necessary to define a crack initialization and
propagation criteria, in which the maximum nominal stresses
(0max) and total displacement (8.) can be specified. These
parameters were analytically determined using the critical stress-
intensity K;- factor calculated according to the formula (2)

Kic = Eamaxch) [4]. Values for crack initialization and
propagation are listed in Table 1.

(2) Kic = %o'max 8.

where: E — Young modulus, o,

6, — total displacement.

Table 1. Fracture parameters for crack nucleation and growth for CZM
(intercolumn, delamination) and XFEM (intracolumn).

— maximal nominal stress,

CZM XFEM
criterion intercolumn delamination intracolumn
Omax |GPa] 5 10 5.5
6, [um] 1E-05 1E-05 1E-05

4, Simulation results
Numerical simulations were conducted using a hybrid (CZM,
XFEM) method, which resulted in the formation of numerous
cracks in thin TiN films on all base materials. Fig. 5 presents the
result of combining both CZM and XFEM methods, where all three
intracolumnar,

fracture  mechanisms:  intercolumnar, and

delamination are simultaneously visible.

Fig. 5 Hybrid CZM and XFEM fracture model of a thin TiN film on a)
SS316L and b) Al 1050.

The OpenCV library was used to develop a script that automates
the verification of the dimensions of structures formed in a thin TiN
film deposited on an AI1050 substrate after the nanoindentation
simulation as presented in Fig. 6.

Width

Structure
no. (]

1 015

04

3 035

4 03

Fig. 6 Calculated widths of the structures after numerical simulation.

The average structure sizes in individual simulations were then
compared with the average structure sizes obtained from 4 different
paths, determined from SEM imaging of the sample surface after
nanoindentation, as shown in Fig. 7.

Fig. 7 Avere NI OSScture sizes of 4 paths from [3].

Table 2 shows the accuracy of the simulation results compared
to the laboratory results, calculated as the relative error.

Table 2. Calculated relative error of the mean structure sizes.
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Simulation 1 | Simulation 2 | Simulation 3 | Simulation 4
Path 1 88.13% 96.86% 89.75% 69.72%
Path 2 87.78% 76.67% 85.71% 88.77%
Path 3 88.52% 77.48% 86.47% 88.18%
Path 4 71.94% 79.06% 73.26% 56.91%
5. Conclusion

The aim of this work was to demonstrate the potential of finite
element method calculations in conjunction with OpenCV image
analysis techniques to predict fracture in thin films.

The key factor enabling the observation of cracking was the
development of a model representing the columnar morphological
structure of a thin TiN film, in which cracks were modelled using
CZM and XFEM methods.

The presented numerical method can be widely used in the
virtual testing of thin films. Numerical simulations enable the
prediction of the impact of various parameters, such as the thickness
of deposited films, the properties of the base material, or the film’s
morphology, saving time and resources that would otherwise be
required to conduct a series of costly laboratory experiments.
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Comparative study of different kinetic models for lactic acid production
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Abstract: This study set out to model lactic acid production from lactose and dilute-acid DDGS hydrolysates used as substrates by
Lactiplantibacillus plantarum AC 11S, and to identify the mathematical model that best represents the experimental data. An unstructured
model was formulated, incorporating equations for microbial growth, substrate utilization, and product formation. The model was evaluated
using different expressions for the specific growth rate, including cases with substrate and/or product inhibition. Parameter values for the
various model versions were estimated and compared. When only the biomass-growth equation was solved for different initial substrate
concentrations, the modified Gompertz model provided the best fit. However, when the full system of differential equations was applied, a
logistic-type growth expression yielded the most accurate results. Simulations at different initial biomass levels indicated that higher
biomass shortened the lag phase and enabled the culture to reach stationary phase more quickly. A key benefit of well-constructed
fermentation models is their capacity to predict system behavior under varying conditions. Using the obtained parameter estimates,
additional calculations were carried out to forecast how initial biomass concentration affects process performance.

KEYWORDS: LACTIC ACID PRODUCTION; LACTIPLANTIBACILLUS PLANTARUM; LACTOSE; DISTILLERS DRIED GRAINS; PH-
CONTROLLED FERMENTATION; PROCESS MODELING

1. Introduction Numerous modeling approaches have been employed to describe
Lactic acid bacteria (LAB) comprise a broad and diverse group of lactic apid f_ermentation from different sul?strates, with several
microorganisms recognized for their important contributions to food ~ Summarized in the works of Zacharof & Lovitt [5], Bouguettoucha
processing and pharmaceutical fields. While LAB strains share  €tal.[6], and Gordeev etal. [7].

general metabolic and physiological features, each strain possesses ~ 1he goal of the present study is to evaluate and compare several
distinct functional properties. Their hallmark trait is the ability to ~ Kinetic models that describe the fermentation process of lactic acid
ferment a wide range of carbohydrates into lactic acid. production ~ from lactose and DDGS hydrolysates by
From a taxonomic viewpoint, LAB include numerous Gram-  Lactiplantibacillus plantarum AC 11S.

positive, catalase-negative, non-spore-forming anaerobes within the

Lactobacillaceae family, distributed across several Firmicutes 2. Materials and Methods

groups with varying G+C contents. These bacteria produce a variety ~ 2.1. Strain, Growth Media, and Culture Conditions

of metabolites, such as organic acids, polyols, bacteriocins, L. plantarum AC 11S was originally isolated from homemade white
exopolysaccharides (EPSs), and aromatic compounds [1]. brined cheese [8]. The strain was maintained in de Man, Rogosa,
Moreover, many LAB species are recognized as probiotics, offering  and Sharpe (MRS) broth (Merck, Darmstadt, Germany) and stored
functional attributes and health-promoting effects linked to their at —20 °C in MRS supplemented with 20% (v/v) glycerol. Prior to

metabolic activity. experimentation, it was subcultured twice in a lactose-modified
Lactiplantibacillus plantarum inhabits a wide range of ecological MRS medium.

environments, including dairy products, fermented vegetables and  For cultivation, the strain was grown in a medium containing 11 g/L
grains, meat, fish, silage, wine, and the gastrointestinal, urogenital,  lactose monohydrate, 5.5 g/L yeast extract, 12.5 g/L casein peptone,

and vaginal tracts [2]. It is among the most extensively used LAB 10 g/L sodium acetate, 0.25 g/L KH,PO,, 0.25 g/L K,HPQ,, 0.1 g/L
for the production of diverse postmetabolites and is well recognized MgSO,-7H,0, 0.05 g/L MnSO,-7H,0, and 0.05 g/L Fe,(SO,)s. All
for its broad substrate-utilization capabilities [3]. ) reagents were analytical grade (Fluka, Darmstadt, Germany). The
This species is classified as a facultatively heterofermentative inoculum (10% v/v) was prepared from an overnight culture in
lactobacillus. Through the Embden—Meyerhof-Parnas pathway, it MRS medium containing 11 g/L lactose monohydrate.

converts hexose sugars almost entirely into lactic acid, whereas Experiments were performed in 300-mL Erlenmeyer flasks with
pentoses are transformed into both acetic and lactic acids via the 6- 100 mL of growth medium, incubated at 30 °C and an initial pH of
phosphogluconate/phosphoketolase  pathway,  activated by 6.5, using a WiseCube® WIS30 shaking incubator (Witeg
phosphoketolase induction [4]. Like other LAB, L. plantarum Labortechnik GmbH, Wertheim, Germany).

requires specific nutrients and thus thrives in complex media 25 | actose and DDGS hydrolysates fermentation

containing peptides, vitamins, nucleic and fatty acids, amino acids,  An MRS medium was prepared with the following composition
and an appropriate carbon source. o (g/L): yeast extract 5.5, peptone 12,5, KH;PO, 0.25, K;HPO, 0.25,
A key challenge in lactic acid fermentation is end-product sodium acetate 10.0, MgSO.7H,0 0.1, MnSO,4H;0 0.05
inhibition: as lactic acid accumulates, rapid acidification of the = o' 3" 0e o] distilled4watier ub 10 1000 mL adz'usted 0
medium occurs, which subsequently reduces substrate consumption, pH 6 g e P a4
conversion efficiency, and the final concentration of the product. Four.e.xperimental series were conducted using L. plantarum AC

Kinetic analysis is an essential component of any thorough . .
investigation into lactic acid production. A well-constructed 11.8 with lactose or DDG% hydrolysates as substrates, both with and
without pH control, at 30 °C.

mathematical model is invaluable for understanding, describing, In the first series, lactose was supplied at three concentrations: 10,

assessing, and predicting fermentation behavior. Such models . "
- - ] - : 20, and 30 g/L. In the second series, DDGS hydrolysates containing
clarify the relationships among microbial growth, substrate 10, 20, and 30 g/L of reducing sugars were used. Lactic acid

depletion, and product formation, and they serve as important tools fermentations without pH regulation were carried out in 300-mL

for process control, optimization, and scale-up. Various criteria Erlenmeyer flasks containing 100 mL of medium. Experiments with
have been used to classify mathematical models [5]. One common Y g . . - EXP
controlled pH were performed in a BioFlo fermentor (New

distinction is between structured and unstructured models. . Lo . - .
Structured models offer higher accuracy by accounting for cellular Brunswick SC|ent_|f|c, Eq|§on, N, LJSA) with & 300-mL working
volume under static conditions at 30 °C.

composition, structure, and metabolic functions, while unstructured Reducing sugars used as substrates were produced through

models treat cells as a single entity without considering . : - : . -
: - - . sequential dilute-acid and enzymatic hydrolysis of DDGS. First,
physiological details. Although structured models provide deeper 500 mL of a 20% (w/v) dry-matter suspension was subjected to

insight into system behavior, unstructured models are widely . AR
applied because they are simpler and still effective for describing hijrolyS|s In an autoclave using 1% HZSO“ at 2 atm for 1 hour. Th:e,
acid hydrolysate was then treated with cellulase “Onozuka R-10

microbial Kinetics.
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(YYakult Pharmaceutical Industries Co., Ltd., Japan) at pH 4.6 and

concentration. It is widely accepted that lactic acid fermentation is

45 °C, using an enzyme loading of 40 U/g of substrate for 24 hours.
Portions of the resulting hydrolysate were collected and adjusted to
the required reducing sugar concentrations for fermentation.
All DDGS pretreatment experiments were performed in triplicate,
and the fermentation trials were carried out in duplicate. Each
sample was analyzed in triplicate, and the data are reported as mean
values + standard deviation (SD).

2.3. Modeling
A characteristic challenge in modeling biotechnological processes is
the large number of parameters required in the mathematical
description. Identifying these parameters can be difficult because
the least-squares objective function often has multiple extrema or
ravine-type minima. Effective parameter estimation therefore
depends on using good initial values located near the global
minimum area.

In fermentation processes, the primary objective is complete
substrate consumption to achieve the highest possible product yield.
Developing an appropriate mathematical model and accurately
determining its parameters enable operation of the fermentation
under optimal conditions. Such a model should include equations
that describe cell growth, substrate utilization, product formation,
and the relationships among these variables. In unstructured models,
the total biomass concentration is the only cell-related variable
considered. Generally, bacterial growth can be expressed as
follows:

dX

=X kX €
where X is the cell concentration, g/L; t is time; u is the specific
growth rate, h™* and kg is the specific cell death rate. In many cases,
the cell death was not observed and the second term can be omitted.
Many authors insert different terms in the Monod equation to take
inhibition effects into account.

Table 1. Modified Monod models describing cell growth

No Model name Equation of biomass specific growth rate Ref.
n
/‘*#max(l X ] if n=1
1 Verhulst max [9]
X
1-2
/.l IL ‘max { Xmax j
n n,
X P
H = Moy (1_7Xmax j [l_ﬂj if
2 Altiok n,na=1 [10]
X P
= 1-—2 |l1——/——
Il’t :umax { xmax j[ Pmax j
3 Aiba H=p, S e 11
I ™\ ks +S (1]
4 Andrews = S [12]
e PR
S n
5 Akerberg H= o [ks +S+52/ K j(l kPP) [13]
Monod- _ S Ko
6 | Jerusalimsky | 7 Hm [ks +S J( ko + pj [14]
7 Hinshelwood M=, i (1— kPP) [15]
™\ ks +S

The simplest model representing the specific growth rate as a
function of substrate (lactose) concentration is the Monod equation:

S
- 2 2
M= Pinay ( 5 ] )
where umay is the maximum specific growth rate, h%; S is the initial
substrate concentration, g/L; Ks — the substrate saturation constant,
g/L. The Monod equation describes the increase of cell
concentration with time and considers limiting substrate
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limited by substrate and inhibited by the product.
We used the Verhulst equation to describe the specific growth rate
as a function of substrate (DDGS hydrolysates) concentration [9]:

X n
- A
O

The Luedeking — Piret equation [16] is the most used for the
description of lactic acid formation. It takes into account the fact
that the rate of product accumulation dP/dt, depends on bacterial
growth dX/dt, as well as on the bacterial density X.
dP dX
™ a m + BX 4)
a and g are coefficients related to growth and non-growth product
formation.
The rate of substrate consumption is closely related to the cell's
growth rate and the rate of product formation. This relationship is
usually given by the following equation:
dS_ 1 1d -
dt Yyis dt - Ypq dt
where Yy and Ypss are yield coefficients for biomass on substrate
and product on substrate respectively, g/g, while mg is the biomass
maintenance energy coefficient, g/g.h. In many cases, the latter was
neglected.
3. Results
3.1. Influence of initial substrate concentration
To examine how substrate concentration affects cell growth and
lactic acid formation, a series of experiments was carried-out at 30
°C and an initial pH of 6.5 using lactose monohydrate at 11, 22, 33,
44, and 55 g/L, without pH control throughout fermentation. The
results are shown in Figure 1. As evident from the figure, at 11 g/L
lactose the substrate was nearly fully converted, reaching values
close to the theoretical maximum. However, conversion efficiency
declined as the substrate concentration increased, likely due to
inhibition caused by high substrate levels and/or lactic acid
accumulation. Notably, no cell death was detected over the
approximately 50-hour fermentation period.

®
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Figure 1. Influence of initial substrate concentration on the lactic acid
production at 30 °C and initial pH value 6.5 without pH control.

3.2. Modeling of cell growth, substrate consumption, and
product accumulation

The set of differential equations describing the process is:

dX

X x
a “

s 1 dx 1 dp

ds_ 1 dx 1 .dP ©)
dt Yoo 0t Y dt

P dx

eV AT

i o

with initial conditionst =0, X = Xo, S =Sy, P = Py,

With the aim of finding the best expression for specific biomass
growth rate, all kinetic models listed in Table 1, as well as the
modified logistic and Gompertz equations were used.
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An algorithm for simultaneously solving the model equations
describing the fermentation process at different initial substrate
concentrations was developed.

Using this algorithm, own experimental data were used to identify
the model parameters by least square function minimization using
MATLAB 2025 software.

For this purpose, the experimental data were processed by
minimization procedure of the target function Q, being the sum of
the squares of the differences between the measured biomass,
substrate, and lactic acid concentrations and the model values:

Q( Hmax:Ks ke Kis X Yx 5@ B Yprs ) =

N N N
Y Y SR B WL B

i=1 i=1 i=1
where i is the number of constants in each equation for 4, and j is
the number of experimental points.
The attempt to solve the model with the data for all 5 substrate
concentrations wasn’t very successful, the discrepancies between
model and experimental data were large and the Q function value
was too big.
Analyzing the data for product accumulation in Figure 1 it can be
concluded that while at 11 g/L substrate concentration, the
conversion is almost complete, while increasing the substrate
concentration from 22 to 55 g/L leads to strong inhibition of the
process and the conversion drops up to about 30%. It was decided
to solve the model for 11 g/L separately, using an expression for u
without any additional terms for substrate and product inhibition.
Four equations were used — the Monod equation, Verhulst equation,
modified logistic, and modified Gompertz equations.
The results are shown in Figure 3, and the model parameter values
are listed in Table 2. All four equations provided a good description
of biomass growth, with the Gompertz and Verhulst equations
giving the closest fit. However, when the full system of equations
for biomass growth, substrate consumption, and product formation
was solved simultaneously, the outcomes differed slightly: the
Verhulst equation gave the best overall fit, while the Gompertz
equation yielded a higher Q function value and larger discrepancies
between model predictions and experimental data for substrate and
product.
The calculated maximum cell concentrations (Xmax and A) were
very similar, as were several other model parameters. The lag phase
was very short, with the modified Gompertz and logistic models
predicting approximately 3—4 hours. The a and B parameter values
indicate that lactic acid production by L. plantarum AC 11S is
growth-associated, with almost no production occurring during the
stationary phase.

Table 2. Model parameters determined by solving the system 6 for
11 g/L initial substrate concentrations

Model pmax  Ks Kmax A A Yxs  Yes a B Q

Monod 0.420 5.511 0.175 4.016 5.965 0.0197 1.019
Verhulst  0.253 2.045 0.202 6.394 5.396 0.0077 0.352
Gompertz ~ 0.048 2959 1925 0205 5986 6.086 0.0042 3.846
Logistic 0.138 4.0705 1.875 0.229 2.011 4.591 0.0 1.949

Four equations were used — the Monod equation, Verhulst equation,
modified logistic, and modified Gompertz equations and the results

are presented in Figure 2
12 25
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L] Lactose
A Lactic acid
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Monod model - biomass
Monod model - substrate
———  Monod model - product
Logistic model - substrate | 1.0
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>
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Figure 2. Experimental and model results for microbial growth, substrate
consumption, and lactic acid production from 11 g/L initial substrate
concentration.
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For the rest of the experimental data (from 22 to 55 g¢/L initial
substrate concentration) the mathematical model was solved with all

equations that include different types of inhibition in the
expressions for specific growth rate  listed in Table 1.
The values of the parameters obtained after solving the

mathematical model simultaneously for the three initial substrate
concentrations are presented in Tables 3 and 4. The values of the
maximum specific growth rate are very close but a little bit higher
for the lactose as substrate. Comparing pH-controlled and pH-
uncontrolled fermentations it may be seen that the values in
controlled fermentations are slightly higher. The obtained values of
Wmax are very close to these reported in the literature for LA
production from lactose [17, 18]. In all cases, the lactic acid
fermentation was growth-related, which was confirmed by the ratio
of the parameters o and f3.

Table 3. Lactic acid fermentation without pH control.

Initial substrate Model parameters

concentrations 1 3 1 1
N X001 Y[ Yoo ah® pih 2
gy Hel Kl [ Yol ab® A0 @ R RMSE RS
S 02402 22447 17068 01647 43034 63202 00029 3150 099% 1775 1360
Soocs 02309 13693 09693 01798 52371 7999% 00136 2871 (9% 1694 2313
Table 4. Lactic acid fermentation with pH control.
Initial substrate Model parameters
concentrations 1 3 1 1
n [ e \ ?
(10,20,3 ) /A R S Yold Yos[-] af® M Q R RMSE RSS
S 02539 37727 18228 01715 47211 56631 00044 3521 0966 1876 5257
Soocs 02415 1906 12517 02566 21982 7.2765 00133 0403 0992 0635 3375

The results of mathematical modeling are presented in Figures 3
and 4. There is not a statistically significant difference between
experimental and model data. A very good agreement between
experimental and computed results is observed.
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Figure 3. Modeling of biomass growth, lactose consumption, and lactic acid
production a), b), and c) 10, 20, and 30 g/L without pH control; d), e), and
f) 10, 20, and 30 g/l with pH control.
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Figure 4. Modgﬁr;g of biomass growth, substrate consumption, and lactic
acid production from DDGS hydrolysates. a), b), and c) 10, 20, and 30 g/L
RS without pH control; d), e), and f) 10, 20, and 30 g/l RS with pH control.

3.3. Model predictions.
A key advantage of applying suitable mathematical models to
fermentation lies in their ability to predict system behavior under
varying conditions. Once the model parameters were established,
simulations were made to estimate the onset of inhibition and to
assess lactic acid production at higher substrate concentrations. The
model was tested using six initial substrate levels ranging from 11
to 22 g/L.

The model predictions are presented in Figure 5. From the inner
picture, one can see that the inhibition starts between 15 and 16 g/L.
The model was also solved for higher initial substrate
concentrations — from 60 to 100 g/l and the results are presented in
Figure 6.

Lactc acid, g
Lacticacid, !

Time, h

Figure 6. Model predictions for
initial substrate concentrations
55-100 g/L.

Time, h

Fig. 5. Model predictions for

initial substrate
concentrations 11-22 g/L.

4. Conclusions

This study investigates lactic acid production using lactose and
divers DDGS hydrolysates as substrates. The resulting sugar
solutions were fermented by L. plantarum, both with and without
pH control, and the outcomes were compared to fermentations using
lactose as a sole carbon source. Both types of fermentation were
growth-associated. Implementing pH control improved lactic acid
yields for both substrates, achieving complete conversion at initial
substrate concentrations of 10 and 20 g/L, and 82-86% conversion
at 30 g/L.

A mathematical model incorporating the Verhulst, Luedeking—Piret,
and modified Gompertz equations was used to describe the
experimental data, showing very good agreement. The parameter
values obtained were consistent across all experiments and were
higher in case of pH controlled process. These results provide a
solid base for further studies on the strain’s capabilities, which will
include comparing model predictions with experimental results
under pH-controlled conditions, as well as in fed-batch and
continuous fermentation modes.
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Simulation of Inverse Dynamics Control of UAV with SIMULINK
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Abstract: Inverse dynamics control represents a robust methodology within the realm of nonlinear control system design. At its core, this
approach involves constructing an inner-loop controller that leverages the motion characteristics of a nonlinear dynamic model. By
systematically inverting the plant’s dynamics, engineers can formulate control laws that effectively neutralize inherent nonlinearities,
decouple complex variable interactions, and precisely shape the temporal behavior of task error convergence.

This article provides a comprehensive exploration of inverse dynamics control, emphasizing its practical implementation and the role of
numerical techniques in solving the inverse dynamics problem. These computational methods are instrumental in translating theoretical
models into robust controllers suitable for a wide range of engineering applications. The foundation of this approach lies in analytical
mechanics, where control inputs are derived to enforce desired trajectories and system behaviors, ensuring both stability and performance.
Through dynamic model inversion, the control system can impose appropriate linear-like behavior on inherently nonlinear systems. This
facilitates the design of controllers that are not only responsive but also adaptable to varying operational conditions. The technique proves
especially valuable in scenarios involving complex mechanical and robotic systems, where precision and coordination are paramount.
lllustrative examples with SIMULINK underscore the versatility of inverse dynamics control. Applications range from robots operating
under environmental constraints to systems with flexible joints and autonomous platforms that require synchronized motion. In each case,
the inverse dynamics framework enables engineers to achieve high-fidelity control, even in the presence of structural complexity or external
disturbances. Ultimately, inverse dynamics control serves as a cornerstone of modern control strategies, offering a structured framework for
harnessing nonlinear dynamics in the service of predictable, efficient, and intelligent system behavior.

KEYWORDS: INVERSE DYNAMICS CONTROL, MODEL-BASED CONTROL, UAV, SIMULINK, NUMERICAL SOLUTION OF INVERSE
DYNAMICS CONTROL.

. o) cos(a + ay) cosp

1. Introduction (3) F®) = —%pS\/Z ¢ | +T |~ cos(a + ay) sing | +
Unmanned aerial vehicles (UAVs) have become essential tools in CL —sinifo + ar)
modern engineering, offering versatility and precision in a variety —siny
of applications. The control of UAVs, especially those with mg | singcosy
nonlinear dynamics, presents significant challenges that require cos@pcosy
advanced methodologies. Inverse dynamics control stands out as a 4 M ®) =
powerful approach, enabling engineers to design controllers that can ) b 0 ) —Qsinar
effectively manage complex system behaviors. By leveraging EPSVZ Icacm +T|d|+]rwr Ipsmar - RCOS“T]
mathematical modeling and simulation tools like SIMULINK, it is bc, 0 Qcosar

possible to develop robust control strategies tailored to the unique

) > - The aerodynamic force and moment coefficients
requirements of UAV platforms. This work focuses on the practical

implementation of inverse dynamics control for a fixed-wing cp =cp(a, B,8.);
tandem UAV, highlighting the integration of analytical and a=c(ap,PR,b,06);
numerical techniques. ¢cs =cs(a,f,P,R,6,);

Cm = Cm (a: Q' 66)1

. . . L= CL(a' Q' 66’);
2. Mathematical Model of the Fixed-Wing ¢, = c, (B, P,R,3,,35):

Tandem UAV for Inverse Dynamics. Designing Flight Control Laws: Once the UAV model was

Briefly, we will explain the mathematical model of tandem fixed ~ Créated in the SIMULINK, the next step was to design a

wing since similar but different in some crucial details have been longitudinal controller that commands elevator position to control
used in several places of the research below m and J— platform altitude. The general nonlinear dynamics of the aircraft can be
mass and inertia matrix in the body axes; v®) = [100]Ty -  Writtenas

vehicle inertial velocity representation in the wind axes; w‘f,w) and (5) x(t) = f(x(t),6(t)) (5)

w® =[P QR]" - representations of the wind axes angular
velocity @, and the aircraft(body axes) angular velocity @
respectively in the wind and body axes; and @ - a skew-symmetric
matrix associated with w to represent the vector product in matrix

. — S - . course, the model (7.1) should be invertible concerning & (¢
notation, e.g., the product w,, X v is described in the path axes as (7.1) 96(t)

@ v™). The applied forces and moments, F®) and M®), (6) §(t) = f(x(®),v(®))
respectively, in the wind and body axes, are: (7) v(t) = f(x(t),8(t)) Artificial control input

Forces and moments

Where the function f() is assumed to be sufficiently smooth. The control
input & (t)is is assumed to be bounded and piecewise continuous. The
initial form of the inverse model could be written as follows, and of

An algorithm for calculating inverse dynamics and meeting the above

requirements could be developed by using an artificial control input

1) me™ + malPv®™ = Fo); described in Equation (7.7):
20 4 5O ® = y® .
(2) Joo + & =M (8) () = v(x(6),5(®)) + A(x(t), 5())
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Equation (7.10) is a pseudo-inverse version of Equation (7.5), and the

next equation is the real one

(9) 8() = g(x(6), %(t))
(10)8(6) = g (x(®), f(x(8), 5(0)))

Equation (10) is suitable for pure analytical solutions, which is
somewhat unexpected. Equation 7.9 is more practical and can be used
for both pure numerical solutions and semi-analytical solutions.
Combining Equation 9 and Eq.10 is the best solution, which means that

[24] C6 = Ixz /Iyy

25C, = 1/1,

(26)Cg = (Ixx - Iy}’)lxx + I:?z/ x Lz — 1)?2)
(27) C9 = [xx / (Ixx[zz - I)?Z)

D, q,7 - roll, pitch, and yaw angular acceleration

Ly, 1

o by s I,,- Moments of inertia about x, y, and z axis, kg.m2

L, M, N - Roll, pitch, and yaw moments about body axis, N - m;

Eq.10 must be simplified enough without a lack of precision to be able First derivatives of roll, pitch, and yaw:

to find an analytical-type solution of Eq.9.

w_| Inverse Flight Dynamics
-

B

Figure 1: General Control Strategy for Inverse Dynamic Control

Stabilization Control IRl

\j

3. Mathematical Model of the Fixed-Wing
Tandem UAV for Inverse Dynamics

u, v, w - body fixed linear velocity components in forward, side,
and vertical directions, m/s;

U, U, W - linear accelerations, m/s%;
Xa, Ya, Za - body forces per unit mass, N/kg;
p, g, r - body fixed roll, pitch, and yaw rates, degree/s;

g - acceleration due to gravity, m/s%;

(11) [)'CT’J'Cm] = f(xr xp,u) + d(xT'xm,u)

(12) Xy = f(xT,xm,u) + &(xT_xm,u) + Ky (xr — X7)
Linear accelerations

(13)u = rv — qw — gsinf + X,

(14)v = pw — ru + gsingpcosf + Y,

(15)w = qu — pv + gcos@cos8 + Z,

Angular accelerations
(17)q = C;M + C¢(p® — 1) + Cspr

Where:
(19) Cl = ((Iyy - Izz)Izz - 19?2) /(Ixxlzz - IJ?Z)
(20) CZ = (Ixx - Iyy + Izz)lzz / (Ixxlzz - Ia?z)
(21) C3 = Izz / (Ixxlzz - IJ?Z)
(22) C4 = Ixz / (Ixx Izz - IJ?Z)
(23) CS = (Izz - Ixx) / Iyy
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(28)6 = qcos@ — rsing
(29) ¢ p + gsinptan6 + rcosq@tanf
(30) qsingpsecl + rcosq@secyb

Dynamics - The aerodynamic force and moment coefficients

(31) [X.YoZo) = ZICoCy €]
(32)[LM N] = q S [bC cC, bC,]
C;, G,y C, - roll, pitch, and yaw moment coefficients (rad)
Cp, Cy, C; - Drag, Lift, and Side forces coefficients
g= dynamic pressure, N/m?;
S = wing area, m?,
b = wing span, m;
c = chord length, m.

Forces coefficients

Crqqc

(33) CL = CDO + CLo( x< + CL5868 + v

(34) Cp = Cpo + K[Cp, — Cpmimp 1* + Cps, 6 + Cps,ba
(35)Cy = CygB + Cys, 00 + W
Moment coefficients
Clyp+ Cipr]b
(36)C, = CppB + Cp5,6, + W
(37) Ciu = Cio + Croe % + i, 8 + 2%

[Cop P+ Cor )b

(38) Cn = Cnﬁ,g + Cn(ga(sa + o

Cpo, Cro, Cyo,Cpo - drag, lift, side force, and pitching moment
coefficients at zero-angle of attack,

Cpa» Cra,r Coe - drag, lift, and pitching moment coefficients at zero
aoa

84,6, — Aileron and elevator deflections

o,y - aoa and flight path angle
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Figure 2: Simulink Block Diagram of the Inverse Dynamics Control System for a Fixed-Wing Tandem UAV
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Abstract:

This study addresses the vehicle routing problem (VRP) for eco-diverse transport fleets, defined as fleets comprising vehicles with heterogeneous engine
systems, resulting in varied payload capacities, access restrictions, and levels of cost-efficiency and environmental performance. The research is driven by the
growing integration of alternative fuel vehicles (e.g., electric and hydrogen-powered) into conventional transport fleets, coupled with the implementation of
Clean Transport Zones (EcoZones) that impose access restrictions on combustion (diesel) vehicles. A two-stage, highly scalable bi-objective optimization
algorithm is proposed, evaluated using a real-world case study involving the distribution of 356 pallets across 188 destinations within an approximate 140 km
radius of Kielce, with 25% of these destinations located in potential EcoZone areas. The analysis assesses feasibility, ecological and economic cost intensity,
and workload distribution across fleet segments under energy and access constraints. The developed algorithm demonstrates significant potential for
prescriptive analytics in optimizing routing strategies amid the energy transition in the transportation sector.

KEYWORDS: ECO-DIVERSE FLEET, LTL TRANSPORT, VRP, MULTI-OBJECTIVE OPTIMIZATION, ITERATED LOCAL SEARCH,

SIMULATED ANNEALING

1. Introduction

The transportation sector is undergoing a profound
transformation, driven by the need to enhance sustainability while
maintaining operational efficiency. This shift necessitates
innovative approaches to the management, coordination, and
performance evaluation of vehicle utilization. A key challenge in
this domain is optimizing less-than-truckload (LTL) transport,
where cost efficiency is achieved through advanced routing
strategies and sophisticated algorithms [1]. These strategies aim to
develop feasible, cost-effective, and environmentally sustainable
route plans that balance economic and ecological objectives, as
exemplified by the Pollution-Routing Problem (PRP) or Green
Vehicle Routing Problem (Green VRP) [2,3]. Over recent decades,
the Vehicle Routing Problem (VRP) has been extensively studied,
giving rise to several variants, including the Capacitated VRP [4],
the Time-Windowed VRP [5], and the Multi-Depot VRP [6]. The
increasing diversity in order volumes and customer requirements
has spurred the adoption of heterogeneous fleets, which combine
vehicles with varying capacities and characteristics to meet
operator’s demands [7,8]. In recent years, the integration of electric
vehicles (EVs) into VRP frameworks has gained significant
attention [9-12]. These studies introduce additional constraints,
related to the limited energy capacity of EVs, which necessitates
innovative solutions such as incorporating full or partial battery
charging into route planning to mitigate range limitations [13].
Alternatively, scheduled battery-swapping procedures have been
proposed as a viable approach to enhance operational feasibility
[14,15]. A particularly promising strategy is the mixed (eco-
diversed) fleet approach, which combines conventional diesel
vehicles with eco-friendly battery electric vehicles (BEVS) [16].
This approach offers a pragmatic solution, aligning with global
imperatives to reduce greenhouse gas emissions while preserving
fleet transport capacity.

This study concentrates on the field of sustainable transportation
by developing and evaluating optimized routing strategies for
mixed-fleet operations. The primary contribution lies in the design
and implementation of a prototype fleet management system that
integrates a novel planning—optimization module tailored for eco-
diverse fleets. This module employs a bi-objective optimization
algorithm with an inter-criteria balancing function, enabling the
identification of routing solutions that are feasible under energy and
access constraints while minimizing both economic costs and
negative environmental impact. To demonstrate the practical
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applicability of the proposed system, the study conducts a
comprehensive analysis using a real-world case study involving the
distribution of 356 pallets across 188 destinations. The analysis
evaluates key performance metrics, including feasibility, ecological
and economic cost intensity, and workload distribution segments, as
functions of imposed energy constraints and access restrictions (e.g.
EcoZones). By quantifying the trade-offs between economic and
environmental objectives, this work provides actionable insights for
logistics operators seeking to transition to sustainable fleet
management practices.

2. Optimization Algorithm and Model

The analysis of routing strategies for eco-diverse heterogeneous
resources was carried out using a proprietary planning algorithm
developed within the research and development project TRAFFIC
(Towards Route Autoplanning for Eco-diverse Fleet and Flow
Management with Improved Coordination). The TRAFFIC system
is primarily intended for companies providing LTL transport
services in the context of deterministic delivery and demand
scenarios. To solve the routing problem, a custom two-stage
algorithm was applied, combining a pseudo-greedy heuristic of the
Nearest Neighbour (NN) type [17] with an evolutionary Iterated
Local Search (ILS) metaheuristic [18].

The general structure of the method is shown in Fig. 1. The
algorithm assigns orders from the Requests list to the resource base
stored in TruckList, using sets of inter-distance, inter-time, and eco-
distance matrices, along with the characteristics of the destination
list DestPos.

DestPos MatrixSets

Disthx
Timex

EcoDisthx

-
S

Hybrids Y
ouT

1st STEP
(GREEDY)

2nd STEP
(EvVOL)

TruckList

Diesels

BEVs

Fig. 1. Structure of the planning algorithm
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The first stage of the planning algorithm (GREEDY) is
deterministic in nature and is responsible for generating an initial,
feasible, and quasi-optimal solution, by default engaging the
smallest possible number of transport resources. In the second phase
of the optimization procedure, a proprietary algorithm named
EVOL was applied, based on iterated random mutations of feasible
solutions. The primary optimization criterion of the EVOL phase is
a generalized monetary cost function, defined as the sum of three
components: the fixed cost associated with engaging a vehicle, the
time-related cost, and the energy-related cos. The monetary cost
generated by the i-th resource (vehicle) is expressed by Equation 1.

@)

c=cfi+t-ul; +e-u;
where:
¢; - total cost of the i-th resource
cF, - fixed cost of the i-th resource
u";, u®; - unit monetary costs for Staff and Energy, respectively
t; — total time engagement of the iii-th resource
e; represents the energy resources consumed by the i-th resource.

In the developed model, it is calculated based on the traveled
distance d and the required time t, taking into account the load
weight of the resource (Equation 2).

e = Yker[dix - (B, + B -mix) + tix - B,
where:
T; — route of the i-th resource
B¢, BV, B, - unit costs (energy consumption per unit length, mass,
and time)
m; i - load of resource i at the k-th point of the route
dix, tix - distance and time to cover the k-th segment of the route

@

The consumption of energy resources e; simultaneously affects the
value of the so-called ecological cost, which becomes an additional,
independently treated optimization criterion. Ultimately, the
developed optimization algorithm is guided by the criteria of
minimizing both monetary cost and ecological cost:

minYen ¢; minYen €; - u’; (3)
where: IT — the set of resources, u¢; - the unit ecological cost (CO,
emissions per unit of energy).

The following constraints are imposed on the set of routes T;

regarding total mass (MassLimit), volume (VolLimit), energy

consumed (EnergyLimit), allowable resource activity time

(MaxActivityTime), and maximum time of a single trip
(MaxTripTime).

Nien Xker, My < MassLimit; (4a)

/\iEH ZkE‘r[ vi,k < VOlleltl (4b)

Nien €; < EnergyLimit; (4c)

Nienti < MaxActivityTime; (4d)

Nien Njew; Zkew,; bk < MaxTripTime; (de)

where: 7P, ; - a single trip performed by the i-th resource

J
In the presence of EcoZone ©, an additional condition is a
restriction on access for vehicles that do not meet the criteria. This
means that each point k of the route 7; must be accessible by a

resource belonging to the set I, of eco-friendly vehicles.

(®)

/\kEri,@ei € He
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The EVOL algorithm also incorporates the concept of simulated
annealing [15], which involves conditionally accepting mutations
characterized by a negative threshold, whose value is relaxed to
zero during the evolution process. The algorithm performs a
specified number of Maxlters iterations. The acceptance criterion
(Acc) for the considered criterion in the current iteration iter is
expressed by the following formula:

2

) "Riter

Acc(iter) = {1 if Ac < 5o - (1 " Maxiters
0 otherwise

iter

(6)

where:

sy - initial relative acceptance threshold,

Ac — cost change in the current iteration

Rer — reference threshold, dynamically updated according to the
formula:

Riter = p- IACiter |+ (1 - P) "Riter —1
p — exponential filter coefficient.

™

In general, the algorithm is guided by a two-criteria cost measure,
with independent acceptance conditions determined for each
criterion (economic and ecological). To make the algorithm more
flexible, the concept of probabilistic relaxation of conditions was
introduced, represented by the balance coefficient, which belongs to
interval <0-1>. The determination of the acceptance condition
(TotAcc) in the weighted bi-criteria variant is calculated according
to the general formula (8).

TotAcc = (Accl v rnd(1) < w;) A (Acc2 Vv rnd(1) <w,) (8)

where: Acc — a binary variable defining whether a given criterion is
met, rnd(1) — a randomly selected number from the range 0-1, and
w; and w, are determined from the value of balance.
When balance = 0, the ecological criterion is always accepted; in
this case, the algorithm operates under single-criterion optimization
conditions (SOCO - Single Objective Combinatorial Optimization).
When balance = 0.5, a mutation is accepted only if the both Acc are
simultaneously satisfied, and the algorithm operates in the bi-
criteria  regime (BOCO Bi-Objective = Combinatorial
Optimization).

The planning algorithm was implemented in Mathcad PRIME
8.0. Analyses were carried out on an MSI NoteBook, model
MS179F, equipped with an Intel(R) Core(TM) i7-8750H CPU @
2.20GHz and 8 GB RAM.

3. Results and discussion

3.1. Case description

The considered model case for the routing strategy assumes the
delivery of 356 pallets to 188 destinations using a capacity-
homogeneous, eco-diverse fleet. The order parameters are presented
in Table 1.

Table 1. General characteristics of orders

Parametr
Number of destinations 188
Average distance from base to 58.7km
destination
Max. distance from base to destination 138.8km
Total order volume 356 pallets
Size of a single order 1—4 pallets
Average order volume ~1.9 pallets
Volume to eco-zones 89 pallets (25%)
Weight of a single pallet 400kg
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The order size ranges from 1 to 4 pallets, with 25% of the
orders directed to the EcoZone area. The destinations are dispersed
over an area of nearly 50,000 km?, with a certain tendency toward
natural clustering. The maximum distance from the depot to a
destination was 138 km, the minimum was less than 1 km, and the

result, the differences in cost-intensity of the solutions are mainly
due to differences in the Fix Cost of fleet maintenance.

Table 3. Cost-intensity and energy-intensity parameters of the solutions for
the respective fleet variants.

. . . Diesel- . .
average distance was approximately 57 km. Real distance and travel PARAMETER (')ensli, Mixed1 Mixed2
time parameters were obtained from geographic information Total Distance [km] 531122 5323.70 5308.24
systems in the manner presented in [19]. In the considered case, the
presence of two types of vehicles with identical transport capacities Total Monetary Cost [euro] | 3431.83 371622 | 3657.03
was assumed, differing in the type of drive: Diesel and BEV — Energy Cost [euro] 115261 1189.44 1185.10
Table 2. The parameters of energy resource consumption were Staff Cost [euro 1489.22 1489.29 1486.93
estimated based on vehicle manufacturers’ data, own observations, -
. . . -y Fix Cost [euro] 790 1037.5 985
and observations from transport companies carried out within the ol Eleet Vol
- otal Fleet Volumen
TRAFFIC project. [pallets] 158 177 172
Table 2. General characteristics of vehicles Trips 36 36.2 36.2
. BEV BEV Total Activity Time [h] 159.02 158.18 159.99
Parameter Diesel Mixed1 Mixed?
(Mixe (Mixed?) CO2 emmision [kg] 192101 | 1689.93 | 1684.99
Trucks 28 12
EnergyLimit 100 dm® 100 kWh 200 kWh Trucks needed 16 18 17-18
MaxTripTime 8h 6h
InterTrip Time - 05h 25h The transition to an eco-diverse fleet may require equipping it
B 10 dm3/100km 35 KWh/100km with a set of at least 6 BEV-type vehicles, while reducing the
B, 1.3 dm*/100km/t 4.5 KWh/100km/t o . o
3 T amdih 35 KWHih number of traditional vehicles by up to 4. Under conditions
7 15 Earol dm? 05 Euro/kwh allowing rechar_glng, the mlnlmun_w number of BEV-_type vehicles is
oF 50 Euro 75 Euro 5. The analysis shows that migration to eco-diverse fleets is
u’ 2.5 kg/ dm® 0.25 kg/kWh associated with an approximately 31% increase in fixed costs in the
ut 10 Euro/h case of Mixed1 and about 25% in the case of Mixed2. At the same
VolLimit 10 pallets time, this leads to a reduction in CO, emissions of around 12%.
MassLimit 10Mg
MaxActivityTime 12h Subsequently, the activity time of individual resources (Truck
LoadUnit Time 6 min/pallete

The parameter values indicate a clearly higher economic cost and,
at the same time, a lower ecological cost for the BEV segment. Two
cases differing in the ability to replenish energy resources were
analyzed. In the Mixed1 case, it was assumed that recharging during
the MaxActivity Time is not possible. In the Mixed2 case, it was
assumed that a one-time replenishment of energy resources is
possible, which translates into a twofold increase in the energy
resource limit, a reduction of the maximum trip duration
(MaxTripTime) by 2 hours, and an increase in InterTrip Time by 2
hours respectively.

3.2. Migration to ecodiversed fleet

It was demonstrated that neither a fully combustion-engine fleet
nor a fully electric fleet is capable of fulfilling all orders. In the case
of the combustion-engine fleet, 25% of orders were not serviced
due to the presence of clean transport zones. In the case of the fully
electric fleet, approximately 7.6% of the order volume was not
serviced due to excessive distance from the base to the destination.
Full order coverage, however, is ensured by an eco-diverse fleet.
In the further part of the study, a hypothetical reference case
(Diesel-Only) was also considered, involving only a traditional fleet
under conditions without the EcoZones.

Table 3 presents the calculated cost-intensity and energy-
intensity parameters of the solutions for the Mixed1l and Mixed2
fleets, compared to the reference case (Diesel-Only). The
differences in terms of total distance traveled, time-intensity, and
the number of required trips for each of the three cases are
statistically insignificant. Therefore, distance is not a reliable
parameter for differentiating between the analyzed cases. As a
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Activity Time), resulting from the generated route plan, was
analyzed. The load includes transshipment time as well as potential
BEV vehicle recharging. The load of the reference fleet’s vehicles
(Diesel-Only) ranges from 7.4 to 11.77 hours — Fig. 2. In the case of
the Mixedl fleet, a noticeably lower load of the BEV segment is
observed — an average vehicle of this type was engaged for only 5.8
hours, which is a consequence of limiting energy resources to 100

kWh.
[
BEVE = 1
L
-

Mixed2-
sl

MixedZ-DiesE_T=

-

Truck category

Mixed1-BED—_
il

g

antilll
—

4 5 6 7 8 9 10
Truck Activity Time [h]

Fig. 2. Activity time of individual resource categories in the respective
fleet variants

11 12
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Under conditions allowing recharging, the activity of vehicles
does not differ from the engagement level of the combustion-engine
segment. A significant reduction (from 61 to 50 pallets) in the
required total average volume of the BEV segment was observed.
At the same time, no statistically significant difference was noted
between the Mixedl and Mixed2 fleets in terms of distance
traveled, energy cost, or total cost. However, the benefits resulting
from the reduction of fleet resources are offset by the increased fleet
activity time (higher labor cost) caused by the time-consuming
charging process.

3.3. Participation of the BEV segment in transport service
delivery — SOCO vs. BOCO optimization

The participation of the BEV segment in the Mixedl and
Mixed?2 fleets was analyzed in relation to various planning solution
parameters, including the percentage of serviced orders, share in
operating costs, distance traveled, and process time intensity. A
series of routing optimizations was carried out in a single-criterion
variant (monetary cost — SOCO) and a dual-criterion variant
(monetary cost and CO, emissions — BOCO). The results are
shown in Figure 3.

mMixedl mMixed2 wmMixedl (BOCO)

BEYV segment participation [%]

0% 10% 20% 30% 40% 50%

Distance traveled

Operating cost (fuel + staff)

Task completion time

Vol of requests submitted

Vol of requests handled

Destinations served H

J 1 1 I

Fig. 3. Participation of the BEV segment in various planning solution
parameters

In terms of the volume of serviced orders and visited
destinations, the share of the BEV segment was clearly greater than
that resulting from the share of the EcoZone. In the BOCO variant,
electric vehicles serviced approximately 39% of destinations and
delivered 135 out of 356 pallets (37.7%). This results from the
optimization algorithm’s tendency to minimize ecological cost,
which favors BEV-type vehicles. In this latter case, 7 out of 12
(nearly 60%) deployed BEV vehicles were used, whereas Diesel
vehicle utilization amounted to no more than 12 out of 28 (just over
40%). On the other hand, the BEV vehicles’ share in the total
distance traveled was relatively small. In the case of the Mixedl
fleet, these vehicles covered only about 18.4% of the total distance,
while their share of the transport volume was over 34%. This is
related to the imposed limitations on energy resources, which forces
the algorithm to assign BEV vehicles to trips involving destinations
located closer to the starting point (depot).
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4, Conclusion

The study presented a detailed analysis of the costs of eco-
diverse mixed fleets operating in a less-than-truckload transport
regime. The analysis was conducted for a representative case of
delivering 356 pallets to 188 delivery points, subject to access
restrictions resulting from local conditions and the hypothetical
location of so-called clean transport zones. It was shown that
mixing the fleet may be a necessary requirement to achieve 100%
capability to meet transport demands. In the considered case, full
replacement of the combustion-engine fleet with a mixed fleet led to
an increase in transport service cost of approximately 8.3%,
resulting mainly from the higher purchase and maintenance costs of
electric vehicles. No significant increase was observed in staff costs
or energy costs. On the other hand, CO, emissions were reduced.
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3OOEKTUBHOCTH TEXHOJOT'MYECKAX CXEM ACUMMETPAYHOM
ITPOKATKU B PEJIBE®HbIX BAJIKAX

EFFICIENCY OF TECHNOLOGICAL SCHEMES OF ASYMMETRIC ROLLING IN RELIEF ROLLS
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Abstract: This paper presents the issue consideration results of obtaining thick-sheet blanks with an increased processing level. Based on the
review conducted in this paper, a new technology of thick-sheet rolling was proposed, which consists in deforming the workpiece in rolls
with a relief surface that have a geometric or velocity factor of asymmetry. As a result, shear strain in both transverse and longitudinal
directions is intensified in one pass. Finite element modeling of the microstructure evolution of a copper billet during asymmetric rolling in
relief rolls according to various technological schemes was performed. The following technological schemes of deformation were proposed:
1) the workpiece after the first pass of deformation is re-fed into relief rolls with 180° edging along the axis; 2) the workpiece after the first
pass of deformation is re-fed into relief rolls without any changes; 3) the workpiece after the first pass of deformation is re-fed into relief
rolls with a transverse shift for the relief period. A comparison of the simulation results showed that deformation with a 180° rotation of the
workpiece between passes significantly reduces the influence of the asymmetry factor. This is reflected in the level of grain refinement and
more uniform distribution. Deformation without changing the position of the workpiece between the passes has the opposite effect, such a
scheme significantly increases the influence of the asymmetry factor. Deformation with transverse shift of the workpiece for the relief period

between passes has the effect of a "golden mean".

Keywords: ROLLING, RELIEF ROLLS, ASYMMETRY, SIMULATION, MICROSTRUCTURE EVOLUTION.

1. Bseoenue

OmHMM  HM3  TEpCHeKTHUBHBIX ~ METOJOB  HMHTEHCHBHOM
IUIACTHYECKON Ne)OopMaIMi, HPUMEHSIEMBIX B IPOMBIIUICHHOCTH,
SABISIETCSl acUMMeTpH4YHas npokartka [1, 2]. IlpokaTka - cI0XKHBIN
TEXHOJIOTUYECKUM IPOLIECC, COMPOBOXKAAIOIIUICSI HEPOBHOCTIMH,
MOATOMY JI00OH IIpoLecC MPOKATKH SIBISICTCS aCHMMETPHYHBIM.
CuMMeTpuyHas MPOKaTKa - 9TO WJeaTn3alysl PEabHBIX YCIOBHH.
OnHaKo acCHMMETPHs MOXKET OBITh CO3/1aHa IIeIeHaNPaBICHHO H3-3a
HECOOTBETCTBHUS OKPYKHBIX CKOPOCTEH BAJKOB IPH MCHOJIB30BAaHUN
WHJMBUyalbHOTO TIPUBOJA, PAa3HUIBI B JUAMETPax BAIKOB M
UCIIOJIb30BaHUN HE TIPUBOJMMOIO B JIBIDKEHHE (XOJIOCTOTO0) BajKa.
B /10mONTHEHHE K MCTIONB30BaHHUIO (aKTOpa aCHMMETPUH, KOTOPBIi
MPUBOJMT K BO3HUKHOBEHHUIO Ne()OpMAaIMU CIABUra B MPOJOJIHHOM
HaTpaBJIeHUH, OBUIA TAaKXKe PacCMOTpPEHBI Hamboiee d3PPeKTHBHBIE
METO/Ibl MPOKAaTKH, KOTOpPBIE CO3Mal0T JehopMaluio CIBuUra B
MONEePEYHOM HAIlpaBICHHH.

B pabore [3] Obula paspaboTaHa 3HeprocOeperaromas
TEXHOJIOTHS TIPOKATKU TOJICTOJIMCTOBOTO MeTajlia, KOTOpasi peruia
npoOsieMy TOJyYeHHs! BBICOKOKAYEeCTBEHHOT'O TOJICTOJHUCTOBOTO
Merajia 0e3 CyIIECTBEHHOTO HM3MEHEHHS HCXOJHBIX pa3MEpoB
3aroToBKH. 1 3TOro ObLIM pa3paboTaHbI 1BE HOBbIE KOHCTPYKIIMU
pabounx BalkOB C penbeHBIMH TOBEPXHOCTSAMH B  BHIE
KOJIBLIEBBIX KaHAJOB, 00pa3yIOINX TpPalelHeBH/IHbIC BBICTYIBI H
BIIAINHBI, YEPEAYIOUIUECA OJAUH 3a APYT'UM I10 BCel JUINHE 0OUKH.

B pesynbrare 0O0BEAMHEHHS O3THX [BYX CXEM C Y4ETOM
KoddduienTa acuMMeTpuu ObUTH HOJYYEHBI CIEAYIOIINe HOBBIE
CXEeMBI IIPOKATKU:

1) acuMMeTpHYHas TpOKaTka B  PaJUyCHBIX  BaJKax.
TeXHHYECKUM pe3ynbTaToM, MOJMyYaeMbIM C HCIHOJIb30BaHHEM
JIAHHOM CXEMBI, SBJISIETCS BO3MOXKHOCTh CO3/IaHHs OJIaronpHsTHOTO
HAaIpsOKEHHO-1eOPMUPOBAHHOTO  COCTOSIHHSL B MeTalle Ui
YIY4IICHHS] Ka4decTBa IPOKAThIBAEMOTrO TOJICTOTO JIMCTA 3a CUeT
peanu3aniM  3HAYUTEIBHBIX  CIBHIOBBIX  JedopMmanuid  mpu
IIPOKATKE, KaK B IMOMECPEYHOM, TaK U B IPOJOJIbHOM HaIlPaBJICHUAX,
obecrieurBasl HMHTEHCUBHOE H3MEJbUYCHHE HCXOJHOIO pasmepa
3epHa W u3beras  TOSIBICHHE OIACHBIX  KOHLEHTPATOPOB
HanpsOKeHUH B TIpOIecce IPOKATKH, KOTOPBIC MOTYT HMPUBECTH K
pa3pyIICHUIO MeTaula. JTO JOCTHraercs 3a Cc4eT TOro, 4To
TIpeyIaraeMble BaJIKU JUISl IPOKATKU TOJICTHIX JMCTOB BKIIOYAIOT B
ce0s1 BEpXHHE U HIDKHHUE BAJIKH C peilbe(hHOH IOBEPXHOCTHIO B BUIE
KOJIBLIEBBIX OYPTMKOB M HOTOKHM, 4epeiyloliuecs 1o Bceil IMHe
OOuKM BajKa, C paauycoM HpoGMIA IHOTOKA, PAaBHBIM paIUyCy
npoduns OypTuka, B KOTOPOM JAMAMETP IPOKATKH HaMETp
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HIDKHETo Baika B 1,5 pa3a Oosble auaMerpa IPOKATKH BEpXHETO
Basika. Hannune penbedHO MOBEpXHOCTH Ha BaJIKax M 1,5-kpaTHoe
COOTHOIIECHUE MEXIYy IUaMEeTpOM IPOKATKH HIDKHETrOo Bajka W
JUaMeTpOM TIPOKAaTKH BEPXHEro BajKa OOECIEUMBACT pa3BHUTHE
JIOTIOJTHUTENBHON AeopMaluy CABUra Kak B ITONIEPEYHOM, TaK U B
IOpOJONBHOM HANpaBICHUAX 3aroToBKH. A TOT (akr, dYTO
penbedHas TOBEPXHOCTh BEPXHETO M HIDKHETO BAJIKOB BBHINOJIHEHA
B BHJE KOJBIEBBIX OyPTUKOB M MMOTOKOB, YEPEIYIOIIMXCS MO BCEi
JuMHe OOYKM Bajika, C paauycoM MpoQuisi IOTOKOB, pPaBHBIM
panuycy npoduist 6ypTHKOB, TO3BOJUT CO3/aTh JOMOJHUTCIBHYIO
nedopmarMio CIBHUra. peayusyercsi B MeTajuie 0e3 IOSIBICHUS
OTIACHBIX KOHIIEHTPAaTOPOB HAIpSDKEHWH M, COOTBETCTBEHHO, 0Oe3
pa3pyIIeHUs] MeTaJlIa.

2) acuMMeTpHYHas TPOKaTKa B penbedHBIX Bajkax (puc. 1). [To
AQHAIOTHM C PaJUyCHBIMH BaJKaMH, B JAaHHOM CiIydae Tarke
HCTIOB30BAICS KOI(QQUIMEHT reoMeTpuyecKol acummerpuu 1,5.
OOpaboTka B MONEPEYHOM HalpaBJIeHHH CTaHOBUTCSA Oojee
WHTCHCHBHOM M3-32 HQJNW4YMs  TPANClUEBHUAHBIX  BBICTYIIOB,
CMEILCHHE KOTOPBIX OKa3bIBaeT 0Oojiee BBIPAKEHHBIH 3(PQeKT, HO
MEHee paBHOMEpPHOE, KaK B PaJINyCHBIX BaJKaX.

Puc. 1. AcuMmerpuyHas PoKaTKa B peNbepHBIX BalIKax

2. Memoouka

PazpaboranHbIli  mpollecC ~ WHTEHCHBHOW  IJIACTHYECKOM
nedopmaryy, IpencTaBsIomuil co00if KOMOMHAIMIO NTPOKATKH B
penbedHBIX BaJkaX C BBEJCHUEM KO3 (HUNEHTA aCHUMMETPHH,
XOpOIIO  3apeKOMEHJoBal ce0s Ha TEOpeTHYecKOM  3Tare
uccnenosanuid. Tak, B pabotax [4, 5] ObUTH HM3y4YeHBI pa3IUYHBIC
MapaMeTpsl TpoIecca C HCHONb30BAaHUEM KHHEMAaTH4eCKOH u
reOMETPUYECKOH acHUMMETPUU. DHEProCHIIOBBIE MapaMeTphl 3TOH
CXeMBI Ae(OPMHUPOBAHUS TaKkkKe OBUIM PacCMOTPEHHI B pabote [6].
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AHaJM3 NapaMeTpoB HANpPSHKEHHO-Ae(OPMUPOBAHHOTO COCTOSHHUS
HOKa3aJl, 4YTO0 OJXHOro muKiaa JeopMUpoBaHUs  (IPOKATKH
3arOTOBKM B peibedHbIX BajJkax M BBIPABHMBAHHSA B TJIAJKHX
BaJIKax 10 TIEpPBOHAYANbHOM  (OPMBI) HEJOCTATOYHO IS
Ka4yecTBEHHOW  0o0paboTkn  Metamma. [Ilpy  MHOTOXOMOBOM
nedopMary 0OBIYHO HCCIEIYETCsI BIMSHIE KOJIMIEeCTBA IIPOXOJI0B
Ha YpOBeHb 00pabOTKHM M M3MEHEHHE MCXOJHOTO pa3Mepa 3epHa.
OnmHako Takod TOAXOX K TIpPOKarke OIpaBAaH B Clydae
CUMMETPUYHON Harpy3ku OoT o0OuX BaJIKOB. B paccmarpuBaemoit
cXeMe TPOKaTKH IIeTeco00pa3sHO  pacCMOTPETh  Pa3IHIHbIE
TEXHOJIOTHYECKHE CXeMbl 1e(OpPMHUPOBaHUSA, KOTOpble OyIyT
YUHUTBIBATh BIUAHHE (PAKTOPa aCHMMETPUH. B coOTBeTCTBHH € 3THM
ObUIM  TIPEATOKEHBl  CIEAYIONIME  TEXHONOTHYECKHE  CXEMBI
nehopMUpPOBaHHS:

1) mocne ImepBOro MPOXoJa 3aroTOBKAa MOBTOPHO IIO/AETCS B
BaJIKH € IOBOPOTOM BJ0Jb ocu Ha 180 rpagycos;

2) mocne MepBOro IPOXoja 3aroTOBKAa MOBTOPHO MOAAETCS B
BaJIKM 0€3 KaKHUX-JIN00 M3MEHEHUI;

3) mocie mepBOro MpOXoAa 3aroTOBKa MOBTOPHO MOJAeTCs B
BaJIKU C TIOTIEPEYHBIM CIBHIOM Ha IEpHO] perbeda.

OCHOBHBIMH ~ XapaKTE€PUCTHUKAMH, HCIIOJIb30BAHHBIMU  IIPH
M3TOTOBJICHHH BAJIKOB, OBUIM pa3Mephl KAHABKH Ha KOPITYCE BAJIKOB.
VYron HakiIoHa Kamepbl ObII NPHHAT paBHBIM 45°. PaccrosHue
MEX]y BBICTYIIOM OJHOT'O BaJIKa M IPOTHBOIIOJOKHOH BHAaIMHOMN
Ipyroro Bajika cocTaBiasger 10 MM. MuHHManbHOe paccTOsIHUE
MEXIy CKocaMH [IByX BajkoB cocraBiuger 10 wmm. Illupuna
6optrkoB - 10 mm. Pamuyc Banka - 100 mm. HIupuna Bankos - 190
MM. [TocTpoeHne Mozenel 3aroTOBKH M TOJIKATElIs BHIONHSIIOCH B
nporpamme DEFORM, rme MOXHO  co3maBaTth  MPOCTHIC
TpexMepHble Mozenu. JlnuHa 3arotoBku coctaBisier 200 MM,
mupuHa - 140 MM, a Beicota - 10 MM. B kxadecTBe uccnenyemoro
Marepuaina Oputa BeiOpana Mens. B mporpamme DEFORM ecthb 6a3a
JaHHBIX MaTepuasioB, M3 KOTOpHIX Obul BhIOpan cruiaB C11000,
TOCKOJIBKY OH HamboJiee TOYHO COOTBETCTBYeT cmuaBy MIL.
MogenupyeMslii Iponece MPOKATKH SBISIETCS XOIOJHBIM, TO3TOMY
TeMIeparypa 3aroTOBKH M INTAMIIOB YCTAHABIMBACTCS PaBHOM
20°C. KospdunueHt Temionepenadd ObUT yCTAaHOBICH paBHBIM 50
Br-((M*<K). Pacder ko3(QuImenTa TemIonepenadn H3IydeHueM B
OKPY)KAalOIIyl0 Cpefy HPOBOAWICS aBTOMAaTHUECKH C y9IETOM
CpeIHHX noKaszarenei IEPOXOBATOCTH TIOBEPXHOCTH.
Koadduiment Tpenus ajis BaiKoB ObUT ycTaHOBIEH paBHbIM 0,45.
B ciyuae acuMMeTpHYHO# MPOKATKH CKOPOCTH OJTHOTO BaJIka OblIa
ycraHoBieHa Ha 50% BBbIIIE CKOPOCTH JIPYroro, Mo3TOMY CKOPOCTh
BpalmeHusi ObUla ycTaHOBIIEHa paBHOM 90 00/MWH IS TIEpBOTO
Baika U 60 o0/mMuH 1t Broporo. [Ipu cHMMETpHYHON TpoKaTke
CKOPOCTH BPAIICHHUS IBYX BAJIKOB coCTaBisiIa 60 00/MUH.

3. Pezynomamol u oocyricoenue

Jns  oueHkn  3(P(EKTHBHOCTH  TEXHOJOTHYECKHX  CXEM
nehopMHUPOBaHUS B KadecTBE KIIIOYEBOTO IapaMerpa 00paboTKH
paccMaTpuBalach — SKBHBAJICHTHas  JedopMmanus, a  TaKke
HW3MEHEHHE HCXOMHOTO pa3Mepa 3epHa, yCTaHoBJIeHHoro Ha 100
MKM. B cucreme Deform tpaguinoHHEIM METOIOM MOZCTHPOBaHHUS
SBONIOIUN  MHUKPOCTPYKTYPHI SIBISI€TCS KJIACCHYECKHH METOX
Jxxoncona-Mena-Aspamu-Konmmoroposa (JMAK). B wmetoze
JMAK xoHeuHBII cpeHUl pa3Mep 3epHa OIpeessieTcsl Ha OCHOBE
UCXOJIHOTO CpEJHEro pa3Mepa 3epHa, KOHCTAHT Marepuaia |
NEPEMEHHBIX mmoJsiei JaHHBbIX, TaKuX KakK TeMIeparypa,
nedopmarusi, ckopocts nedopmanuu u Bpemsi. Ha pucynkax 2-4
TOKa3aHbI TpaduK SKBUBAIECHTHOIH edopMaruy 1 pactpeneneHns
3epeH 10 pa3MepaM MO 3aroTOBKE MOCIe ABYX MPOXOAOB IS TPEX
paccMaTpMBaeMBIX TEXHOJIOTHYECKHX CXeM ae(OpMHpPOBAHMS.
3meck ToukH 1 ¥ 3 COOTBETCTBYIOT 30HaM ITOBEPXHOCTH, a TOUKaA 2 -
oceBoii 3oHe. I[Ipm moBopore 3aroroBkm Ha 180° o6e
TOPU3OHTANBHBIE TPaHM TIOCIEAOBATETBHO CONPHUKACAIOTCS C
KaXIbIM BaJKOM. B pesynbrare BiusHHEe (aKTOpa aCHMMETPHH
MHHHMAllbHO, ~ TIOCKONBKY  KaXIas  TIpaHb  I0OYEPETHO
COMNPHKACAETCs C BAJIKOM OOJIBIIET0 AUAMETPa. DTO XOPOLIO BUIHO
IIpU PacCMOTPEHHH 3HAYEHWH SKBUBAJIEHTHOH nedopManuy mpu
kakzoM npoxoze. Ilocne mepBoro mpoxoga (3tam 3) M mocie
BTOPOro Tpoxoja (3Tan 6) pasHuma nedopmaruii MEXTy 30HAMHU
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noBepxHocTd ymeHbmaercs no 0,15. Ilpu 3ToM MakcuMalbHBII
yYpOBeHb edopMaIiy cocTaBisier 2,4, a MUHUMaIbHbIH - 1,93 (puc.
2a). PaccmaTtpuBas 3BOMIOLMI0 MHKPOCTPYKTYPBI TIOCIE IBYX
mpoxoJoB (puc. 26), 6pu10 OOHAPYKEHO, UTO paclpeesicHue 3epeH
0 pa3MepaM MMeeT XapaKTepHBIH IT0JIOCAaTHIH B, YepeIyIOIIUHCS
B IIONIEPEYHOM Ce4YeHHH 3aroToBKH. CpemHHMH pa3Mep 3epeH B
Hanbojiee pa3sBHTHIX paiiOHAX COCTAaBISET 35 MKM, a B HanMeHee
Pa3BUTHIX - IPUMEPHO 65 MKM.

Equivalent Strain
2.54

1.52

0.507

0.000 J | i i

1.57 235 3.14
Time (sec)
Avrami Grain model - Average grain size (um)

100

0.784 3.92

a)

87.5
75.0
62.5
50.0
37.5

25.0

12.5

6) 0.000
Puc. 2. DxBuBaneHTHas geopManyst (a) H SBOIIOLHS MHKPOCTPYKTYPEI (0)
ocJIe IBYX MPOXOJIOB C MOBOPOTOM 3aroToBKH Ha 180° Mexy mpoxonamu

Ipu nedopmupoBanun 6e3 M3MEHEHHs MOJOKEHUS 3arOTOBKH
MPOUCXOAUT JBOMHOHW HWAESHTHUYHBIH KOHTAKT 3arOTOBKM M BAJIKOB.
B pesynbrare BiusHHE (akTOpa ACHMMETPHH MaKCHMAJbHO,
MOCKOJIBKY KaXK/1asi TpaHb COIPUKACAETCS TOJBKO C OJJHUM BAJIKOM
U TOJIBKO C OTIPENENICHHOW 30HOW penbeda. ITO MPUBOIUT K TOMY,
YTO pasHHUIA B 3HAYEHMSIX SKBUBAIECHTHOH aedopManuu mocie
nepBoro npoxoja (craaus 3) 3HaUUTENBHO Bo3pacTaer a0 0,6 mocie
BTOporo mpoxona (craaus 6). [Ipn 5TOM MakcHMalbHBI YPOBEHBb
nedopmaru coctaBiser 3,5, a MHUHHManbHBIH - 2,6 (puc. 3a).
VYuuThiBasg 3BOJIOLMI0 MHUKPOCTPYKTYPBI IIOCHIE JBYX IIPOXOJ0B
(puc. 3b), Gbu10 0OHapyxeHO, 4TO Aepopmarmsi Oe3 HU3MEHEHHS
IOJIOKEHHUs 3arOTOBKM NPHBOAMT K CYLIECTBEHHOH pa3HHULE B
pa3Mepax 3epeH Ha HcclemyeMbIXx ydacTkax. CpemHmilt pasmep
3epeH Ha HamOojee pa3BHTHIX yJacTKax COCTaBISIET 25 MKM, a Ha
HaMMeHee Pa3BHUTHIX YIaCTKaxX - IMPHOIM3UTEIBHO 85 MKM.

Ilpn nmedopMHUpOBaHHM CO CABUTOM 3arOTOBKM Ha IIEPHOJ
penbeda BO3HHMKAeT JBOMHOW KOHTAaKT MEXIYy 3aroTOBKOW H
BaJKaMH, OJHAKO MNpPH O3TOM KaxJas TI'paHb CONpPHUKACAeTCs C
pa3HbIMH 30HaMH pesbeda. B pesynbrare BausHHE KodddULHEHTa
ACUMMETPUU JTOBOJIBHO BEJIMKO, HO pasHUlla B SKBHBAJIECHTHOM
nedopmarn He yBeNMYUBAeTCs, ocraBasch Ha ypoBue 0,4. Ilpu
3TOM MaKCHMAaJbHBIH YpOBEHb AedopManmuu cocraBimser 2,8, a

MHUHUMQIBHBIH - 2,3  (puc. 4a). VYuuTbBas  DBOIIONIHUIO
MHKPOCTPYKTYpBl HOCI€ ABYX TIpoxoxoB (puc. 4b), 6buio
oOHapyxeHO, YTO JedopManus C IONCPEYHBIM CMEIICHHEM

3arOTOBKU Ha Mepuol penbeda NpUBOIUT K Oojiee paBHOMEPHOMY
pacrpesiesIeHuIo 3epeH Mo LIMpPUHE 3aroToBkU. CpenHuil pasmep
3epeH B Hambosee pa3BUTHIX obmactsix cocraBisier 30 MKM, a B
HauMEHee Pa3BUTHIX 00IACTSAX OH COCTaBJIsACT NPUONU3UTENBHO 50
MKM.
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Equivalent Strain
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Puc. 3. DxBuBanenTHas nepopmarus (a) U 9BOIIOLIST MUKPOCTPYKTYPEHI (0)
ocJie BYX MPOX0/I0B O3 M3MEHEHHs TOJIOKEHNS 3aTOTOBKH

Equivalent Strain
2.90

2.32

1.74

0.580

2.33 3.49 4.65 5.82
a) Time (sec)
Avrami Grain model - Average grain size (um)
100 l
87.5 ¢
75.0 ©
62.5 I
50.0
37.5
25.0
125
0) 0.000

Puc. 4. DxBuBanenTHas gedopmarus (a) U BOIIOLII MUKPOCTPYKTYPEI (0)
TocIie IBYX MPOXOJIOB C IIONEPEYHBIM CMEIIEHHEM 3ar0TOBKH 3a TIEPHOJL
penbeda
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4. Bbvieoownt

CpaBHEHHE  TEXHOJIOTMYECKHX  CXeM  JedopMupoBaHHs
MOKa3aJlo, 4TO BHIOOP CXeMBI OyIeT 3aBHCETh OT JKEIaeMOIo
pe3ynbTaTa, T.e. OT TpeOyeMoro ypoBHs OXHOPOIHOCTH CBOWCTB IO
cedyeHnto. B To ke BpeMs HEOOXOAMMO OTMETHTH OIpeJEeICHHbIC
0COOEHHOCTH  NPAKTHYECKOM  pealu3allil  KaXIOW  CXEMBI.
Jedopmanus npu moBopoTe 3arotoBku Ha 180° mexay mpoxogamu
3HAYUTEJIBHO CHIKAeT BIMsAHHE (AKTOpa acHMMETpHH. OTO
OTpa)kaeTcsl Ha ypOBHE SKBUBAJIEHTHOU neopMaluy U ee pasHuLe
[0 BBICOTE 3aroTOBKU. BBIOOp maHHOH cxeMmbl nehopMHUpOBaHMS
JUISL TIPaKTHYECKOH peanu3anun OyAeT CBs3aH C JIONONHHTEIBHOM
onepanyel MoBOpoTa 3aroToBKU Ha 180° BIOJIb OCH IPOKATKHU, AT
4yero notpedyercs BCroMorarenbHoe obopynoBanue. Jedopmarius
6e3 M3MEHEHHs TOJIOKEHHs 3arOTOBKH MEXAy MPOXOJaMU HMEET
obpatHblit 3ddekT, Takas cxema 3HAUYUTEIBPHO YBEJIMYHMBACT
BIMAHHUE (haKkTOpa acUMMETpuH. Peanusarus 3Toit cXxeMsl SBiseTCS
Hanbojee TMPOCTOHM, TIOCKOJIBKY He TpeOyeT KakKux-JMOo
JIOTIOJTHUTENBHBIX onepanuii mimm obopynoBanus. [Jedopmarms c
MONEPEYHBIM CMENICHHEM 3aroTOBKHM Ha INepHoj penbeda Mexay
npoxoaamu uMmeeT 3GdeKT "30J10TOH cepequHbl", KOraa BO3HUKAET
3¢ deKT acCUMMETPHH, HO pa3HHLA B 3HAYCHHIAX IeQOpMaIiy He TaK
BEJMKa, KaK B MpeAbIAyIIeM ciydae. Peamuzanus 3TOM cxembl
noTpedyeT  BH3YyalbHOTO WJIM  ABTOMAaTHYECKOTO  KOHTPOJIS
BEIMUMHBl CABHUTAa HAa TIepHOR pembeda IyTeM H3MEHEHHS
KOH(UTYpaIuy HaNpaBIITIONINX JTHHEEK.

(Duuancupoeauue

JlanHoe uccnenoBanue ObLIO TpoduHAHCHpPOBaHO KomuTeToMm
Hayku MUHHCTEpCTBa HayKH U BhICIIero oopazoBanus PecryOimkn
Kasaxcran (rpant Ne AP26199255).

Jumepamypa

1. Chang LL, Cho JH, Kang SB. Microstructure and mechanical
properties of AM31 magnesium alloys processed by differential
speed rolling. Journal of Materials Processing Technology. 2011,
Vol. 211, P. 1527-1533.

2. Kim WJ, Lee YG, Lee MJ, Wang JY, Park YB.
Exceptionally high strength in Mg-3Al-1Zn alloy processed by
high-ratio differential speed rolling. Scripta Materialia. 2011, Vol.
65, P. 1105-1108.

3. Naizabekov A, Lezhnev S, Panin E, Mazur I. Alternating
Sign Rolling Technology in Grooved Rolls for Nonferrous Metal
Plate Billets. Metallurgist. 2017, Vol. 61, P. 406-413.

4. A. Esbolat, E. Panin, A. Arbuz, D. Kuis, S. Lezhnev,lI.
Krupenkin, M. Erpalov. Concepts analysis of asymmetry factor
implementation during rolling in relief rolls. Journal of Chemical
Technology and Metallurgy, 2022, Vol. 57, Iss. 6, P. 1243-1250.

5. A.B. Naizabekov, S.N. Lezhnev, E.A. Panin, AA.
Tymchenko, A.B. Esbolat, Improvement of the deformation
technology in relief rolls by asymmetric rolling realization, Ferrous
Metallurgy. Bulletin of Scientific, Technical and Economical
Information, 2021, Vol. 77, Iss. 4, P. 445-454,

6. A. Esbolat, E. Panin, A. Arbuz, D. Kuis, A. Naizabekov, S.
Lezhnev, A. Yerzhanov, I. Krupenkin, A. Tolkushkin, A. Kawalek,
D. Voroshilov. Investigation of force parameters during rolling in
relief rolls. Journal of Chemical Technology and Metallurgy, 2023,
Vol. 58, Iss. 5, P. 961-968.



MATHEMATICAL MODELLING 2025
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Abstract: The results of three turbomachines (one turbocompressor and two turbines) isentropic and exergy analyses, which operate in
supercritical CO, power plant are presented in this paper. Both observed turbines (Turbine 1 and Turbine 2) have higher improvement
potential than Turbocompressor. Mechanical losses in power transmission between Turbine 1 and Turbocompressor are equal to 456.57 kW
in real operation process. Turbocompressor has the highest isentropic efficiency of 96.87% and the highest exergy efficiency of 97.61% if all
observed turbomachines are considered. Turbine 2 used for the electric generator drive has higher efficiencies (both isentropic and exergy)
in comparison to Turbine 1, regardless of higher isentropic loss and higher exergy destruction. Increase in the ambient temperature from 5
°C up to 45 °C decreases Turbocompressor exergy efficiency for 0.31%, while the same ambient temperature increase decreases exergy
efficiency of both turbines for 0.53% (Turbine 1) and for 0.52% (Turbine 2).

KEYWORDS: TURBOMACHINES, ISENTROPIC ANALYSIS, EXERGY ANALYSIS, CO,, SUPERCRITICAL POWER PLANT

1. Introduction

Open-cycle gas turbine power plants have nowadays various
applications in the energy sector (as independent plants, or in a
combination with some other mechanical power producers) [1, 2].
Closed-cycle gas turbine power plants are not widely distributed as
open-cycle gas turbine power plants, but they may have some
interesting applications [3, 4]. In recent years, closed-cycle gas
turbine power plants in various arrangements are often used as
waste heat recovery systems in marine sector [5, 6].

It is well known from the literature that closed-cycle gas turbine
power plants efficiency change is much lower at partial loads in
comparison to open-cycle gas turbine power plants, what is one of
their notable benefits [7]. Moreover, the produced mechanical
power in closed-cycle gas turbine power plants can be easily
regulated by changing operating fluid mass flow rate [8]. However,
closed-cycle gas turbine power plants are usually much more
complex in comparison to open-cycle gas turbine power plants,
operating fluids used in closed-cycle gas turbine power plants are
expensive and they are not always available in the market, etc., so it
is obvious that closed-cycle gas turbine power plants also have
some disadvantages in comparison to open-cycle gas turbine power
plants.

In this paper are analyzed three turbomachines (one
turbocompressor and two turbines) which operate in supercritical
CO, power plant from the isentropic and exergy viewpoint.
Efficiencies and losses (destructions) of all turbomachines are
compared and the guidelines for possible improvements are
presented. Moreover, it is performed analysis related to the ambient
temperature change influence on each turbomachine exergy
efficiency and destruction.

2. Description of the analyzed CO, supercritical power
plant and its turbomachines

General scheme of the CO, supercritical power plant in which
operates turbocompressor and both turbines analyzed in this paper
is presented in Fig. 1.

CO, with the lowest temperature in the process enters in the
Turbocompressor (operating point 1, Fig. 1). Turbocompressor
increases CO, pressure (and simultaneously CO, temperature) and
delivers it to the recuperator (operating point 2, Fig. 1). Recuperator
is a counter flow CO,-CO, heat exchanger in which CO, after the
expansion in Turbine 2 (operating point 6, Fig. 1) is used for
heating the lower temperature CO, which enters in the recuperator
from Turbocompressor. CO, with an increased temperature from
the recuperator (operating point 3, Fig. 1) enters in the main heater
which increases CO, temperature at the highest possible level in the
plant (operating point 4, Fig. 1). After the main heater, CO, expands
through Turbine 1 (the only task of Turbine 1 is mechanical power
production for the Turbocompressor drive). From the Turbine 1
outlet (operating point 5, Fig. 1), CO, is delivered directly to the
Turbine 2 inlet through which expands. Turbine 2 is used in this
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power plant for the electric generator drive and therefore for the
electricity production. After the expansion in Turbine 2, CO, is send
to recuperator (operating point 6, Fig. 1) inside which it transfers
heat to colder CO,. After heat transfer in recuperator (operating
point 7, Fig. 1), CO, is sent to the main cooler inside which is
cooled to the lowest possible temperature in the observed process
(operating point 1, Fig. 1). For the cooling purposes in the main
cooler can be used various fluids (however, the most used cooling
fluid is water).

For the power plant presented in Fig. 1 are analyzed in this paper
only the turbomachines because some fluid flow streams and their
operating parameters for several heat exchangers are unknown, so
the proper energy and exergy analyses cannot be performed for
these components. For example, for the main heater are unknown
operating parameters of the heating fluid at the main heater inlet
and outlet as well as operating parameters of the cooling fluid at the
main cooler inlet and outlet, so the proper energy and exergy
analyses cannot be performed for these power plant components.

-

\:—c)

Heating |
I fuidintet 1

Heating
fuid outlet

Turbine 2

Electric
generator

Main heater

1
A 4
R shatt [o—
Recuperator Turbine 1 —
-
Turbocompressor,
A 4

Main cooler

O,..

I Cooling 1

fluid inlet |

—tl e

Fig. 1. General scheme of the supercritical CO, power plant and
operating points required for the turbomachines (Turbocompressor,
Turbine 1 and Turbine 2) isentropic and exergy analyses

Isentropic analysis of any turbomachine is a comparison of ideal
(isentropic) and real (polytropic) compression or expansion process.
Data of real (polytropic) compression or expansion processes are
obtained from the measurements during the plant exploitation,
while the data of ideal (isentropic) processes are obtained by
mathematical calculations. Ideal (isentropic) process is the process
between the same pressures and it uses the same mass flow rates as
the real (polytropic) process, but in ideal process fluid (in this case
CO,) specific entropy remains constant, Fig. 2 [9]. For the observed
turbocompressor and both turbines operating point at the end of
ideal (isentropic) process is obtained by knowing fluid pressure at
the end of the process and fluid specific entropy which remains the
same as at the process beginning, Fig. 2. Ideal (isentropic)
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compression or expansion process did not consider any losses,
losses are considered in the real (polytropic) processes and they are
proportional to the increase in fluid specific entropy.

The difference between turbocompressor and any turbine is that
turbocompressor is the mechanical power consumer — in an ideal
(isentropic) compression process turbocompressor will consume the
lowest possible mechanical power, while in real (polytropic)
compression process, due to losses occurrence, turbocompressor
will consume higher mechanical power in comparison to ideal
process. Turbine is a mechanical power producer — in an ideal
(isentropic) expansion process turbine will produce the highest
possible mechanical power, while in real (polytropic) expansion
process, due to losses occurrence, turbine will produce lower
mechanical power in comparison to ideal process. These
considerations related to ideal and real compression and expansion
processes are valid for any mechanical power consumer and
producer, not only for the turbocompressor and turbines analyzed in
this paper.

while Turbocompressor isentropic efficiency is:

Ms,tc = z::z : 4)
TURBINE 1
Produced real (polytropic) mechanical power:
Pre,turet = My (hy - hs) . ()
Ideal (isentropic) mechanical power is:
Pig.rur1 = My (hy - hss) - (6)

Turbine 1 isentropic loss is:

ISIOSS,TURBI = I:>id,TURBl - Pre,TURBl ' (7)

while Turbine 1 isentropic efficiency is:

i Ideal (isentro
] compression

,,,,,,,,,,,,,,,,,,,,,,,

Real (polytropic) |

expansion

E Ideal (isentropic)
| expansion

(2) (b)

Fig. 2. Comparison of ideal and real compression and expansion
processes: (a) Turbocompressor; (b) Turbine 1 and Turbine 2

3. Turbomachines analyses equations and principles

Isentropic and exergy analyses of all turbomachines from the
observed CO, supercritical power plant are performed according to
guidelines, recommendations and equations from the available
literature [10-12]. Due to the limited space, baseline equations
related to any turbomachine isentropic and exergy analyses are not
presented in this paper, but they can be found in [13, 14].

The main difference between isentropic and exergy analyses of
any turbomachine is that in the isentropic analysis are not
considered the parameters of the ambient (ambient pressure and
temperature) inside which turbomachine operate (turbomachine
isentropic analysis is a comparison of ideal and real operating
process), while exergy analysis considers the ambient parameters
[7, 15]. Therefore, in exergy analysis can be investigated the
influence of the ambient parameters change on the turbomachine (or
any other component) operating characteristics [16, 17].

Isentropic and exergy analysis equations of each observed
turbomachine are defined in accordance with operating points
presented in Fig. 1 and Fig. 2. Exergy analysis equations of each
turbomachine remain the same, regardless of the selected ambient
parameters.

3.1. Turbomachines isentropic analysis equations
TURBOCOMPRESSOR

Consumed real (polytropic) mechanical power:
Prec = ml'(hz - hl) ) ey

where P is mechanical power, m is CO, mass flow rate and h is
CO, specific enthalpy. Mechanical power which will be consumed
in an ideal situation is:

Pigtc = ml'(hZS - hl) . 2

Turbocompressor isentropic loss is:

1Si0ss,7¢ = Pre,rc — Pidre » (3)

1S, TURB1 = % . (C)]
TURBINE 2
Produced real (polytropic) mechanical power:
Pre,turez = Ms*(hs - hg) . C)]
Ideal (isentropic) mechanical power:
Pigrurez = Ms*(hs - es) . (10)

Turbine 2 isentropic loss is:

ISIOSS,TURBZ = IDid,TURBZ - Pre,TURBZ ’ (11)

while Turbine 2 isentropic efficiency is:

_ Preurs2
MsTURB2 = 5 - (12)
id, TURB2

3.2. Turbomachines exergy analysis equations

Exergy analysis of any observed turbomachine considers real
(polytropic) compression and expansion processes only as well as
fluid (CO,) total exergy flows.

TURBOCOMPRESSOR

Turbocompressor cumulative exergy inlet is:

ExXiniet7c = My€1+Pre7c » (13)

where Ex is fluid total exergy flow and ¢ is fluid specific exergy.
Turbocompressor cumulative exergy outlet is:

EXoutler7c = My €2 , (14)
while Turbocompressor exergy destruction is:
Exdestruction,TC = Exinlet,TC - Exoutlet,TC . (15)

Turbocompressor exergy efficiency is:

My-g,—Mq-€1

MEXTC= — 5 (16)
re,TC

TURBINE 1
Turbine 1 cumulative exergy inlet is:

EXintet, TuRBL = M4°€4 . (17)
Turbine 1 cumulative exergy outlet is:

EXouttet,TurB1 = Ms5°€5 + Pre TurB1 (18)
while Turbine 1 exergy destruction is:

EXgestruction, TURB1 = EXinlet TURBL — EXoutlet, TURBL. - (19)
Turbine 1 exergy efficiency is:

P,
MEX,TURB1 = — e (20)

Mye4—Mse5
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TURBINE 2

Turbine 2 cumulative exergy inlet is:

EXinet, TURB2 = M5 €5 - (21)
Turbine 2 cumulative exergy outlet is:

EXoutiet, TurB2 = M6"€6 + PreTurB2 » (22)
while Turbine 2 exergy destruction is:

EXgestruction, TURB2 = EXintet TURB2 — EXoutlet, TURB? - (23)
Turbine 2 exergy efficiency is:

Pre,
1EX TURB2 = ﬁ - (24)
4. CO, operating parameters required for the

turbomachines isentropic and exergy analyses

CO, operating parameters (temperatures and pressures) in each
operating point from Fig. 1 are found in the literature [18] and
presented in Table 1. It should be highlighted that CO, mass flow
rate selected in this paper is notably higher than proposed in [18].
Other operating parameters presented in Table 1 which are not
found in the literature are calculated by using NIST-REFPROP 9.0
software [19].

In exergy analysis of any system or component a definition of the
base ambient state is required [20, 21]. In this paper, the base
ambient state is defined by the ambient temperature of 25 °C and
the ambient pressure of 1 bar.

CO, operating parameters in operating points from Fig. 2 related
to ideal (isentropic) compression and expansion processes are
presented in Table 2.

Table 1. CO, operating parameters in each operating point from
Fig. 1 —real (polytropic) compression and expansion processes

Mass Specific | Specific Specific

O.*P. Timp. Pressure| flow enthalpy | entropy exergy
C) | (bar) (th/i) (kakg) |(ka/kgK)| (KI/K9)

1 | 65.56 | 105.49 431.49 | 1.7182 | 230.10
2 | 126.56 | 233.04 466.58 | 1.7210 | 264.35
3 | 582.61 | 229.60 1073.90 | 2.7602 | 561.85
4 | 73222 | 22753 | 57 | 1263.40 | 2.9660 | 689.97
5 | 696.94 | 176.67 1220.30 | 2.9723 | 644.97
6 | 637.50 | 113.76 1149.10 | 2.9821 | 570.81
7 | 132.06 | 106.81 545.01 | 2.0256 | 251.97

* Q. P. = Operating Point (in accordance to Fig. 1)
** At the base ambient state (25 °C, 1 bar)

Table 2. CO, operating parameters in operating points from Fig. 2
— ideal (isentropic) compression and expansion processes

Pressure Mass ISsepnetcri(lzipcIC Specific
O.P* (bar) flow rate enthalpy entropy

(kgls) (k/kg) (kJ/kg'K)

1 105.49 43149 | 1.7182
2s | 233.04 465.48 | 1.7182
4 227.53 57 1263.40 | 2.9660
5s 176.67 1214.20 | 2.9660
5 176.67 1220.30 | 2.9723
6s 113.76 1140.10 | 2.9723

* 0. P. = Operating Point (in accordance to Fig. 2)
5. Results and discussion

Real and ideal mechanical power (consumed by the
turbocompressor and produced by the turbines) is presented in Fig.
3. In an ideal (isentropic) compression process Turbocompressor
consumes lower mechanical power than in the real (polytropic)
process (1937.43 kW in comparison to 2000.13 kW), because
Turbocompressor is mechanical power consumer. Each turbine in
ideal (isentropic) expansion process produces higher mechanical
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power than in real (polytropic) expansion process because turbine is
a mechanical power producer (ideal and real mechanical power
produced in Turbine 1 are 2804.40 kW and 2456.70 kW, while in
Turbine 2 are 4571.40 kW and 4058.40 kW), Fig. 3. Ideal
mechanical power consumed by Turbocompressor and produced in
each turbine shows the best possible option, and these results can be
used as the guideline for the improvements and losses reduction.

In the observed process, Fig. 1, mechanical power produced in
the Turbine 1 is used for the Turbocompressor drive only.
Therefore, in real (polytropic) process, Turbine 1 produces slightly
higher mechanical power than is consumed by Turbocompressor,
which means that mechanical losses in power transmission (real
process) from Turbine 1 to Turbocompressor are equal to 456.57
KW.

5000

4500 +

4058.40 7

4000 +
3500 +
3000 +
2500 +

Mechanical power (kW)

2000 +

1500 4
Turbocompressor Turbine 2 (for the electric

turbocompressor drive) generator drive)

Fi

IS

. 3. Real and ideal mechanical power (consumed by the
turbocompressor and produced by the turbines)

Isentropic and exergy analysis results of each observed
turbomachine are presented in Fig. 4 and Fig. 5. From Fig. 4 and
Fig. 5 is clear that both isentropic and exergy analyses show the
same trends and general conclusions.

The lowest isentropic loss and the lowest exergy destruction of
all  observed turbomachines has  Turbocompressor
consequentially, Turbocompressor has the highest isentropic
efficiency of 96.87% and the highest exergy efficiency of 97.61% if
all observed turbomachines are considered. Regardless of the fact
that Turbine 2 used for the electric generator drive has higher
isentropic loss and higher exergy destruction in comparison to
Turbine 1, Turbine 2 has higher efficiencies (both isentropic and
exergy) in comparison to Turbine 1. Turbine 2 isentropic efficiency
is 88.78%, while its exergy efficiency is 96.01%.

In similar closed-cycle gas turbine power systems from the
literature [5, 7] can be seen that efficiencies of the turbines (both
isentropic and exergy) are higher in comparison to
turbocompressors, while for the turbomachines from closed-cycle
gas turbine power plant analyzed in this paper is obtained reverse
conclusion. The reason for such occurrence can be found in the
presented CO, operating parameters (Table 1) which seems to be
optimal for the Turbocompressor and not fully optimal for Turbine
1 and Turbine 2.

600
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500 1+ T 9

400 - 34770 T

300 + T 92

200 +
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T 90

Isentropic efficiency (%)
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8760

100 +

62.70

1 88

8878

0 86
Turbine 1 (for the

turbocompressor drive)

Turbine 2 (for the electric
generator drive)

Turbocompressor

Fig. 4. Isentropic loss and isentropic efficiency of turbocompressor
and both turbines

The last part of this research involves analysis related to the
exergy parameters sensitivity to the ambient temperature change of
all observed turbomachines. Exergy parameters sensitivity is
investigated in the ambient temperature range from 5 °C up to 45
°C, while the ambient pressure remains the same as at the base
ambient state (1 bar). For all analyzed turbomachines is valid a
conclusion that increase in the ambient temperature simultaneously
increases exergy destructions and decreases exergy efficiencies,
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what is also valid for many other components from various power
systems [13, 14]. Turbocompressor is the least sensitive to the
ambient temperature change of all observed turbomachines, while
the sensitivity of both turbines is very similar. Increase in the
ambient temperature from 5 °C up to 45 °C decreases
Turbocompressor exergy efficiency for 0.31%, while the same
ambient temperature increase decreases exergy efficiency of both
turbines for 0.53% (Turbine 1) and for 0.52% (Turbine 2). Finally,
it can be concluded as in [22, 23] that exergy parameters of
turbomachines in general are not highly influenced by the ambient
temperature change.

180 98.0

97.61

CiDestruction
<-Efficiency

160
L 975

168.72
140 +
r 97.0

120 + 108.30

100 + + 96.5

80 +

Exergy efficiency (%)

r 96.0

Exergy destruction (kW)

60 + \,/

47.88
[

Turbocompressor

96.01

95.78
40 +

Turbine 1 (for the Turbine 2 (for the
turbocompressor drive) electric generator drive)
Fig. 5. Exergy destruction and exergy efficiency of turbocompressor
and both turbines at the base ambient state

6. Conclusions

In this paper are presented results of three turbomachines (one
turbocompressor and two turbines) isentropic and exergy analyses.
Analyzed turbomachines operate in supercritical CO, power plant.
The most important obtained conclusions are:

- Both observed turbines (Turbine 1 and Turbine 2) have higher
improvement potential than Turbocompressor due to the higher
difference between ideal and real mechanical power.

- Mechanical losses in power transmission between Turbine 1 and
Turbocompressor are equal to 456.57 kW in real operation process.

- Turbocompressor has the highest isentropic efficiency of 96.87%
and the highest exergy efficiency of 97.61% if all observed
turbomachines are considered.

- Regardless of the fact that Turbine 2 used for the electric generator
drive has higher isentropic loss and higher exergy destruction in
comparison to Turbine 1, Turbine 2 has higher efficiencies (both
isentropic and exergy) in comparison to Turbine 1. Turbine 2
isentropic efficiency is 88.78%, while its exergy efficiency is
96.01%.

- Increase in the ambient temperature from 5 °C up to 45 °C
decreases Turbocompressor exergy efficiency for 0.31%, while the
same ambient temperature increase decreases exergy efficiency of
both turbines for 0.53% (Turbine 1) and for 0.52% (Turbine 2).

- In general, exergy parameters of turbomachines are not notably
influenced by the ambient temperature change.
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Abstract: By means of generalized functions analytical closed solutions of non-stationary transfer in multilayer enclosing structures of
canonical forms under asymmetric boundary conditions of the first, second, third and mixed kinds were obtained.
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1. Introduction

The processes of heat and mass transfer and filtration of liquids and
vapour-gas mixtures through the capillaries of multilayer enclosing
structures are very complex and closely interconnected. In addition,
depending on the period of the year, they are accompanied by
physically related phenomena such as infiltration and exfiltration of
ambient air; evaporative cooling or condensation heating. The
implementation of the dense outer layer of the enclosing structures
of buildings and structures is not possible in all cases, because such
a constructive solution worsens the moisture condition of the
enclosure due to difficulties in air permeability and, consequently,
and its drying in the summer season [1,2].

Modern multilayer energy-saving enclosing structures (which in a
broad sense, in addition to the enclosing structures, they also mean
thermal, engineering and electrical networks, "clothing” of roads,
tanks and reservairs for heating, cooling or storing any liquids or
gases, etc.) mainly consist of capillary-porous material, which are
increasingly used not only in construction, but also in many other
industries (high-temperature heat exchangers, turbine blades, rocket
nozzles, cladding of high-speed flying machines, cladding of heat
and power generating units, systems of nuclear reactors with
internal cooling, etc.), where various elements of equipment where
various items of equipment are subject to sufficiently high thermal
stresses and pressures resulting from large gradients of transfer
potentials (temperature, pressure and mass content) [3-9].

2. Main Body

In the most general case the nonlinear differential equation system
of convective non-stationary transfer can be written in the vector-
matrix form:

DS[T(X, 1)] + TS [I(X,1)] +
sgn[]] <V, JI(X, 1)] > +sgn[I]I[TI(X,1)] =0

(1)

The system (1) also describes high-intensity, high-speed and high-
temperature processes (second member of the equation), when the
speed of propagation of the substance is comparable with the speed
of the processes themselves (metal cutting, laser welding, etc.), i.e.,
when both the relaxation time of the densities of the flows of
substances and the time of their damping VII(, t) can be taken into
account. If to be based on the phenomenological theory of the
transfer processes, then there will be no second member of the
nonlinear differential equation system (1), because the propagation
speed of the flows of substances tends to infinity, and T, tends to
zero [3,10]. In this case, the nonlinear differential equation system
(1) comes over from the hyperbolic type to the parabolic type,
which describes the irreversible processes of convective conjugate
transfer and, in particular, heat and mass transfer processes.
Particularly posed are boundary-value problems when differential
equations (DEs) are equations of mixed type, i.e. when in different
parts of the considered region of independent variable multilayer
construction the differential operator (D) belongs to different
(hyperbolic, parabolic and elliptical) types [11,12], i.e. when
VII(%, T) in separate layers of multilayer construction differ from
each other by significant values.
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High-intensity technological processes of heat and mass transfer in
modern technology Hoc have a non-stationary nonlinear character,
because at sufficiently high concentrations (temperatures), the heat
and mass transfer coefficients depend on the potentials themselves
[K()], then the corresponding nonlinear differential equation
system (or nonlinear transfer equation) is solved only numerically
or approximately by special methods [11-18, 22-28, 38, 44, 54]. For
such transfer processes the nonlinear differential equation system in
heterogeneous bodies of arbitrary geometric shape is reduced to the
integration of the following system, presented in the vector-matrix
notation:

n m
DI+ Y 1" = sgn[7] ) et <, [k(@)][vi]
i=2 i=1

(-1

n
> +sgn[ 1 ] Z T]£71 I (2)
i=1

or in the scalar notation
n m
bl + Z o 0 = sgnl ] Z oh ! <, ey ()] [vmy]
i=2 i=1
n

> +sgnll;] Z T]i:'_li(i_l) )
=1
i=1n

(3)

With a constant matrix of coefficients of the nonlinear differential
equation system (2) and (3) can be rewritten, accordingly, in the
form:

n m
D+ w1 =sgn[7] Y <4 I[v?H]
i=2 i=1
n

SO y= 6D
+sgn[T] ) o' , 4
i=1
n
DII; + Z o n®
— [_] i-1 k. 'VZH(i_l)
sgn ]L' Tl‘[i i) Jj
=1 =
n
= - G )
+sgn [11]21;711i . i=Tn. (5

i=1
In the absence of convective transfer, the nonlinear differential

equation system (2) can be rewritten in the form:
n m

> i1 = sgn[T]div Y K[ V)

i=1 i=1

n
+sgn[1] Z Tli_l @0 (6)
i=1

From (6), the nonlinear differential equation system of the inter-
related and unrelated transfer by hypotheses follows:
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1- Fourier (for n = 1 and m = 1), when there are no time
derivatives of flows of substances and gradients of transport
potentials (DE of parabolic type);

2- Cattaneo Vernotte (for n=2, m=1), taking into account the

first time derivatives of the flows of transferred substances i @T'T)

a
(DU of hyperbolic type);

3- Maxwell — Cattaneo - Lykov (for n=2 and m= 2) , taking
into account the first derivatives of the flows and gradients of the

potentials of substances 2. g,r) and aw;(f’r) (DU of hyperbolic
type);
4- The nonlinear differential equation system and DE (for n

>3and m> 3), taking into account the second derivatives and
higher in time by flows and gradients of transport potentials.
The physical justification for the need to take into account
derivatives of a higher order is still not enough weight. Therefore,
the adequacy of their accounting requires additional resolution
using experimental-theoretical research. In addition, the appearance
of additional terms in the nonlinear differential equation system and
DE noticeably complicates the calculations of transient transfer
processes [29-37, 39-52, 56].
If it is necessary to take into account the convective transfer, the
convective component of the Lagrange derivative is added to the
first term of the left-hand side of the nonlinear differential equation
system(6). For example, according to the Fourier hypothesis, the
nonlinear differential equation system of the heat and mass transfer
in scalar form at [k;; ]=var, will be:

n

DII; = sgn[],] < V,Z ki; (T;)VIL > + sgn[]1;(x,7);

PR j=1
i=1n, @)
for [k;| = const
n
DI, = sgn[] ] Zki,jvznj +sen[Lx ), i=Tn. (8)

j=1
When setting the boundary-value problem (according to the Fourier
hypothesis) in heterogeneous media, the matrix of transfer
coefficients [K] mainly depends only on the spatial coordinates X,
but because the nonlinear differential equation system (or equation)
of transfer includes the second derivatives of the required transfer
potentials by variable X, then it can no longer be reduced to the
differential equation system with constant coefficients and it must
be solved only by approximate methods. For example, for
engineering calculations, approximate analytical methods for
solving the boundary-value problem are widely used. These are
variational methods (Ritz, Treffts, A.V. Kantorovich and others);
methods of weighted residuals (Bubnov-Galerkin orthogonal
method, collocations, moments, least squares, etc.); operational
methods (Laplace, infinite and finite Fourier transforms, Hankel,
etc.); integral methods of heat balance, averaging of functional
corrections, methods of M. Bio, M.E. Shvets, A.l. Veinik and
others, in which the model of potential disturbance is used (for
example, the penetration depth of the thermal layer); methods for
sharing accurate (separation of variables, integral transforms,
thermal potentials, etc.) and the above approximate analytical
methods [12-18, 28, 33, 36, 38].

One of the simple methods for an approximate solution is to replace
[K(x)] xy with piecewise constant functions. For this, the intervals
of change of x (all axes, semi-axes, or finite intervals) are divided
into partial intervals (x;_1,%;) and in each partial interval are
considered [K]=[K; (£,)] constant for V¢, € (¥;_1,%;), and then the
posed boundary-value problem is already solved by known methods
[11-13, 18, 24, 26, 54, 55] with the boundary conditions for
“gluing” the solution. If Xx; — is the division point (boundary or
surface) of two adjacent partial intervals, then the transfer potentials
TI(x,) in it are assumed to be continuous or the middle of the jumps
of the functions TI(x;) at the points of a removable discontinuity ;
of the first kind (for example, when contact thermal resistance of
two adjacent of multilayer construction layers is taken into
account).
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Somewhat simpler, but practically important, are the transfer
processes passing through a finite number of layers, i.e. through a
piecewise homogeneous medium. The mathematical formulation of
the such boundary-value problem can be written in the form:
%=kiAHi+1i@,T)r i=1n, ©)
where the transfer potential I1; (, ) means either the mass transfer
potential  (moisture content, substance concentration) or
temperature, and k; means the constants, respectively, either the
diffusion coefficient or thermal diffusivity of the i-th layer of the
multilayer construction.

The differential equation system of interconnected heat and mass
transfer for piecewise homogeneous media under a number of
simplifying assumptions (when Bi,, > 100, and Lu>1 or
Lu<« 1) and the condition of the zonal method of calculation (or
application of the local coordinate system), when the transfer
coefficients are accepted independent of coordinates, are also
reduced to consideration the differential equation system of
unrelated transfer (9) [4]. The solution of such problems under
various single-valued conditions can be found in [4, 14, 15, 25] and
other sources.

For a generalized analytical solution by the Fourier
method of similar linear boundary-value problems (parabolic,
hyperbolic and elliptic types) with linear additional conditions (for
example, when a linear combination of IT(x,7) and its normal
derivative is given on the surface (or contour) of the region) are
preliminarily reduced to the simpler boundary-value problems, then
their general solution is obtained from the superposition principle.
The limiting problems of transfer processes are also solved in a
same way.

It should be noted that when setting such boundary-value
problems, due to the definiteness and continuity of TI(x, 7) in the
closed (considered) region and TI(x,7) satisfies the transfer
equations in the open region, the continuity of the initial and
boundary conditions and the requirement of their compatibility with
each other follow. However, the conditions for the continuity of the
initial value and the conditions for its conjugation with the
boundary values are very restrictive and often exclude practically
important cases from consideration. In these cases, the boundary-
value problems are considered with piecewise continuous initial
functions, not assuming that the initial function is associated with
boundary conditions or the filtering property of the Dirac impulse
function is used to construct the influence function (Green), which
allows to find an integral solution of the heterogeneous DE
satisfying homogeneous boundary conditions. To solve non-
stationary boundary-value transfer problems in multilayer
constructions, the mathematical theory of generalized functions is
successfully used (the delta-Dirac function and its filtering property;
Heaviside unit function, asymmetric unit function, other step
functions), which allows one to adequately describe the
distributions of different discontinuous physical characteristics of a
piecewise homogeneous medium and in closed form to obtain
analytical solutions of boundary-value problems by reducing
multilayer constructions to single-layer ones [4,13-17].

In many important applied boundary-value problems of
molecular diffusion and thermal conductivity for piecewise
homogeneous media, one has to deal with boundary conditions,
when the concentration (temperature) of the substance at the
boundary of the layer is actually some given function of time (i.e. it
is the solution of the boundary-value problem for the previous layer
at its given thickness) and this value, due to the “gluing” condition,
serves as the boundary condition for concentration (temperature) on
the segment of the next homogeneous layer [11,12,18]. An
analytical solution to such non-stationary boundary-value problem
is applied for mathematical modeling (MM) of desalination of
drinking water at the ultrafiltration nanomembrane combined water
treatment plant for water and heat supply systems. An MM of the
process of filtering a crude liquid with a given constant
concentration of suspended colloidal particles, diffusion coefficient
and fluid flow through the adsorbent layer, which contains a
medium with its diffusion coefficient. From some initial moment of
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time the diffusion process begins, during which it is necessary to
determine the change in the concentration of suspended and
colloidal particles in a given region of the event space (independent
variables).

In a stationary formulation for non-linear heat transfer
taking into account filtration (gas, steam-gas mixture, liquid) and
the presence of internal volumetric drains (moisture) or heat sources
under generally accepted assumptions [1,2] in the one-dimensional
case as applied to canonical forms in the corresponding coordinate
systems, the system (1) the system can be written in the form of an
ordinary differential heterogeneous second-order equation [19-21].

In the physical description of the cooling processes of the
enclosing structure (possibly evaporative) or heating (possibly
condensation), thermal balances can be compiled similarly to
equation (1) both for the region re[—co, 0], and for the region
r €[h, +0], which lead to new DEs of gas (or liquid) flows running
towards the enclosing structure and moving away from the
enclosing structure with boundary conditions corresponding to new
closed intervals r. In this case, one or two second-order DEs and,
accordingly, two or four boundary conditions are added to the
nonlinear differential equation system (1) depending on the
conditions of the problem. By this means, the generalized MM,
even for stationary heat transfer in the building envelope, must
contain three second-order DEs and six boundary conditions for
finding the corresponding integration constants. In this case, the
temperature field T(r) in the enclosing structure expressed through
the ambient air temperatures (gas, liquid, coolant or refrigerant) on
both sides. In a more simplified version, these boundary DEs for the
enclosing structure are replaced by boundary conditions of the third
kind, with possible consideration of surface runoff or heat sources
at the boundary of the enclosing structure surfaces [3,22,23].
Conversely, equation (1) with boundary conditions of the third kind
can be replaced by simpler boundary conditions of the first kind
provided that constant fictitious (equivalent) boundary layers are
introduced. An analysis of convective heat transfer shows that in
this case the boundary conditions of the third kind are actually
displayed in the boundary conditions of the first kind. Then, when
integrating the DE (1) and the presence of two isothermal surfaces
in boundary conditions, we can use the Kirchhoff transformation
[22, 23], which through a new auxiliary variable and the average
coefficient of thermal conductivity leads DE (1) to formalize the
first boundary-value problem.

A boundary-value problem formalized in this way can be
written through the Peclet criteria (Pe), Pomerantsev criteria (Po),
dimensionless scales of temperature and thermal resistance, which
is especially convenient as it allows to convert a multi-layer
enclosing structure into a single-layer [19,20].

If the limits of variation of Pe and Po are known, then the
sign of the signature in the boundary-value problem can be omitted
and these criteria can be considered only in the closed interval [0,1],
then the Peclet and Pomerantsev criteria can be written as: Pe =
(Pe — infPe)/(sup Pe — infPe), Po = (Po — infPo)/(sup Po —
infPo) € [0,1]. In this case, all dependent and independent
variables and parameters of the posed boundary-value problem are
dimensionless and lie in a four-dimensional normalized unit space
(T,R,Pe,Po). The given transformations considerably simplify
mathematical formalization of problems, eliminate physical
dimensions and signs, and solve the issues of large-scale transition.
The only thing that complicates the physical interpretation of
problems, especially when graphic solutions to problems are built in
the above space, where in fact the directionality of the flows and the
sign of the heat source are “lost” due to the absence of negative
values of the problem parameters in the closed interval [0,1], but
this complication is easily eliminated by returning to the initial
parameters of the posed physical or applied boundary-value
problems.
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3. Conclusions

A generalized MM of heat and mass transfer in piecewise
homogeneous media for hyperbolic (reflective high-temperature,
high-speed and high-intensity processes), parabolic and elliptic
types under various single-valuedness condition is presented.

Boundary-value problems of both interconnected and
unconnected stationary and non-stationary transfer and some
algorithms of their solution for classical form bodies are considered.

Analytical solutions of direct boundary-value problems of
the processes of transfer of substances are obtained under
generalized conditions on the outer contour of the investigated
region and its discontinuous physical properties inside, as well as
with variable (in time) transfer potentials in the boundary conditions
(first, second, third and mixed kinds).
Formalized MM, analytical and approximate solutions of the
boundary-value transfer problem are normalize to the criterial form,
which is convenient for large-scale transitions, practical
applications, parametric analysis of the obtained solutions, setting
objectives for optimization and automation of control systems.
Based on the results of solving a number of applied boundary-value
problems, their physical interpretation is given.

4. Designations

The proposed solution of problem (1) in the form (10) is of practical
interest in calculating the rates of change of the corresponding
transfer potentials. They allow one to quite simply link the
problems of interrelated transfer with the problems of the classical
theory of heat conduction and diffusion, determine the degree of
influence of individual factors on the course of development of the
process and, as a result, obtain simplified analytical expressions that
are so necessary for engineering practice.

The results obtained serve the development of the general theory of
mathematical modeling and can be useful in setting up experimental
studies on non-stationary heat and mass transfer, in the analysis and
calculation of exchange processes in industry and design [3-7].
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The theory of transfer processes with short-term contact phases
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Abstract: Using the methods of systemic, mathematical and numerical analysis, as well as general physicochemical and thermodynamic
laws, a complex of theoretical and experimental studies of transfer processes during short-term contact of phases has been carried out.
These studies made it possible to fully reveal the regularities of external and internal heat and mass transfer, to find scientifically grounded
ways to intensify the processes of vacuum, conductive and combined drying methods. Within the framework of linear nonequilibrium
thermodynamics, a mathematical model of filtration-diffusion energy and mass transfer has been developed with a correct estimate of the
orders of the terms in the system of differential equations of energy and mass transfer, taking into account the composition of the vapor-air
mixture in the capillary-porous body. The limits of applicability of the hypothesis of short-term contact of phases according to the Fourier
criterion for the transfer inside and outside the surfaces of the canonical shape (plate, cylinder, sphere) and wedge are estimated from the
standpoint of the accuracy of calculating interphase flows. It is shown that in a number of cases the contact is not short-lived due to the
curvature and the presence of angles on the contact surface, and not due to the finiteness of the dimensions of the contacting phases.

KEY WORDS: DRYING, DYNAMICS, SHORT-TERM CONTACT, PHASE, SURFACE, FOURIER CRITERION, MATHEMATICAL
MODELING, HEAT AND MASS TRANSFER, ANALYSIS.

1. Introduction Methods of organizing the contact of the product with the heating

The properties of the product at the outlet of the apparatus and the ~ Surface In the analysis of short-term contact, the concept of heat
choice of the optimal technological mode of its processing are transfer coefficient is introduced [3].
mainly determined by interrelated processes occurring inside the a(t) = q(”)
contact (boundary) layer of the material being processed (heat and F(T; —T)
mass transfer) and in the boundary layer of the environment

(heating wall, air, inert coolant, steam, catalyst, etc.), since changes and it is called instant [8], conditional [10], contact [9], given [5].
in environmental parameters change the conditions for the transfer For the average value o (t) for the time of one contact, the
of matter in the whole system, and the intensification or decrease in expression [3,7,8,10] is used

the material of physicochemical and phase transformations affects K 1y _ oA

the structure of the boundary layer. A qualitative analysis of the <ot >q =g ftalode =272, #2)

mechanism of transfer processes is associated with finding non- where A is the coefficient of thermal conductivity, \/Acpyis the
stationary fields of transfer potentials (temperature, concentration, coefficient of heat assimilation (thermal activity) of the product [6].
pressure, etc.), the evolution of which makes it possible to  Formula (2) was obtained by O. Krisher [3] under the following
theoretically investigate the kinetics and dynamics of the process assumptions due to the small thickness of the heated contact layer
and outline the optimal conditions for its implementation. Modern of the material. A flat heating surface is placed at the point x = 0,
intensification of materials processing technology leads to an and the material occupies the entire half-space x> 0; the heat
increase in the role of non-stationary interconnected exchange conduction problem is one-dimensional, i.e. isothermal surfaces are
processes in comparison with stationary unrelated ones. This fact  parallel to the heating surface. The initial temperature distribution is
has not yet found sufficient reflection in the field of solving assumed to be uniform, due to the presence of mixing:

problems of energy and mass transfer at low Fourier numbers - with T(x,0) = Ty. #(3)

short-term contact of the phases. :

H#

2. Theory and results —

Trp
One of the effective means of intensifying the transfer processes, t 7
for example, with a conductive energy conduit, is mixing the \
product, which constantly renews the contact layer of the material

and equalizes the temperature, pressure, concentration of the 9
processed medium (possibly three-phase) in its bulk, which makes it

possible to obtain large flows through the interface. Often the

physical model of these processes is a series of short-term contacts

product with heating surface , and the transfer rate strongly depends

on the contact time 1t k For example, for drum, rake, roller,

cylindrical dryers, where mixing is associated with rotation, T_k is Q
defined by the formula t_k=y/0 where o is the angular velocity of

rotation of the mixing devices, and v is the characteristic angle. For R .
shelf dryers, belt dryers, disc dryers, vibrating dryers, etc. : ; X
depending on the organization of mixing t_k determined by the

period of shaking, the frequency of vibration, the residence time of Fig. 1. On the formulation of the problem of short-term contact

the product on a given plate, conveyor belt, etc. In the packet theory Since the main thermal resistance is concentrated in the contact
of fluidized and in the simplified model of gushing beds t _k is layer of the material, where the temperature gradients are many
determined by the speed of movement of the product (package) on times higher than those in the heating agent and the shell, the

»
>

NN\

the heating surface [8,9]. temperature T,. is assumed to be constant, and T, is considered in
Let us_consider separately the p.hysical and mathematical aspects of  the first approximation to coincide with T, (T.,;). The condition for
modeling transfer processes during short-term contact of phases. the applicability of (2) in [3, 7, 10) is assumed (in the dimensions of

Physical model of short-term contact of phases. Multiple repetition the Sl system) the inequality
of contact interactions up to several thousand times makes it atg

. . R . =—<
possible to describe heat transfer as stationary, using the heat o ] Fox HZ ~ 0,106.#(4)
transfer coefficient, the values of which are determined by unsteady ~ Which is fulfilled as equality when the temperature at the outer
heat and mass transfer during one contact. boundary of the body changes by 0,03 |Tr; — To|. Here a = A/cp,
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is the thermal diffusivity, H is the thickness of the material layer,
which either changes in an obvious way, or requires some kind of
averaging. The averaged values of H for cylindrical dryers are given
in [7]. Through the criterion Foy , expression (2) can be represented
in the form

22

H/mFo

In many devices, the heating surface is often curved, and the
limitations of the applicability of the short-term contact model may
be determined not by the thickness of the H layer, but by the
curvature of the heating surface R. Estimates of type (4), taking into
account the curvature of the heating surface, will be obtained below.
In addition, it is known that internal evaporation, thermal diffusion,
filtration of moisture contribute to heat transfer, and (2) was
obtained by solving the problem of pure thermal conductivity.
Finally, the coefficient < o > is influenced by the composition of
the remote multicomponent liquid mixture [11 - 15]. Taking these
effects into account is an urgent task for the development of
technological calculation and analysis of local changes in
temperature and composition of the liquid phase of products. The
physical model of short-term contact of phases is a powerful tool
for analyzing transfer processes, since in a number of cases it has
properties that make it possible to obtain relatively simple solutions
of the posed boundary value problems, including multi-frontal
problems of the Stefan type (freezing (thawing), evaporation,
drying, filtration, sorption, adsorption , crystallization, etc.)
Mathematical models, self-similarity and invariants of solutions. In
the general case, any mathematical description of processes in
heterogeneous media, which include wet dispersed materials
(suspensions), is based on the phenomenological theory of the
multi-velocity continuum and is represented as a system of balance
equations for conservation of mass, momentum, and energy.
Further, depending on the considered medium and process, the
multi-fluid (multi-velocity) model is generalized and closed
(concretized) by attracting the mechanical and thermodynamic
properties of the phases.

In the framework of nonequilibrium thermodynamics [16-17], on
the basis of integral conservation laws, the interrelated heat and
mass transfer in stationary dispersed media and capillary-porous
bodies containing multicomponent liquid mixtures can be described
using the following inhomogeneous system of nonlinear parabolic
equations written in the vector-matrix form and resolved with
respect to time derivatives (in this form, they are usually given by
the system of differential equations of the transport theory).

ot
. ot
where I is the n-dimensional vector of transfer potentials, L is the
matrix of Kinetic coefficients, C is the diagonal matrix of
capacitance coefficients, | is the power vector of sources (or sinks).
If there is an interaction of two phases, then in (5) the index i = 1,2
is added, which we omit to simplify the notation, the operators of
divergence and gradient are applied in (5) separately to each
component of the corresponding vectors. It should be noted that
system (5) can be written with respect to each of the interacting
phases with the corresponding boundary conditions of uniqueness,
including at the interface, similarly multi-frontal problems of the
Stefan type. If the presence of sources is caused only by liquid-
vapor phase transitions, and the vector of potentials includes the
vector of moisture contents of the components Ux or the total
moisture content U, then the vector | can be excluded from (5). To
do this, it is sufficient to use the method of introducing the criterion
of internal evaporation (phase transformation) &, which is the ratio
of the change in moisture content due to evaporation to its total
change Ur. which is widespread in the theory of drying. In the case
of an multicomponent liquid mixture, the ¢ values for the
components can be different, this criterion will be a vector. After
introducing e from (5), within the framework of the model of short-
term contact of phases, we obtain

Cly = (L, T,) , #(6)

<ok >, =

C div(Lgradﬁ) +1,#(5)
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where L, is a matrix of kinetic coefficients that takes into account
phase transitions. In the case when C and L.do not explicitly depend
on coordinates and time (an explicit dependence on the complex
x/+/T is admissible), but are functions of transport potentials, the

Boltzmann substitution § = Zx—ﬁ reduces (6) to a nonlinear system of

homogeneous second-order ordinary differential equation
28CTI’ + (L) = 0.#(7)
Here and in what follows, the prime means differentiation with
respect to &, and the subscript € for L is dropped.
Using the assumption of the uniform distribution of Tl at the time T
=0, we obtain the boundedness condition as & — o
Ti(e0) = Tiy. #(8)
When formulating the boundary conditions in the form
P — TI(0) = TI.#(9)
(the task of linear relationships of the it components on the heating
surface) or
P! - LIT'@ = 0#(10)
(the condition of impermeability of the heating surface for certain
flows) the entire problem of short-term contact of phases (7) - (10)
becomes self-similar. In (9) P! and in (1.10) P* are orthogonal
projectors, not necessarily orthogonal to each other (P'- P'' % 0).
In the case when the fluxes of energy or matter through the HP are
specified, the condition for self-similarity is their proportionality
7 0321].
When solving problems with equations of the type (6) in the region
x > 0, T > 0, most researchers use in addition to the initial and
boundary conditions of semi-boundedness (or conditions at infinity)
as x — oo in three different forms:
M, (0,7) = 0,1 (e0,7) = Ty, lim M(x 1) = My #(11)
The last two conditions in (11) for the self-similar problem coincide
with condition (1.8), which reflects the initial state of the product.
Therefore, additional conditions of semi-boundedness were not
considered.
In the case of constants L and C, which is most studied in the theory
of drying when removing individual liquids, the problem of short-
term contact of phases becomes linear and greatly simplified. To
solve such problems, the superposition method is often used [2, 6,
19]. Eigenfunction expansions and integral transformation methods
provide systematic schemes for constructing such solutions.
If the matrix C= - L has real, positive and different eigenvalues viz,
i =1,n, the solution (7) - (10) by the superposition method is
reduced to finding the constants A; in the representation

n
ﬁ(E) = ﬁo + Z Aifierfc (VE) ) #(12)
i=1 !

from the conditions on the heating surface (9) and (10). In (12), the
linearly independent eigenvectors f; of the matrix C7! - L
correspond to the eigenvalues vZ. Direct verification can make sure
that when specifying TI(¥) in the form (12), equation (7) and
condition (8) are satisfied automatically.
The constancy of L and C is an idealization of real relationships,
however, it provides rich material for a qualitative analysis of the
influence of various parameters on the transfer process. At the same
time, even without this condition, the model of short-term contact
due to the self-similarity of the problem
(7) - (10) has great advantages. Self-similar solutions can be used as
“standards” in evaluating approximate methods for solving more
complex problems; in addition, self-similarity simplifies the
calculation and presentation of the characteristics of the
phenomenon. In particular, assuming only the existence of a
solution ﬁ(E) one can establish the existence of a series of
invariants of internal heat and mass transfer.
An integral component of I in a non-isothermal process is
temperature T, and its change at any point in the material can be
considered monotonic: T.(x,T) > 0 during heating. Therefore,
from the solution T (&), one can obtain a unique dependence & (T)
and write IT ” (&) in the form

(&) = T(T). #(13)
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Thus, in the theory of short-term contact of phases, there are n - 1
invariants of internal interconnected heat and mass transfer,
according to the number of acting potentials that determine this
transfer. The relationships between the local values of temperature,
moisture content, composition of the multicomponent liquid
mixture and pressure, which are independent of time and
coordinates, can serve to analyze the combined effect of heating and
dehydration in various technological processes.

Such an analysis is especially relevant for biological products, since
their thermal and xerolability is due precisely to the combined effect
of these factors.

In connection with the large role of the model of short-term contact
of phases in the study of processes with stirring, a more detailed
analysis of the limits of applicability of this model is required.

The limits of applicability of the model of short-term contact of
phases. The conditions under which the contact can be considered
short-term depend on what characteristics of the contact are being
investigated. O. Krisher's restriction (4) is associated with a change
in temperature on the free surface of the body by 3% of the total
temperature head, and is used as a characteristic of the applicability
of formula (2) for the heat transfer coefficient. It is of interest to
elucidate the influence of the finiteness of body dimensions and the
shape of the heating surface directly on the heat transfer coefficient.
Let us consider in the framework of pure thermal conductivity the

problems for an unbounded plate (G = 0), an infinite cylinder (G =
1) and a ball (G = 2) - Fig.2.

To TO

0 R -R 0 R
Fig. 2 On the formulation of heat conduction problems for bodies of
canonical form
All three tasks have a common formulation
r
T.—a (Trr + ;Tr) =0,#(14)

T(r,0) = Ty, T(£RT) =T,
and the same kind of solution [6]:

-R

T(Fom) =T, + (To = T) ) Aip(un) exp(—i{Fj), #(15)

Where

n=-=,
and ;- are the positive roots of the characteristic equation
numbered in ascending order

o) = 0.

Fj

The eigenfunctions of problems (14) and the coefficie -  are
determined by the formulas in Table. 1.
Table 1. Parameters of solutions for heat conduction

G 0 1 2

sin(wn)
@(uin) cos(wn) Jo(uim) —
Hin
2 2
A. -1 i+1 = - -1 i+1 ., 2
' D My HiJa () S

Here J, and J; are the Bessel functions of the first kind of the zero
and first orders, respectively. Taking into account the Fourier law, a

(7) is determined by the value
A

(X(T) = an |n:1. #(18)

Formal term-by-term differentiation of series (15) at different G
gives a general expression

22
a(t) = Ez exp(—uizFo)' #(19)

i=1
in which the shape of the heated body is reflected only through the
sets ; i=1,2, ... Formal term-by-term integration (19) in accordance
with (2) gives

[e9)

2 1 — exp(—p?Fox )
2
[

=1
A discussion of the convergence of series (19), (20) and estimates
of their remainders are given in [1]. Note that the summation of
these series in the problem of short-term contact of phases must be
carried out at small F,, when there is no predominance of the first
terms. Therefore, the numerical calculation of the sums (19), (20)
was carried out on the basis of a given maximum permissible
relative inaccuracies & = 1073, Separate task is the calculation of

2A
RFk

<a>p= .#(20)
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i=1

at

=22, #(16)

several hundred roots ], (it is precisely these quantities that are
necessary for § = 1073.. This problem was solved sequentially in i,
starting with the value p; = 2,4. The iterative rule of false position
was used, and for the localization of the roots, the segments

0,1415
Hi+1 € [Hi +m— e + 3,1416],

the position of which is associated with the almost periodic nature
of the growth of y; [19]. Due to the precise localization of the roots,
their values were calculated with a relative error of no more than
1076 for 2 - 3 iterations, with this level of error it was possible to
determine 250 roots. The results coincide with the above accuracy
with the data [19], where the first 60 roots of J, with 5 - 7
significant digits are given.

However, it should be noted that the classical solution in the Fourier
form, consisting of the product of two functions, taking into
account, respectively, the change in temperature in time and along
the radius (thickness), is convenient for large Fo. For small Fo,
solutions obtained by methods of operational calculus are
convenient, in particular, solutions in the Laplace form (Laplace
transform), which represent the well-known combination of the
functions erf and erfc. In these cases, you can always limit yourself
to a few first (or only the first) members of the series, discarding all
the rest. In addition, operational methods make it possible to obtain
a number of approximate solutions with any degree of accuracy,
which are quite simple and can be used in technical calculations.

An analysis of the obtained expressions a(Fo) for various G shows
that

a(Fo)

R0 [ak (Fo)]
those. the formulas for calculating a (t) for small Fo asymptotically
coincide with the formulas used to calculate a* (7).
By generalizing (4) to. the case of multicomponent energy and mass
transfer in a plate is the same condition, in which, instead of the
thermal diffusivity (or diffusion) coefficient, one should use the
largest of the eigenvalues of the matrix C~! L [22]. Depending on
the objectives of the study, the level of permissible fluctuations of
various components |l at the outer boundary x = 11 can be different,
therefore, it is possible to weaken or strengthen condition (4), or a
combination of this type of conditions. In a specific case, such
estimates are carried out quite simply using solutions of the form
(12).

)
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The same approach is obviously extended to the case of contact
between two plates of finite thickness. However, the very origin of
the condition - guaranteeing the accuracy of the calculation of the
potential fields in a plate of finite dimensions - has disadvantages. It
is not connected with the main task of calculating energy and mass
transfer with the determination of the intensity of metabolic
processes and therefore does not say anything about the accuracy of
calculating the fluxes of transported substances.

In addition, in real situations, a limitation associated with the
curvature of the contact surface (the surface of a granule, a gas
bubble, a cylindrical shell, etc.), and not with the surface of the
dimensions of the contacting bodies, may be active. A significant
limitation can also be the presence of two generators of length |
during the contact time of the heat flux through the surface;
consideration of the asymptotics as k — o and the subsequent
approximation make it possible to determine the desired error.
When evaluating heat transfer from a cylinder of circular cross
section and a sphere to the outer region, the solution was used [23].
In fig. 3 the calculated dependences of the ratio of the heat transfer
coefficient to its base value calculated for the flat boundary of the
half-space according to O. Krisher [3] are constructed.

As can be seen from the figure, the model of short-term contact of
phases is suitable for estimating < a >, at larger Fo than in the
case of estimating a(t) - regardless of the shape of the heating
surface. With an approximate coincidence of the characteristic size
of the body H with the radius of curvature of the heating surface R,
the applicability of the model of short-term contact of phases is
limited precisely by the presence of the curvature of the heating
surface. For roller dryers H << R it is necessary to analyze the
influence of both factors. For dryers with flat heating surfaces - the
applicability of the model of short-term contact of phases is
determined by the thickness of the product layer. Fig. 3 it can also
be seen that Krisher's constraint (4) is unreasonably strict for
engineering estimates of heat transfer from a flat heating surface.
For example, for industrial drum and rake dryers, the 7, value does
not exceed 60 s. Fora = 1077 m?/c and the radius of curvature of
curvature of the heating surface R = 1 m, the corresponding Fo, do
not exceed 6 + 107, then is the influence of the curvature of the
heating surface in accordance with table. 2 can be neglected. Taking
the average thickness of the product layer H = 0.2 m, we get
F, < 1,5-107*. Thus, for these dryers, the application of the short-
term contact model can be considered justified.

The maximum thickness of the layer heated by 3% of the total
temperature head, in accordance with (4), here is no more than 8
mm. However, for cabinet, roller, etc. devices with a small layer
thickness H, the question of the applicability of the short-term
contact model requires a separate analysis in each case. In the
presence of a large number of mates of the heating surface with
small radii of curvature, additional analysis based on table. 2 may
be needed for drum and stroke.

Ay

b1

-5 -4 -3 -2 -1

lgFo
Fig. 3. The ratio of the calculated heat transfer coefficient to its
value according to O. Krischer, depending on the Fourier number
during heat transfer: 1.2 - respectively, into the interior and exterior
of an infinite plate; 3.4 - into the interior and exterior of an endless
cylinder; 5.6 - into the interior and exterior of the sphere; 7,8,9 -
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into the inside of an unlimited wedge with an opening angle of 150,
120 and 90 °, respectively.

Heating surface

shape Plane

Cylinder Sphere
Coefficient

heat transfer

Errorlevel,% | 3 | 5| 3 5 3 5

247(279| 1,12 | 3,09 |0,269|0,646

a(n)

a(ty) | Fou,, - 107 |447|537| 4,47 | 1,2 [ 1,26 [ 3,35

Table 2. The largest Fourier numbers at which the relative error in
calculating a according to Krisher's formulas does not exceed 3%
and 5%

When switching to multicomponent transfer, for a rough estimate,
you can also substitute v2,, for a (or D). When considering the
heat and mass transfer in two contacting phases, a more specific
analysis is required, however, here v2,, plays a decisive role as
well. devices.

3. Conclusions

The limits of applicability of the hypothesis of short-term contact of
phases according to the Fourier criterion for the transfer inside and
outside the surfaces of the canonical shape (plate, cylinder, sphere)
and wedge are estimated from the standpoint of the accuracy of
calculating interphase flows. It is shown that in a number of cases
the contact is not short-lived due to the curvature and the presence
of angles on the contact surface, and not due to the finiteness of the
dimensions of the contacting phases.

Within the framework of linear nonequilibrium thermodynamics, a
mathematical model of filtration-diffusion energy and mass transfer
has been developed with a correct estimate of the orders of the
terms in the system of differential equations of energy and mass
transfer taking into account the composition of the vapor-air
mixture in a capillary-porous body.

Depending on the value of the phase transformation criterion, the
system of differential equations is simplified to three different
systems of equations with the number of coupled equations in each
no more than 2, describing the fields of temperature, humidity
(concentration) and pressure, and the eigenvalues of the matrices of
their coefficients are real, positive and different.

It has been established that during the transfer of a liquid, in the
main one, in the form of vapor, the filtration-diffusion heat and
mass transfer is expressed by the equations of diffusion heat and
mass transfer with an increased coefficient of mass conductivity.
Boundary-value problems of diffusion and diffusion-filtration heat
and mass transfer are solved under mixed boundary conditions of
the first and second kind, on the basis of which integral Kinetic
dependences of drying processes (drying and heating rates),
formulas for calculating heat and mass transfer coefficients,
Rebinder numbers, temperature coefficients and subkinetic drying
parameters.

Thus, a complex of theoretical and experimental studies has been
carried out.

(using the methods of systemic, mathematical and numerical
analysis, as well as general physicochemical and thermodynamic
laws) transfer processes during short-term contact of phases (using
the example of vacuum, conductive and combined drying methods),
which made it possible to most fully reveal the laws of external and
internal heat and mass transfer, to find scientifically grounded ways
to intensify the considered processes
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Abstract: Calculation of thermal diffusion and filtration fluxes at the interface by "traditional” methods requires preliminary determination
of the potential values (concentration, moisture content, temperature, pressure) in the four-dimensional space of events. Such methods for
solving boundary value problems, which provide "extra" information for technical calculations, are usually very laborous and require the
use of numerical methods that are not always convenient in engineering practice. The proposed fieldless calculation method allows one to
determine on the boundary of the region the gradients from the transfer potentials and, consequently, energy and material flows in the form
of a known functional of the potentials at the interface at their short-term contact directly on the matrix of transfer coefficients of the
formalized boundary value problem. This method uses the fractional index differentiation operation (fractional differentiation) and is
convenient for solving limiting boundary value problems, i.e. when the characteristic size of the contacting phases in the boundary
conditions of boundary value problems tends to infinity or the time of their interaction tends to zero.

KEYWORDS: DRYING, DYNAMICS, SHORT-TERM CONTACT, PHASE, SURFACE, FOURIER CRITERION, MATHEMATICAL

MODELING, HEAT AND MASS TRANSFER, ANALYSIS

1. Introduction

Calculation of thermal diffusion and filtration flows at the interface
by "traditional" methods requires a preliminary determination of the
value of the potentials P~ (concentration, moisture content,
temperature, pressure) in the four-dimensional space of events
R*(X1,Xz, X3, )=R*(X, 7) [1,2]. Such methods for solving boundary
value problems, which provide "extra" information for technical
calculations, are very laborious and require the use of numerical
methods that are not always convenient in engineering practice
[2,3]. The field-free calculation method allows one to determine the
gradients from the transfer potentials at the boundary of the region
(Tiz| o) at their short-term contact directly on the matrix of

transfer coefficients of the formalized boundary value problem.
This method uses the fractional index differentiation operation [4].

2. Materials and methods
We present briefly the necessary information about their theory of
fractional differentiation.
Definition. For functionf(x) , given on the segment [a, b] , each
of the expressions
1 d x f(t)dt
0% N = g i L @
1 d b f(t)dt

D N = ~ i mse @
is called the fractional derivative or the Riemann-Liouville
derivative of order a, 0 < a <1, respectively left-sided right-sided.
B (1) and (2) T - gamma function, f(x) — piecewise continuous
function.
Let us give a sufficient criterion for the existence of fractional
derivatives.
Lemma. If a f(x) belongs to the class of absolutely continuous on
the segment [a, b] functions, then f(x) almost everywhere has
derivatives Do f u D% f, 0 < a <1, moreover D, f n
D, f belong to the class measurable on [a, b] function f(x)

(Ly @b), 1<r< 1/a), for whom [°| f(0)|"dx < o and

a g _ 1 f(a) x f' ()dt

Da. f = rl-a) L(x—a)® fa (x—t)a]' @)
a __1 f(b) b f'(t)dt
b-f = ri-a) Lip—x) fx (t—x)a]' “)

The fractional Liouville derivatives for the semiaxes with the
corresponding limits of integration in (1) and (2) are introduced
similarly.

3. Theory

Let us consider a mathematical model of interconnected unsteady
heat and mass transfer under conditions of short-term contact
interaction of phases, which, within the framework of the formalism
of linear nonequilibrium thermodynamics based on integral
conservation laws, is formulated as a system of linear homogeneous
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differential equations in the following compact vector-matrix form

[5]:

J( ﬁjr = KJ Aﬁj, Xe (O, (-1)J OO) , TE(T(), Tk), j=1, 2 (5)
ﬁj (X, ’I.'o): ﬁ] (X, ‘Ek): ﬁj [(-1)JOO, ‘C] :ﬁjo , |X| E?;

l _ k| ﬁ|x (O, T): k2 ﬁZX (0, ‘C), .
where I, IT j, — local changes in the vector of transfer potentials IT
dimensions n; respectively in time = and coordinate x in j phase,

K = kC™! — constant matrix of system parameters (nxn), k, c! -
matrices of Kinetic coefficients and inverse diagonal matrix of
capacitance coefficients, respectively, A - component-wise
Laplacian, x — coordinate normal to the plane of contact with zero
at the interface, 7, — duration of contact.

In what follows, omitting the indices of the contacting phases and
setting for definiteness x € (0,0), o = 0 and T1(0,7)=II, , we
introduce a new vector variable @ =ﬁ0—ﬁ (bringing constant
initial conditions to zero) and expand the difference between
differential operators in time and coordinate in (5) similarly to the
difference of squares, then system (5) - (7) will be rewritten as:

(875K, (@7 +VKo,)8=0, (8)
6(x,0)=0(o0,1)=6, ©)
(10)

6(0,0)=04(7).
If the elements of the matrix k; >0 and det K > 0, then the
definition of the radical from the matrix is carried out in a
continuous unambiguous manner [4]. When the matrix has
dimensions 2x2, then the corresponding formulas for determining
the radical from the matrix are:

bf1=TKq1 (K11 -k22)>+ka2koy (kg1 -kao)+2Kokar ’(kll kao-Kioka1)1A™,

1

kirn kp\2e_(bin b
\/K:( 11 12) :( 11 12)‘
kor koo ba1 b
where k;; > 0, ky1kyy > ki2kaq,

bzzz = b121 = (k11 — k22)

(11)

k k 2
bio=——, byy=—2—, b1>0, bp>0, A=(Kyq-Kpp) +4kyokys.
by +bg, by1+b2 . . o

In this case, under conditions of linear nonequilibrium

thermodynamics, the matrix K, due to the positiveness of the
production of entropy, must be positively determined, that is, the
following conditions must be satisfied [7-9]:
K11>0, k22>0, (Kyo+ka1)?<dki1kop
Thus, according to the second law of thermodynamics,
"eigencoefficients” (or direct coefficients, for example, the
coefficients of thermal conductivity, diffusion), k; must be
positive, and the "cross factors" (or drag factors, which are
determined by superimposing effects such as thermal diffusion)
kij (i #j) can have any sign. Moreover, due to microscopic

(12)
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reversibility [7], the elements k;; must satisfy the Onsager relation,
ki = kj;, that is, the matrix is symmetric, and in this case,
inequality (12) implies the first inequality in (11) and as a
consequence, b, = by;. Physically diagonal coefficients k;;
determine the intensity of transfer of the i-th flow of a substance
(heat, mass of a substance) under the direct action of the
thermodynamic force of the same name (for a heat flow, the
thermodynamic force will be VT —temperature gradient, and for
mass flow VC — concentration gradient).

Further, considering from physical considerations the equations
formed by the right factor of the operator in (8) (the left factor with
increasing, for example, the temperature at the interface gives
Tulx=0>0, which is physically absurd) and, writing the latter at

x = 0, we obtain the relation defining 9? at the boundary of short-
term contact of phases:

D56,(r) + VK 6, (0) = T, (13)

For fractional differentiation, the right-hand fractional derivative is
used in (13).

The solution of the system of equations (13) with respect to energy
and material flows no longer causes difficulties, since the formulas
of the fieldless method are applicable to systems of differential
equations of parabolic, and for high-intensity processes of heat and
mass transfer and hyperbolic types. Calculations of fluxes and a
number of heat-mass transfer characteristics for the system of
equations (5) with boundary conditions of the first kind and the
considered problems of molecular and molecular-molar transfer
with mixed boundary conditions of the first and second kind,
carried out by the field-free method, are fully confirmed by
calculations performed on the fields of transfer potentials proposed
in[5].

3. Conclusions

For limiting boundary value problems, the possibility of using a
non-field method for calculating heat and diffusion fluxes at
interfaces is shown, which essentially uses the operation of a
differential fractional index, does not require preliminary
determination of fields, allows one to obtain a solution in the form
of finite formulas, and is important in applied research.

Analytical solutions of boundary value problems of diffusion and
diffusion-filtration heat and mass transfer under mixed boundary
conditions of the first and second kind and the calculation of heat
and material flows from the obtained temperature and concentration
fields are fully confirmed by calculations obtained by the fieldless
method.

The results obtained serve the development of the general theory of
mathematical modelling, are useful in the formulation of
experimental studies on stationary and non-stationary energy and
mass transfer, in the analysis and calculation of heat and mass
transfer processes in applied research and design.
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Abstract: To design energy-efficient buildings, it is essential to accurately calculate, monitor, and analyze their energy consumption at all
stages: from conceptual (sketch) development and design to construction and operation. However, current regulatory documentation lacks
methodologies that fully account for the interrelated processes occurring in building envelopes—such as heat transfer, moisture
accumulation, and air infiltration—evaluate the effectiveness of specific energy-saving measures, or perform energy consumption data
analysis to determine a building’s actual energy performance indicators. This highlights the relevance of calculating and analyzing building
energy consumption while accounting for heat and mass transfer processes in envelope structures and the presence of various architectural
and construction elements. A methodology has been developed for processing data obtained from building thermal energy metering systems.
This methodology allows, during the operational phase, to determine buildings’ energy characteristics, evaluate the efficiency of thermal
energy use, and assess the effectiveness of energy-saving measures.

KEY WORDS: SHORT-TERM CONTACT, MATHEMATICAL MODELING, SYSTEMS OF DIFFERENTIAL EQUATIONS, POTENTIALS,
PHASES, MODES, VECTOR, MATRIX, HEAT AND MASS TRANSFER, COEFFICIENTS.

1. Introduction W/(mK), are fully biodegradable, and—when properly modified—
One type of energy-efficient building is the Passive House ~ show good fire resistance [5]. _
(Passivhaus). Passive Houses are buildings with extremely low Alginate foams derived from seaweed, developed in 2023,

energy demand, where annual heating energy consumption does not ~ achieved A = 0.032 W/(m'K) combined with high moisture
exceed 15 kWh/(m?>-year), and heat losses through the building  resistance—arare combination for t_)lo-based materl.als [6]_. _
envelope are limited to a U-value < 0.15 W/(m2K). Compressed ~ straw  without synthetic binders is
Achieving these targets is impossible without using high- ~ successfully used in monolithic walls, achieving U-values as low as
performance thermal insulation with a thermal conductivity A <  0.12° W/(m*K). These materials not only reduce the carbon
0.030 W/(m'K), as well as design solutions that minimize thermal ~ footprint but also help regulate indoor humidity and improve indoor

bridges and ensure airtightness. climate [7]. _ _

Over the past five years, rapid advancements have been observed ~ Metal-Organic Frameworks (MOFs), particularly ZIF-8
both in innovative insulation materials and intelligent insulation ~ (Zeolitic Imidazolate Framework), show strong potential for ultra-
systems that combine energy efficiency, environmental IOW-CO”dUCthlty insulation. In 2024, researchers at ETH Ziirich
sustainability, and durability. produced an MOF-based aerogel with A = 0.011 W/(m-K) and high

stability at relative humidity up to 80% [8]. While this technology
has not yet reached industrial scale, it paves the way for next-
generation “smart” insulation with adaptive properties.
Modern energy-passive houses increasingly employ
Vacuum Insulation Panels (VIPs) remain at the forefront  dynamic insulation systems, notably Dynamic Insulation, in which
of thermal protection materials due to their exceptionally low outdoor air slowly passes through a porous insulation layer,
thermal conductivity—ranging from 0.004 to 0.008 W/(m-K)—  reducing heat losses while providing natural ventilation [9].
which is 5-10 times lower than that of conventional insulators [1]. Phase Change Materials (PCMs) are integrated into walls
Although VIPs were initially limited by high costs and and ceilings to smooth daily temperature fluctuations—becoming
significant degradation risks if the vacuum envelope was damaged, especially relevant under climate change and increasing cooling
substantial progress in the 2020s has significantly improved their demands [10].
reliability, greatly expanding their application scope [2].
Researchers at Fraunhofer IBP have developed innovative : - -
VIPs with multilayer barrier envelopes based on recyclable 3. Current_ T_rends in Determining Envelope Structure
polymers and nanofibrillated cellulose cores, extending the ~ Characteristics
projected service life to over 30 years, even under high humidity
and mechanical stress [1]. These panels are especially effective in According to ISO 9869-1:2014, still widely used today,
thermal bridge-prone areas—such as window reveals and balcony key experimental methods for determining thermophysical
junctions—and in historic building retrofits where wall thickness is properties include: Heat Flow Meter (HFM) method, Infrared

2. Review of New Thermal Insulation Materials

critically constrained. Thermography (IRT), Calibrated Hot Box, Dynamic methods
Silica aerogels, with thermal conductivity A = 0.012— (reducing measurement time from weeks to hours) [11]
0.018 W/(m'K) and famously known as “solid smoke” due to their Recent years show a clear trend toward hybrid approaches

ultra-low density, have evolved from fragile monolithic forms to combining multiple methods to improve measurement accuracy—

flexible composite blankets compatible with timber frames, curved especially under real-world building operating conditions.

surfaces, and render systems [3, 4]. Researchers at the Fraunhofer Institute for Building
Within the European AEROCOAT project, aerogel-based Physics conducted a large-scale field study in 12 certified Passive

renders were developed for thermally upgrading historic fagades, Houses in Germany, using the HFM method over 14-21 days with a

enabling compliance with Passivhaus standards without altering the temperature difference of at least 10 K. Results were compared with

building’s external appearance, which is essential for structures in calculations per DIN EN ISO 6946 and BIM models accounting for

protected heritage zones [3]. thermal bridges [11].

Environmental sustainability—a core principle of the The average deviation between measured and calculated
Passive House concept—has spurred the development of new bio- U-values was +8%, indicating systematic underestimation of heat
based materials that significantly outperform traditional cellulose losses in design calculations. The largest discrepancies—up to
and wood-fiber insulations. 25%—occurred at window and balcony slab junctions due to

Mycelium composites, made from fungal mycelium and insufficient modeling of linear thermal bridges. However, 3D
agricultural waste, exhibit thermal conductivity A = 0.038-0.045 thermal modeling (using ANSY'S or Therm) reduced errors to <5%.
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A team from Politecnico di Torino developed an
automated thermogram analysis method using convolutional neural
networks to estimate U-values and detect anomalies. Tested on 30
buildings (including EnerPHit retrofits), the method achieved +£0.03
W/(m?-K) accuracy versus HFM and successfully identified hidden
insulation defects—such as settling and moisture accumulation—
that are invisible to visual inspection. Conventional models ignoring
defects overestimated insulation performance by 12—-18% [12].

Researchers at Empa proposed an accelerated “step
heating” method: briefly heating the interior wall surface and
analyzing the cooling curve. This reduces measurement time to 6-8
hours instead of the traditional 2-3 weeks. The method was tested
on walls with aerogel and wood-fiber insulation, showing <7%
deviation from 1SO 6946 and HFM for homogeneous constructions.
However, for multilayer systems with PCMs, deviations reached
15% due to unaccounted thermal inertia in steady-state calculations
[13].

The IEA EBC Annex 80 project (completed in 2024)
analyzed 3-5 years of monitoring data from 18 buildings and found
that moisture accumulation in bio-based insulation increases
thermal conductivity by 10-22%—a factor ignored in standard dry-
state material calculations [14]. The authors recommend making
dynamic hygrothermal modeling (e.g., using WUFI Pro) a
mandatory part of Passive House design in temperate and humid
climates.

In summary, modern thermophysical studies confirm that
calculated U-values per ISO 6946 are often overly optimistic,
especially when thermal bridges, installation defects, or material
moisture are present. Thus, on-site measurements are essential to
validate design solutions in Passive Houses. 3D thermal bridge
modeling per 1ISO 10211 should become standard practice, not an
exception. Dynamic methods and Al-driven technologies
significantly accelerate and reduce the cost of diagnostics, enabling
mass-scale application. Long-term monitoring—including in-wall
humidity and temperature—is necessary to assess a building’s true
energy performance.

4. Experimental Determination of Thermal
Characteristics in a Climatic Chamber

A comprehensive experimental study was conducted on
the thermal characteristics of prototype envelope structures and
moisture distribution through their thickness.

A climatic chamber (Fig. 1) was used, retrofitted with an
internal partition and equipment to maintain set microclimatic

parameters in cold and warm compartments.
2
6

7
Fig. 1. Layout of the climatic chamber: 1 — cold compartment; 2
— warm compartment;3 — refrigeration unit; 4 — heating device; 5 — dividing
wall; 6 — test structure or material; 7, 8 — sealed doors to the cold and warm
compartments.

Two types of prototype envelope structures were tested.
The goal was to determine the thermo-hygric state of multilayer
constructions under varying outdoor temperatures (simulating “cold
waves”). Results are shown in Fig. 2, depicting temperature and
humidity profiles through the wall thickness at different cold-
chamber temperatures.

Thus, under laboratory conditions, “cold waves” of
varying intensity and duration—typical of real winter conditions—
were successfully replicated.
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5. Specimens and Experimental Theirs Thermal
Characteristics

Table 1 lists specimen characteristics and table 2 shows
boundary conditions. Temperature and relative humidity profiles
through the wall at different cold-chamber temperatures are shown
in Figs. 2 and 3.Test durations: at t,, = —32°C: 58 h (2.4 days), te
=-11°C: 100 h (4.2 days), tex; = —20°C: 176 h (7.3 days).

Table 1. Material Characteristics of the Envelope Structure

Water
Thermal Vapor
Thickness | Density Conductivity| | Permeability
Ne Material m kg/m? W/(m-°C) mg/m-h-Pa
1 r 0.015 1800 0.93 0.09
e brick
2 masonry 0.25 1800 0.87 0.11
ROCKWOOL
3 mineral wool 0.10 90 0.041 0.30
Table 2. Boundary Conditions at Inner and Outer Surfaces
Gold Inner surface Outter surface
Chamber
Temperature
e %°C | @u% |t,°C o, %
=32 18.1 78 -28.1 88
-11 155 54 -8.1 69
—20 14.3 63 -15.5 58 ‘
25
20 =
()\6)
15 '\h—m—.ﬁ_‘i
10
s
o
-5
10
15
20
25
0 = 3~
.35 L
15 J | 250 100 | mm

Fig. 2. Temperature distribution through the wall
(1, =—=32°C):
1 - plaster, 2 — brick masonry, 3 — mineral wool

30
20

Temneparypa, t, °C

Temneparypa, t, °C

-0 4-
-5 }-
-20

Based on experiments, the following thermal
characteristics were determined (Table 3a,b): thermal resistance of
brick masonry (Rpy,) and mineral wool (R.,),thermal conductivity
of brick (Apm) and mineral wool (Ay,), inner surface heat absorption
coefficient (a;) and outer surface heat transfer coefficient (o):
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[
=]

18 -
10 -

Temneparypa, t, °C

0 4-
15 |-
-20

Fig. 3. Temperature profiles under different cold-chamber conditions (solid
line — experiment, dashed — calculation):
(a) t, =—32°C, (b) t, =—20°C, (c) t, = —11°C

Table 2. Experimental Thermal Characteristics

Temp,

2C q. Wm? Ry, m?-°C/W Ry, m?*-°C/W

-32 325 0.128 1.254

-11 47.8 0.111 0.384

—20 63.3 0.101 0.370

Temp, | A .

€ W/(m-°C) | gy, W/(m-°C) a;, W/(m?*-°C) | ao, W/(m?-°C)
-32 1.96 0.08 11.6 6.7

-11 2.25 0.26 5.8 159

20 2.48 0.27 53 15.4

6. Mathematical Model of Unsteady Heat Transfer for
a Brick Wall Envelope

Problem statement for a brick wall:
Initially, for a brick wall, we have:

t; = aty,x € (0,h), 7€ (0,T) (€))
{ t(x,0) = f(x) (2
—AvVt(0, 1) = aglty — t(0,7)] 3)
—AVt(h, 1) = ay[t(h,T) — t] 4

In the building envelope, V,t=V,t=0; V,t#0 -
thermal insulation condition (adiabaticity) of the wall, where z = H
- is the height of the building's ES, y =L is the length of the
building's ES, x = h — is the thickness of the building's ES, h < L,
h < H.
Constant but different temperatures are maintained on
opposite surfaces of the ES:
t(0,7) =ty ;
t(6,7) =ty, ;
and the initial wall temperature t(x,0) = t,,, ;
00<—T1>T2 >T3>0,
Bi; = o0,k =1,2;

t; = aty,, 7> 0,x € (0,h) ,
t(x,0) =t
t (O,T) = Eo, t (h,T) = fh

where ag, a,- are the heat transfer coefficients on the opposite
surfaces of ES;

to, ty, - are the specified temperatures of the external environments;
T- time, [S];

a — is the thermal diffusivity, [m2 /s];

A —is the thermal conductivity, [W/m deg];

V- is the gradient, [1/m];.

The solution of the non-uniform, non-stationary, and asymmetric
boundary value problem (1)-(4) under boundary conditions of the
first kind (0g—o0 ,ay—o0 ) by the Fourier method leads to the
result:
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oo . nnx 2 2
2 5 smT —n°m-at
w(x, 1) = ;(to — o) e 2
n=1
+ =&
e} ., Inx
— — xp (—
0 . n p h2 ’
n=

- - L X
t(x,7) =ty — (Ep — th)ﬁ + w(x, 7).
If only one term n=1 of the series is taken into account:

—r[zar X

2 _ L
w(x,7) =~ wy = ;[(to —to) = (f — Ep)]e 2 Sinﬂﬁ
Or in dimensionless form
O(n,Fo) =1—n+ W;(n,Fo)

where 7 =£ , Fo =%, =—t°(;;2h_fh.
Wy(n,Fo) = ———w;(n, Fo)
to — th

Let's assume the following conditions for the problem:
We assume the wall thickness h = 1 meter to simplify the
calculations. Thermal diffusivity of brick a = 0.7 m2/s, summation
over (n): Approximate calculation of the Fourier series up to 100
terms to achieve sufficient accuracy.

Let's write down the conditions for
modeling of the physical process:
Initial moment (x,0) = t,, the temperature is constant throughout
the wall.
Over time t > 0, the temperature begins to spread from the
boundary surfaces to the center of the wall, creating a temperature
gradient.
Over a long period of time T —o0, the temperature throughout the
wall stabilizes, forming a linear gradient from the inner surface to
the outer surface. The initial conditions no longer affect the ES, and
the non-stationary process tends toward a quasi-steady-state regime.

Consider the following case, similar to the experimental ones
described above, when:

The initial wall temperature ¢t (x,0)=t, is 0 °C.The
temperature on the inner surface: t (x,7) = &,, T =0 is+18.1 °C.
Temperature on the outer surface t (h,7) = £,,T =0 is-28.1 °C.
In this case, the temperature distribution profile is shown in Figure
4,

mathematical

Temperature field t(x, 1)

20
10
s
g 0 ~ 4=7;=50005s
2 ~
s o T ,
g -10 e T4=30000s
EJ 0 T Ts = 900005
Equilibrium (steady state)| N ‘
-30
0.0 0.2 0.4 0.6 0.8 1.0

Wall depth x (m)

Fig. 4. Temperature profile of a brick wall at unsteady heat transfer:
(a) t, = +18.1°C, t, =—28.1°C, (c) twanoe= 0°C

7. Analysis of Experimental Results and Their
Numerical Modeling

The temperature field of enclosing temperatures in steady-
state mode on the thermal resistance scale is shown in Figure 5.
Regression lines (thin solid lines) were plotted for each
experimental curve, showing a high degree of agreement with the
experimental data (the square of the correlation coefficient is close
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to 1), and equations were found in the form of second-degree
polynomials. The maximum discrepancy between the calculated and
experimental temperatures was: 1.8°C at a temperature in the cold
compartment of the spacecraft at -32°C, 4.7°C at -11°C, and 5.2°C
at -20°C.

Calculations were also performed using the program
algorithm with the data presented in Table 2 (Figure 6).

For this calculation, numerical modeling of non-stationary
thermal conductivity was used, specifically the explicit finite
difference method, which sequentially updates the temperature at
each spatial node based on heat flows from adjacent sections. The
discontinuous properties of materials are also taken into account:
since the wall consists of two different layers (brick and insulation),
their thermal conductivity and heat capacity are defined as
piecewise constants. At the boundaries between nodes, thermal
conductivity is calculated as the harmonic mean to accurately
transfer the heat flux across the material interface. To control the
stability of the numerical scheme, the time step is chosen to be
small enough to ensure the stability of the calculations, taking into
account the maximum thermal diffusivity among the layers. An
integral representation of thermal resistance is used instead of a
physical coordinate across the wall thickness. The accumulated
thermal resistance Ro = Y, Ri from the inner surface is used to plot
graphs, allowing for a clear display of the temperature field
distribution, accounting for differences in the thermophysical
properties of the brick. The steady-state temperature profile t(x) at t
= 0 is calculated separately, for which the heat flux is constant
throughout the wall thickness, and is often used for comparison
with non-stationary results. The solution domain is divided into a
uniform grid across the wall thickness, and the heating/cooling
process is modeled step-by-step in time at a given coordinate step
(the thickness of the ES). These approaches allow for modeling and
visualizing the heating or cooling dynamics of a multilayer ES from
the initial state to a steady-state thermal regime.

30

t,°C

y=0.701x2-18.74x + 17.97
R?=0.998

R,m2-°C/BT
20 24

08 12 16 28

t,°C

y=2788x2-1817x + 1348
R2= 0997

-10 Y= 2.5565x2 - 15.44x + 1506
2=
20 R:= 0998
30
40
00 04 08 12 16 20 24 28
R.m2-°C/BT

Fig. 5. Temperature profiles under different cold-chamber conditions (solid
line — experiment, dashed — calculation):
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(a) t, =—32°C, (b) t, = —20°C, (c) t, = —11°C

" S Temperature field t(x, T)
~<—Fn=0h
w1, =1h
N

B= 6 has

0 7,524
T5=100h

~10 Ts = = (steady state)

10

Temperature (°C)

Insulation
-30

0.0 0.5 1.0 15 20 2.5

3.0
Thermal resistance from the interior surface (m?:°C/W)

Fig. 6. Temperature profile of a brick wall with insulation at unsteady heat
transfer:
(a) t, = +18.1°C, t, =—28.1°C, (c) twao= +18.1°C

8. Conclusions

These studies confirm that calculation methods for
determining the thermal performance of building enclose structure,
based on standards, often overestimate the energy efficiency of
buildings. This is due to the underestimation of real-world
operational factors: thermal bridges, installation defects, moisture
accumulation in the insulation, and the dynamic nature of heat and
mass transfer. Experimental data obtained in a climate chamber
demonstrate significant discrepancies between theoretical and actual
values of thermal resistance and thermal conductivity—in some
cases, up to 25%.

The developed measurement data processing method,
which combines thermography and dynamic approaches with
numerical modeling of transient heat transfer, significantly
improves the accuracy of assessing the actual thermal performance
of structures. The use of hybrid methods for automated diagnostics
and detection of hidden defects is particularly promising.

Thus, the transition to truly energy-efficient and
sustainable construction requires the unified development of
advanced materials, digital diagnostic methods, and dynamic
models, using BIM technologies, quantum computers, and
technologies that take into account the interrelationships between
thermal and moisture exchange processes in enclosing structures at
all stages of the life cycle of a building or structure or other
multilayer structures, including techno-neural and electrical
networks in the fields of power engineering, aerospace engineering,
and other industries.
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Abstract: This study proposes a mathematical model for design and optimization of a hydrogen supply chain, covering all stages of the life
cycle - feedstocks, production, storage, distribution, end-use in the transport sector. The developed methodology integrates different
hydrogen production technologies and takes into account environmental, economic and social impacts in order to identify the most efficient
and sustainable configuration. The focus in this work falls on hydrogen production by steam reforming of methane and hydrogen production
by electrolysis of water in hydrogen refueling stations. The mathematical model is formulated in terms of MILP programming and can be
solved using the GAMS software product. The aim is to find an optimal balance between economic efficiency, environmental sustainability
and social impact by using weighted coefficients (weights). The proposed concept provides a decision-making tool for planning hydrogen
infrastructure in line with European decarbonization and sustainable transport goals.

Keywords: MILP, OPTIMIZATION, SUSTAINABLE, SUPPLY CHAIN, HYDROGEN

1. Introduction

Energy conservation has emerged as one of the key challenges
of the modern world. This is due to the gradual but inevitable
depletion of natural feedstocks, as well as the complex economic,
political and social situation in different regions, also affecting
ecosystems. These circumstances have prompted the scientific
community to seek solutions to global problems, such as the
development of alternative energy sources and the promotion of
sustainable use of energy carriers. Recently, the integration of
hydrogen technologies has been seen as a key factor in achieving
carbon neutrality [1] and requires cooperation between scientific
institutions, industry and political structures [2]. Especially in the
transport sector, the use of hydrogen as a fuel is essential for
reducing GHG emissions and increasing sustainability, and strategic
planning of hydrogen supply chain can ensure the long-term
stability of energy systems. Hydrogen technologies are expected to
play a crucial role in the transformation towards a sustainable
energy future in terms of transport. Over the past few years, the fuel
and energy systems in transportation have been evolving from
conventional fossil fuels to renewable energy sources [3]. However,
there are problems with regard to high cost, inconsistent supply, and
reliability [4].

Although atomic hydrogen is the most abundant chemical
element in the universe [5], it is very rarely found in its pure form.
Hydrogen can be produced through various technological processes,
such as water electrolysis or steam methane reforming. The choice
of hydrogen production method largely determines its
environmental impact, energy efficiency, and economic feasibility.
Among the most widely applied technologies, water electrolysis and
steam methane reforming (SMR) differ significantly in terms of
carbon footprint and energy input. Electrolysis, when powered by
renewable energy sources, enables the production of nearly carbon-
free hydrogen, making it one of the most promising pathways for
achieving climate neutrality. Conversely, SMR remains the
dominant industrial method due to its high efficiency and lower
production costs, although it is associated with considerable CO,
emissions. Other emerging technologies, such as biomass
gasification,  photoelectrochemical ~ water  splitting, and
thermochemical cycles, are being investigated as potential
alternatives that could enhance sustainability and reduce reliance on
fossil fuels. The integration of these production pathways within a
unified hydrogen economy requires comprehensive assessment of
technical performance, cost efficiency, and environmental
compatibility to ensure a balanced transition toward sustainable
energy systems.

Depending on the technological production methods, hydrogen
is classified into several color categories [6]. These colors
categories are in turn divided into standard and innovative. The
standard colors of hydrogen include “green hydrogen” - produced
via electrolysis using renewable energy sources; “gray hydrogen” -
produced via steam methane reforming (SMR), a process that also
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generates carbon dioxide, which is ultimately released into the
atmosphere; “blue hydrogen” - produced from fossil fuels, but
unlike gray hydrogen, its production is associated with the capture
and storage of greenhouse gases in underground storage sites;
“black/brown hydrogen” - produced from coal. The innovative
color categories of hydrogen include pink, gold, yellow, turquoise
and white.

The use of hydrogen as an energy carrier has its advantages and
disadvantages [7]. Some of the main positive properties of hydrogen
are high gravimetric energy density, decarbonization potential,
flexible energy storage, good integration in the existing energy
infrastructure [8], diversification of energy sources and reduced
dependence on fossil fuels [9]. From another perspective, hydrogen
also has disadvantages, such as low volumetric energy density, high
production costs [10], high energy losses as a result of compression
and transportation, stringent safety requirements.

Currently, the implementation of hydrogen in the energy
infrastructure around the world remains expensive and difficult.
Although there is an increase in the number of hydrogens refueling
stations [11] (mainly in Japan, South Korea, the USA and parts of
the EU), the design of sustainable supply chains is still in its early
stages. In order to enable the widespread adoption of hydrogen
technology in the transport sector, it is necessary to develop a stable
and sustainable supply chain. Such a hydrogen infrastructure must
ensure the three pillars of sustainability — environmental, economic
and social.

The scientific community has increasingly focused on
developments on issues related to the hydrogen supply chain.
Various methodologies and mathematical models have been
proposed, with the studies most often emphasizing economic
efficiency, while social and environmental aspects remain
secondary. In addition, there is a lack of spatio-temporal integration
between the stages of production, storage, transport and refueling. It
is in this context that our study is positioned - developing a unified
optimization framework that equally takes into account economic,
environmental and social criteria.

The focus of the present work falls on green hydrogen —
produced by electrolysis of water and using renewable energy
sources and gray hydrogen, produced by steam reforming of
methane. These two technologies represent the most established and
contrasting hydrogen production pathways—SMR for its economic
efficiency and maturity, and electrolysis for its environmental
sustainability and renewable potential. Both production methods are
integrated into a combined resource security chain. The present
study proposes a MILP-based approach for sustainable design of an
integrated superstructure of a supply chain. Optimization problem
has been formulated and solved either at in terms of economic,
social and environmental sustainability. The purpose of the defined
mathematical model is to obtain optimal operating conditions of the
considered an integrated supply chain. The proposed approach has
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been solved using GAMS software, and the results can serve as a
decision-support tool.

2. Formulation of the optimization problem

This study presents an integrated superstructure of a supply
chain of hydrogen production via various technologies. The focus
here is on hydrogen produced via steam methane reforming (SMR),
as well as via electrolysis using renewable energy. The proposed
superstructure views the supply chain system as a whole. It
comprises feedstocks, production, storage, end user’s areas and is
represented in Fig. 1.
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Fig. 1 An integrated superstructure of a supply chain

The problem considered in this paper can be formulated as
follows Table 1:

Table 1: Problem statement

Given are: Determine the optimal

parameters of the supply chain as:

the location and production
capacity of plants for hydrogen
production via SMR

size, capacity and location of
refueling stations

the potential location and
capacity of storage facilities

size, capacity and location of
hydrogen storage facilities

the potential locations of

the transport delivery scheme

production of hydrogen via SMR
and electrolysis

charging stations and their
production capacity
the technologies for the total environmental impact

as a result of the operation of all
system during its operation

the price of raw materials
(water, electricity and natural gas)
and selling price of hydrogen

the total social impact as a
result of the operation of all system
during its operation

The type of transport for
hydrogen delivery and transport
costs

the total economic impact as a
result of the operation of all system
during its operation

greenhouse gas emissions for
each stage of the life cycle and
carbon tax

government incentives for
hydrogen consumption and
production

maintenance and operation
costs of charging stations and labor
cost

demand at regions

The problem is formulated as an optimization procedure in

terms of mixed integer linear programming. The aim is to identify
such decision variables that, subject to the system of constraints,
minimize the objective function Z. The constraints guaranteeing the

performance of the task are linear functions with respect to all
independent variables. The model aims to achieve an optimal
balance between environmental sustainability, economic efficiency,
and social impact when designing the hydrogen supply chain for the
transportation sector.

The presented optimization procedure, which generates the
mathematical model of a sustainable supply chain for hydrogen
production for transport sector, is accompanied by preliminary
collection and processing of the necessary data. In this case, two
different technologies for hydrogen production are considered.
Specifically, hydrogen production by steam methane reforming
(SMR) and hydrogen production by electrolysis in hydrogen
refueling stations (HRS) powered by renewable energy sources.

2.1. Input data for the test example

This part of the paper presents some of the necessary data.
. Territorial distribution

According to Geodesy, Cartography and Cadaster Agency [12]
under the Ministry of Regional Development and Public Works, the
total area of the Republic of Bulgaria is 111,002 km? In the case
under consideration, Bulgaria is territorially divided into 28
administrative-territorial units (Fig.2).

3.

Fig. 2 Administrative - territorial units of Bulgaria

The hydrogen supply chain consists of 28 potential storage sites
for hydrogen produced via steam reforming of methane, 28
potential sites for hydrogen production via electrolysis in Hydrogen
Refueling Stations (HRS), 28 potential customer areas and 3 areas
for hydrogen production by steam reforming. It is possible to build
more than one Hydrogen Refueling Station in individual areas.

. Data on the actual delivery distance between

The distances in kilometers between regions in Bulgaria for the
purposes of this study were taken from the Ministry of Regional
Development and Public Works, Road Infrastructure Agency [13]
for each mode of transport.

. Data on the type of transport for hydrogen delivery

According to the Agreement on the International Carriage of
Dangerous Goods by Road (ADR), mandatory for the EU, including
Bulgaria [14], gaseous hydrogen (flammable gas Class 2.1.) must be
transported in special tanks or cylinders.

. Data on transport cost

It is assumed that all transportation will be carried out by land
roads. Transportation costs include three main components: loading
and unloading costs, time-dependent costs, and costs dependent on
the distance between regions.

. Data on environmental parameters

Carbon emissions [kg CO2-eq per kg H2 per km] emitted
during hydrogen transport are calculated taking into account the



MATHEMATICAL MODELLING 2025

average fuel consumption for the respective type of transport, the
emission factor of the fuel (diesel) and the capacity of the trucks.
The emission factor for the combustion of petroleum diesel (direct
emissions - tank-to-wheel), the emission factor for the production of
diesel, the emission factor for the entire life cycle of petroleum
diesel, including production (gray emissions - well-to-wheel) are
taken into account.

. Capital Expenditure Data

The capital costs of individual structures themselves represent
fixed and variable capital costs.

. Data on the type of hydrogen refueling stations

For the purposes of this study, hydrogen refueling stations
intended only for vehicles that meet the requirements of Regulation
(EC) No 79/2009 of the European Parliament and of the Council on
type-approval of hydrogen-powered motor vehicles are considered.

. Data on demand

Hydrogen market demand data presents a forecast of the market
demand for hydrogen as an automotive fuel based on the population
size of a given area. Calculations have been made for a scenario
where 0.5% of cars would be hydrogen-powered, given the
available infrastructure and incentives.

. Data on monetary parameters in hydrogen production by
electrolysis

It is assumed that the envisaged fixed premium for the
production of green hydrogen is between €0.37 and €0.48 per kg of
H, , with a ceiling of €4.5/kg. ($0.43 - $0.56 with a ceiling of $5.24
per kilogram of hydrogen) [15].

. Data on time intervals

According to the strategic legislative package "Fit for 55" [16]
developed by the European Commission, the rules for integrated
and transparent network planning across the EU according to the
“energy efficiency first" principle and with a future-oriented
approach, gas and hydrogen network operators will have to prepare
a 10-year EU network development plan. For the purposes of this
task, a 5-year time frame is considered. The entire time horizon H is
divided into a set of discrete time intervals t. This time interval is
divided into several equal time subintervals t={0,1,2,...,T}, each of
which lasts Vt.

2.2. Environmental assessment model

The environmental assessment model of the integrated
hydrogen supply chain is represented as the total greenhouse gas
emissions generated over the whole live. They are converted into
carbon credits multiplied by the price of carbon emissions on the
market.

E. = EProd, + EStor; + EOwn; + ETrans, + EFossil, ,V t (1)
Where:

E; - The total environmental impact of the Hydrogen Supply Chain
operation over its entire life cycle, [kgco,eq /¥);

EProd, - Greenhouse gas emissions released during hydrogen
production via SMR, [kgco,eq /¥

EStor, - Greenhouse gas emissions released during hydrogen
storage, [kgco,eq /]

EOwn, - Greenhouse gas emissions released during hydrogen
production via the electrolysis process, [kgco,eq /¥]-

ETrans, - Greenhouse gas emissions released during the
transportation of hydrogen (Tank-to-Well), [kgco ,eq /¥];
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EFossil, - Greenhouse gas emissions released during from the
production of diesel fuel, associated with diesel (Well-to-Tank),

[kgCO 2eq /Y]v
2.3. Social assessment model

The social assessment model of the integrated hydrogen supply
chain is represented as the total labor costs are calculated for each
stage — production, storage, transport, and local production — as a
function of the amount of hydrogen processed and the labor
intensity of the respective technology.

L, = LProd; + LStor; + LOwn; + LTrans,, Vt
Where:

@

L, — The total social impact of the Hydrogen Supply Chain
operation over its entire life cycle, [ $/y];

LProd, -Labor costs in hydrogen production via SMR, [ $/y];
LStor; - Labor costs for hydrogen storage, [ $/y];

EOwn, — Labor costs in hydrogen production via the electrolysis
process, [ $/y];

ETrans,- Labor costs for hydrogen transportation, [ $/y];

2.4. Economic assessment model

For definition of the economic assessment model of the supply
chain operation the annual operating costs are used. The economic
criterion includes the total investment costs, both operational costs
(energy, raw materials, transport, labor) and investment costs for
building the infrastructure. The model also includes government
subsidies and a carbon tax, which affect the net costs of the system
for the planned time period. They define for each time interval teT
as:

TC, = TCProd; + TCStor; + TCOwn, + TCTrans,+
+TCOwWn™ + TCStor{™ + CarbTax, — Sub,, Vt
Where:

®

TC, - The total economic impact of the Hydrogen Supply Chain
operation over its entire life cycle, [ $/y];

TCProd,- Operating expenditure (OPEX) for hydrogen production
via SMR, [ $/y];

TCStor,- Operating expenditure (OPEX) for hydrogen storage, [
$iyl;

TCOwn,- Operating expenditure (OPEX) for hydrogen production
via the electrolysis process, [ $/y];

TCTrans,- Transportation expenditure, [ $/y];

TCOwn™ - Capital expenditure (CAPEX) for HRS, [ $/y];
TCStor/™ - Capital expenditure (CAPEX) for Storages, [ $/y];
CarbTax,- Carbon tax, [ $/y];

Sub,, -Government incentives, [ $/y];

2.5. Constraints

The constraints that guarantee the completion of the task are
linear functions of all independent variables. The constraints that
guarantee the completion of the task are linear functions of all
independent variables. These constraints are related to the capacity
of the facilities, the material balance, flows admissibility, needs of
hydrogen as fuel, logistical and transportation constraints and
others. The planning horizon is set to 5 years.
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2.6. Obijective function

The optimization problem for determining the optimal location
of the plants in the regions and their parameters is formulated as:

Z=a.TC,+B.E,+vy.L, 4)
Find: X,[Decision variables\MINIMIZE{Z(X,)} —»
(Eq.4)s.t.:{Constraints} ... %)

Where

a, B,y — weighting factors that determine the priority of each
criterion.

The objective function Z aims to minimize the overall value
derived from a weighted combination of economic, environmental,
and social factors.

The optimization problem can be solved using the GAMS
software, which enables comprehensive and intelligent decision-
making.

The results obtained from the developed methodology will be
presented and discussed in a forthcoming paper. Further research
will elaborate on the implementation and analysis of the proposed
approach.

In addition, by adjusting the required data, the proposed model
can be adapted to various regions.

4. Conclusion

The study proposes an integrated approach for design of
hydrogen supply chain. The proposed mathematical model is
formulated in terms of MILP. Sustainability is considered from the
perspective of economic, environmental and social factors. It is
proposed an integrated superstructure of a supply chain including
various technologies for hydrogen production and considering the
supply chain as a whole from feedstock to end users. The proposed
task is solved using the GAMS software platform, which can serve
as a decision-support tool.
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Reliability Criteria for the Working Elements of Robotic Systems

Oleh Chernysh

National University of Life and Environmental Sciences of Ukraine, Kyiv, Ukraine
E-mail: chernysh@nubip.edu.ua

Abstract. The article presents the rationale for an algorithm describing the interaction of random peak load parameters and strength
parameters used in defining the reliability criteria for the working elements of robotic systems. The assessment method is founded upon
finding the probability of attaining a dangerous state during the realization of an extreme random process within the calculated operational
time interval. To facilitate this analysis, the random parameters of the load and the strength of the machine’s working element are
represented as functional dependencies of the generalized load and generalized strength on time.

KEYWORDS:
APPROACH, OVERLOAD.

Introduction

The structural parameter calculations for parts and working
elements of robotic systems employed in agricultural production
must fundamentally ensure their strength and durability during the
effective performance of their specified technological functions.
The successful operability of such systems, when subjected to
various types of working loads, is dependent on a confluence of
factors, including specific technological parameters of the
production process, ambient environmental conditions, the
physical properties of the materials used, and the features of the
structural design [1-3]. It is essential that the challenge of
guaranteeing strength and long life under the influence of working
loads—which vary significantly in magnitude, shape, and
periodicity—is addressed comprehensively during the calculation
and projection stages of design [4-6]. Failure to account for
dynamic effects can be detrimental, as non-stationary loads,
excessive vibrations, and short-term overloads possess the
capacity to substantially diminish the quality and overall
performance of the constructed machine [7].

Consequently, establishing robust reliability criteria for the
working elements of robotic systems employed in agricultural
manufacturing remains one of the priority tasks in contemporary
mechanical engineering [8, 9]. To effectively develop robotic
systems and complexes possessing higher inherent reliability, it is
necessary to consider and implement new calculation principles.
This includes advancing methods for theoretical research that
specifically address operational conditions characterized by the
presence of short-term overloads. The nature of agricultural work,
involving high levels of stochastic environmental factors (such as
impacts and rapid load fluctuations), dictates that models focusing
on instantaneous failure criteria are paramount for design
accuracy.

Results and Discussion

This specifically investigates the calculation of working elements
within robotic systems that operate under the influence of short-
term, non-stationary loads characterized by a high level of intensity.
It is important to note that, under these loading conditions, the
analysis typically excludes the consideration of cumulative damage
accumulation, such as fatigue or wear. Instead, the objective is
centered on determining the probability of the structure reaching a
dangerous state at least once during the realization of an extreme
random process over the calculated operational time interval T.

To address this challenge, the random parameters governing the
load and the strength of the working element are mathematically
expressed as functional dependencies of time t. The calculated
random parameters of the machine’s working elements are
separated into two distinct groups. Generalized strength R(t): these
parameters relate directly to the intrinsic properties of the working
elements’ structure. Generalized load F(t): these parameters
represent the forces generated in the working elements resulting
from the externally acting loads.

In operational circumstances, both the generalized load R(t) and
the generalized strength £ (¢) constitute random functions of time t.
Therefore, the research task is reduced to analyzing the interaction
between the functions F(t) and R(t) over the calculated operational
time interval, T = T,.
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The failure of a machine’s working element during the period T
is mathematically defined when the magnitude of the load exceeds
the capacity of the strength:

F(t) > R(b). )

To facilitate probabilistic analysis, the random function of the
safety margin, $(¢), is introduced. This function represents the
difference between the available strength and the acting load:

S@) > R(@®) - F(1). @)

In the context of this definition, failure is precisely defined as the
function S(t) obtaining negative values:

S@) <o. 3)

Knowledge of the statistical characteristics of the independent
random functions F(t) and R(t)—specifically their mathematical
expectations my(t), mp(t) and correlation functions Ky (t1,t,),
Kp (t1, t,)—permits the determination of the characteristics of the
random safety margin function S$(t):

Mathematical expectation: mg(t) = mp(t) — mp(t);
Correlation function. Assuming the absence of a mutual
correlation link between load and strength Kpg(tq,t,) =0, the
correlation function of the safety margin is given:

Ks(ty, tz) = Kp(ty, t2) + Kp(t, t2);

Dispersion: Ds(t) = Ks(t) = Dr(t) + Dg(t).

The assumption of zero mutual correlation is a practical
simplification often adopted in reliability models where the
variability originating from manufacturing processes (affecting R;)
is considered statistically independent from the variability
originating from the operating environment (affecting F,). These
initial statistical definitions enable designers to quantify the inherent
risk by combining structural tolerances with expected operational
extremes.

Given the premise that the probability of failure caused by an
overload event—and the resultant loss of reliability of the machine
elements sufficiently small, a Poisson-type stochastic model is
adopted for the analysis. This model allows for the determination of
the intensity of disturbances (failure rate) and the subsequent
reliability function associated with the safety margin S(¢).

Since the critical transition (the disturbance) occurs when S(t)
moves into the negative range, the average number of negative
values (crossings below the zero level) per unit time (J~(0)) is
derived using the following integral expression:

0-(0) = —[°,$ - p(0,5)ds, ()
where p(0,$) is the joint probability density of the safety margin

function $(t) and its time derivative, S(t), at every moment of time
t.

The derivative §(t) is mathematically defined as the speed of
change of the safety margin:

z _dS@t) _ dR(t) _ dF(t)
5@ = dt ~ dt dt ®)

The negative sign preceding the integral in expression (4) is
essential, as it denotes a negative speed (S < 0), which corresponds
precisely to the dynamic condition of the function moving
downward past the zero level and into the failure region.

For the practical calculation of instantaneous failure intensity
within the operational interval, the generalized strength R(t) of the
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structural element is conventionally considered a random constant
value, denoted as R(t) = R.
Under this simplifying condition, the safety margin expression
becomes:
S() =R-F(). (6)
Consequently, the time derivative simplifies significantly, as the

derivative of the constant strength component is zero (i—f =0):

it dR dF ot
S =5 -T2 =—F©. ™
This means that the speed of change of the safety margin function

is entirely determined by the speed of change of the generalized
load function. This deterministic relationship between S(t) and
F(t) allows for the integration limits and variables in the failure
intensity calculation to be transformed:

0.8 p5(8)as = [} F - pe(F)ar. (®)

Therefore, the final intensity of failures U~(0) is derived by the
expression:

07(0) = =ps(0 [ F - pp(F)af, ©
where ps(0) and pg(S) are the probability densities of the safety
margin function and the load function and its derivative,
respectively, at time t.

The Reliability Function P(T), which represents the probability
of failure-free operation of the working element as an individual
object over the operation time T (considering both the object’s
structural features and the acting loads), is determined by
integrating the intensity of failures over the operational period:

P(T) = [1 - Hs(0IR)] exp [~ [ U/(0)dt]. (10)
In this equation, Hg(0|R) is defined as the conditional probability of
structure failure at the initial time ¢ = 0, accounting for potential
initial defects or deficiencies.

These mathematical dependencies (1) — (10) are directly
applicable to mechanical systems whose reliability is determined
primarily by the reliability of the single, most heavily loaded
working element. For complex multi-element systems, the total
reliability function must necessarily rely on the aggregated
reliability of all its constituent parts.

Conclusions

The presented detailed the interaction between random peak
parameters of stochastic loading and the corresponding strength
parameters of critical working elements within robotic mechanical
systems. This methodology effectively represented these critical
parameters as functional dependencies of generalized load F(t) and
generalized strength R(¢) on time.

The primary methodological advancement lies in the ability to
assess the reliability of a system element by integrating the
probabilistic aspects of the distribution of these dependencies,
specifically under the influence of short-term overloads. By
applying crossing theory to the safety margin distribution, the
model provides a quantitative framework for assessing dynamic
failure risk. This probabilistic approach, which moves beyond
deterministic comparisons, significantly enhances the accuracy of
calculations utilized for reliability prediction and, consequently,
leads to a meaningful increase in the operational life (resource) of
the machinery.
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Mathematical modelling of the lactic acid production from agro-industrial waste materials
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Abstract: Various agro-industrial by-products, such as distillers dried grains with solubles (DDGS), spent coffee grounds (SCG), and cheese
whey, have promising potential as suitable substrates for second-generation lactic acid production.

The present study explores the potential of two Lactiplantibacillus plantarum strains—L. plantarum f53 and L. plantarum 2HS—for the
efficient production of LA from the above-mentioned agro-industrial waste materials. Their comparable efficiency to pure lactose as a
substrate suggests that these wastes can serve as sustainable, low-cost raw materials for industrial-scale LA production.

A mathematical model of the fermentation process was composed. The model includes differential equations describing cell growth,
substrate consumption, and product formation. The modified Gompertz equation and the Luedeking—Piret equation were used to describe
cell growth and lactic acid production. The proposed model was tested and showed excellent agreement with experimental data, and the
calculated parameter values were of the same magnitude for all cases.

1. Introduction

Lactic acid bacteria (LAB) are a diverse group of taxonomically
distinct microorganisms, united by their ability to form lactic acid
during the fermentation of various carbon sources. Lactic acid
production from different agro-industrial waste materials by
Lactiplantibacillus plantarum strains was studied. Distiller’s dried
grains with solubles (DDGS), spent coffee grounds (SCG), wood
chips hydrolysates (WH), and cheese whey were used as substrates
after pretreatment, and the results were compared with those with
lactose as a carbon source. A mathematical model of the
fermentation process includes a set of coupled differential equations
describing cell growth, substrate consumption, and product
formation. The mathematical model based on the Compertz and
Luedeking — Piret equations was proposed and tested, showing very
good agreement with experimental data.

2. Objective
The purpose of the present investigation was to model the lactic
acid production by selected Lactobacilli strains capable of
assimilating the sugars present in some waste materials, to study the
kinetics, and to model the process of lactic acid production. The
waste streams were dilute acid and enzyme hydrolysates from
DDGS and SCG, cheese whey, and a by-product stream from the
Kraft process of cellulose production from wood. A mathematical
model of the fermentation process includes a set of coupled
differential  equations  describing cell growth, substrate
consumption, and product formation.
A

X(t) =Xy + T
1+exp[%(ﬁ—t)+2]
P_axX
& Yath

ds  1dx 1dP
@ Vsdr Tsdr ¥

t=0,P=Py,S=S,

3. Research methodologies

MATLAB 2025b software was used to solve the model equations
describing the fermentation process. Initially, the parameters in the
modified Gompertz model (umax, A, A) are determined using
experimental data for cell concentration and minimizing the least
square's function Q, being the sum of the squares of the differences
between the measured biomass and that calculated from the model.
The next step is to solve the model equations describing lactic acid
formation and substrate consumption. To calculate the parameter
values (Yyxs, a, B, Yps), our experimental data were used,
minimizing the least square's function Q,, which is the sum of the
squares of the differences between the calculated concentrations by
the model and measured substrate and lactic acid concentrations.

N
1 2
Ql(lumax rA: l) = NZ(X] —X].eXp) - min
j=1
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N N
1 2
Q(Yuss) Yessrau B) = NZ(SI' -5 + Z(Pf —B) = min
=1 =1

In both functions, Q, and Q,, j are the experimental point numbers;
X, S, and P are values of the biomass, substrate, and product
concentration calculated by the model; X*®, S*® and P*® are
experimental values; N is the experimental data number; and t;
(j = 1...N) are the times in which the X, S, and P concentrations are
measured.

. Results and discussion
Table 1. Determined model param

Model para
T A A Ys,  Yws « £

0513 14531 _13.866 _0.276 2.573 _7.022 _0.009
0.472 13985 12.569 0.156  2.361 5142 0.010
0394 13427 13.492  0.157 12,564 0.009
1174 12.623 24.249 3.470
0.490 15.504 7.156
0.383 10922
10,580
12.975
24.332
0.544 17.448

1—Lactose; 2—Whey; 3—SCG; 4—WH; 5—DDGS; pma—maximum growth rate, h* A—the
asymptotic level of biomass, g/L; A—duration of the lag phase, h; Yxs and Yps—yield coefficients
for biomass on substrate and product on substrate, respectively, g/g; a [-] and B [h™]—growth
associated constants for product formation and the non-growth-associated constant for product
R,*—coefficients of determination.

o Ry R
02837 _0.9950 _0.9986
0.5467 _0.9984__0.9984
0.0219 09885 0.9998
0.0335__0.9914
12410 0.9950
0234709973
01505 _0.9457
01326 0.0212
0.0421__0.0706
0087412025

0.069%
0.0309
01013
01231
0215

5.407

0.580 _4.493 0.029
0.008
0.011
0.018
10349 0.006
5712 0.016

7992 0.006

0.9986

12.864 03132312 0.9861

0.250
0.455
0.191
0.349

02488

2.393
5.541
2905
4731
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7.025
7.701
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15129
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Fig 1. Experimental and model results for microbial growth, substrate consumption,
and lactic acid production from different carbon sources

5. Conclusion

The possibility of using waste materials for lactic acid production
was tested in the present study. Different raw materials were used —
DDGS, SCG, wood hydrolysate, and whey. A mathematical model
based on the modified Gompertz equation and the Luedeking-Piret
equations was used to model experimental data, with excellent
agreement. The parameter values calculated by the model for all
cases were of the same magnitude.
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One of the most dangerous air pollutants is sulfur dioxide. Its main source is the processes in which coal, oil and other fossil fuels, which
have a high sulfur content, are burned. An innovative waste-free FGD process is proposed for decontamination of flue gases from SO,. It is
an absorption-adsorption method based on the absorption of SO, in water with its simultaneous adsorption from the aqueous solution with a
synthetic ion exchange resin The regeneration of the adsorbent is carried out with a solution of NHj;, with subsequent decomposition to
obtain (NH4),SO; with HNO;. The final products of the processes are pure, gaseous (liquefied) SO, and an aqueous solution of NH;NO;.
Sulfur dioxide has unlimited application in the chemical industry, and NH,NOj3 is a commercial product - nitrogen fertilizer. In this sense, the
new absorption-adsorption method represents a practically waste-free technology. The main element of this technology is a tray column,
where the absorption-adsorption process takes place on the trays in an agqueous suspension of synthetic ion exchange resin (Fig.1.).

Fig.1. Scheme of the process Fig.2. SO, (gas) concentration Fig3. SO; (liquid) concentration

A convection-diffusion model for the specific process with generalized variables, axial and radial velocity components, has been developed.
The equations of the average-concentration model and the convective-diffusion model have been solved. The parameters in the gas and
liquid phases have been identified. For the mathematical description of the non-stationary absorption-adsorption process, a combination of
physical absorption and chemical adsorption models is used (1)

o (n) d (n) 82 (n) o .
%+ul%:Dl a[;lzl ’ko(cl(l)’lcltz)):

o g 2™ . .
;2 +U ;122 =D F(;l; +ku(c1(;)’Zq(z))’kl(cl(;)’cfs));
dc™ dc®

o (6 i) kel T = kel

dt
) = () — () — () _ 0 .
t=0, C}; :Cxol! C)zJ =0, C)sJ =0, Cz;) :ng,

-0 PO 0=[%F ) 0=t 0<%
-0 -0

oz o ),
(n)
z=1, oz[@] .
oz

2=l

An experimental installation for the processes has been designed and built up. Experiments for the kinetic of the processes are carried on.
The results of the mathematical modeling are in a good agreement with the experimental data. Fig.2. and Fig.3 represent the distribution of
the SO, concentration with time and column height in the gas and the liquid phase respectively.

Key words: SO, convection-diffusion model, absorption, adsorption, ionexchange resins,
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Modeling quantum correlations in donor-acceptor transport processes of biomolecules
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Laboratory of Radiation Biology, Joint Institute for Nuclear Research, Dubna, Russian Federation
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Abstract: A quantum model of excitation transfer from a donor molecule to an acceptor molecule through a biomolecule represented by a
quasi-one-dimensional molecular chain is proposed. The sites of the chain correspond to the structural elements of biomolecules, such as
amino acid residues linked into the chain by peptide bonds in proteins or nucleotides in RNA and DNA. Particular attention is paid to the
emergence of quantum entanglement between the donor and acceptor molecules as the specific type of quantum correlations, which provides
an intramolecular quantum channel for information transmission.

Keywords: TRANSPORT PROCESSES, BIOMOLECULES, QUANTUM ENTANGLEMENT, LOGARITHMIC NEGOTIVITY

. A~ 1 R ~ .
1. Introduction dn = =2il g i - expliknR), ®)

Transport processes of energy and charge in biomolecules, such ~ where the vector k =2mnv/(NR), v=—-N/2+1,—-N/2+
as proteins, RNA and DNA, play an important role in cellular vital 2,..,0,..,N/2—1,N/2, takes N discrete values in the interval
functioning. For example, it is believed that protein molecules are —m/R <k <m/R, Hamiltonian (1) takes the form in the k-
the mediators of transfer of energy generated in the hydrolysis of representation
triphosphate (ATP) for diverse biological processes such as R
photochemical reactions, cross-membrane ion transfer and muscle H= Zilin/R[hwk afay, + nvp (aib + hvg (k)D*ay, +
contraction. Such processes, as has been shown, cannot be nVy(k)ar A + hv;(k)A*a, + hepD*D + hep,ATA]  (6)
described within the framework of classical physics, but a quantum .
mechanical approach is required [1]. Moreover, the description of with

transport processes in highly molecular structures at the quantum wp = A —L - cos(kR), @)
mechanical level makes it possible to consider also the question of

quantum correlations arising in such systems [2, 3]. It is currently Vo (k) = exp{ iknyR}, Va(k) = exp{ iknyR}. (8)
believed that quantum correlations and entanglement between the

electronic states of nucleic acids in DNA are responsible, in In order to describe the dynamics of such a system, we
particular, for the processes of its repair and replication (see, e.g., represent the wave function for a single-excitation state in the form
[4]). However, experimental verification of quantum entanglement

in biomolecules is very difficult due to the structural complexity of [(t) >= [uD (E)D* +uy (DAY + ZZ&H/R u, (t)a ]|{0} > (9)

these molecules. In this sense, the use of donor and acceptor . o . .
molecules attached to specific sites of a biomolecule to provide  With the normalization condition for the amplitudes

excitation transport can be used as detectors to register quantum 2 2 /R 2

correlations that might arise between these sites of the biomolecule. lup (O + lua (O + Xy =y /gl (O = 1. (10)
. . . . The amplitudes are found from the Schrodinger equation

2. Model Hamiltonian of a Biomolecule with P gereq

Attached Donor and Acceptor Molecules i O = jy(e) >, (11)

We consider a model of a biomolecule as a quasi 1D periodic  which leads to the following system of differential equations
polymer chain of N structural elements (or sites) located at a

d!stance of R (the primary §tructurg). As _the st_ructurgl elements of dust(t) = —i[sDuD ) + Z’kri’inm Vp (k) uy (t)],
biomolecules, one can consider amino acid residues linked into the dup ()

chain by peptide bonds in proteins or nucleotides in RNA and DNA. - _l[SA“A ) + Zk——n/R Vi (k) (t)], (12)
The donor and acceptor molecules are assumed to be attached to the dug(t) _

molecular chain (MC) at the certain sites (e.g., n; and n,). Then the 2 = e ©) + V5 (up (O + Vi(kua (0],
Hamiltonian of such a composite system has the form of the sum of with the initial conditions
the following Hamiltonians:

Aefe + A+ A+ 0 v a ) up(0) =1, u,(0) =, (0) =0, (13)
= Hymc D A D-MC A-MC» . o .
provided that the excitation is transferred to MC from the donor
where molecule.
Hyc =3N_, [hA +a, _—(an+1an +ar ﬁn)] ) Typically, biomolecules contain a huge number of structural

elements, i.e. N > 1, then it is possible to use the following limit
describes intramolecular excitation states in MC with the energy AA expression

and AL/2 is the energy of intermolecular interactions between two /R R ifn/R clodk (14)

neighboring sites, @, being the excitation creation operator on the k=-n/R ¢ 2m *-n/R ’

n-th lattice site, Taking this expression into account, from the system of equations
Ay = hepD*D, Hy = heyAtA ®) (12) with boundary conditions (13) we obtain a system of integro-

differential equations for the amplitudes up (t) and u, (t):
correspond to the donor and acceptor molecules with the energies

~ A . ) N dup (t) . t
hep, heas, and D+, A* are their creation operators, which attached ud% == {SDUD (®) + [y [A11(t = Dup () + 412 (t = Dua (0] dT}
to n; and n, sites of the molecular chain in a form of d .
AR T o 2l = —i{eaua(®) + [y A1 (£ = Dup () + Ao (¢ — Dua (D)) e}
Hp_mc = h8p (a4, D + D¥a,, ), Ha—uc = h8x(at,A + A*a,,)() (15)
with the coupling energies A8 and hd,. where

Applying to the site operators @, the following transformation
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M1 () = [8p[2e Yy (Lt), A4(8) = i ™8pSpe~ Y, _, (LD),
Ap1(t) = iM728,8pe 7B, (Lt), Ag2(t) = |8a]2e ™Yo (LD),
(16)

J.(t) stands for the Bessel function of the first kind of the n-th
order, while

e (8) = et [V (up (2) + Vy (us (D] dr. (17)

To solve such a system of equations with integrals in the form
of a convolution, it is convenient to use the Laplace transform
method:

F(p) = LIF (D)} = [ e P f (), (18)

which is defined in the half-plane Re p = a > s, where s, being
the growth rate of f(¢). As the result, the Laplace transforms of the
donor and acceptor amplitudes can be presented in the form:

Up(p) = [p+i(ea + A22())]/Q®), Up(p) = —i Az1 (p)/Q(p),
Q) =[p+i(ep + A@)][p +i(ea + A2 ()] (19)
+ A12(p) Az1 (p),

where A;; (p) are the corresponding Laplace transforms of 4 ; (t) in
Egs. (16).

The time dependence of the amplitudes up(t) and u,(t) is
found by the inverse Laplace transform of Egs. (19), which can be
calculated using the Mellin formula

f®) = L7HF @)} = o= lim; .o,

3. Phenomenon of Quantum Entanglement in
Biomolecules

In the model, we consider the possibility of generating quantum
entanglement as one of the most important types of quantum
correlations. Quantum entanglement in biomolecules expresses the
fact that the quantum state of each of its structural element cannot
be described independently of the states of other structural
elements. As a measure of entanglement, it is convenient to use the
logarithmic negativity based on the logarithm of the trace norm of
the partially transposed density matrix [5]

Ex(8) = log,||8"T || = log,[1 + 2N(p)],

where N(p) = |X; u;| is called negativity and u; < 0 are negative
eigenvalues of pP7, which elements are defined as follows

fa+ib

Y etE(p)dp.  (20)

a

(21)

APT

Omu nv (22)

= Omv nu-

In the case of a wave function of the form (9), the logarithmic
negativity between the donor and acceptor as a function of time is
given by the expression

Ep(t) = log[lup (®)1? + lua (t)]?

/(A = Tup (O = [us (O + 4|uD(t)|2|uA(t)|2]-
(23)

The emergence of quantum entanglement between the donor
and acceptor in charge or energy transport processes means the
formation of a quantum channel between them through which
quantum information can be transmitted as well. In addition, the
donor and acceptor, attached in different parts of the MC, can be
considered as detectors for diagnosing quantum entanglement
between the structural elements of the MC.

4. Results

As an example of MC, we consider a model of a protein-like
molecule. In the case of proteins, one can associate MC excitations
with peptide bond vibrations, e.g., C=0, known as Amide I. The
energy of such vibrations, corresponding to the intramolecular
interaction A4, is 0.21 eV, while the energy of the peptide bonds
that link two consecutive amino acids into a protein chain,
representing intermolecular interactions AL /2, is estimated as 140 —
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400 kd/mol, i.e. 1.45—4.15 eV. Thus, in the model we assume the
following relationship between the parameters: A = 0.1L. For the
model parameters of energies of the donor and acceptor molecules
and their couplings with MC in sites n; = 1 and n, = 5 we adopt
the following values: e, = €4 = Aand 8p = 86, = L/4.

Probabilitiy

1.0

08 — |up|?

2
u,
0.6 lual
0.4

0.2

Lt

5 10 15 20 25 30

Fig. 1. Probability of finding the excitation on donor and acceptor
molecules as a function of scaled time, Egs. (19), (20).

Ey

0.08

0.04
0.02

Lt

5 10 15 20 25 30

Fig. 2. Logarithmic negativity between donor and acceptor molecules as a
function of scaled time, Eq. (22).

The results of the numerical calculation performed for this
model with the chosen parameter values are shown in Figs. 1 and 2.
Fig. 1 demonstrates the temporal migration of excitation from the
donor molecule, where it was originally located, to the acceptor
molecule along MC. As can be seen, despite the significant length
of MC, the probability of detecting excitation on the acceptor
molecule can reach tens of percent, which is due to the quantum
nature of the transport process. It is important to note that during
such migration, quantum entanglement arises between the donor
and acceptor molecules, that indicates the formation of the quantum
channel between them, which can be used to transmit quantum
information, Fig. 2. The figures also show that the emergence of
quantum entanglement occurs with some delay from the beginning
of migration, which is related to the time required for excitation to
reach the acceptor molecule in the process of its transport along MC
in accordance with the evolution of the wave function (9) in time.
The duration of the entanglement effect far exceeds the
characteristic lifetime of excitation on the site (z~ 1/L), which may
indicate its relatively stable nature.

5. Conclusion

The report proposes a model for describing quantum
correlations that can arise during the process of donor-acceptor
transport in biomolecules. The emergence of non-local quantum
entanglement in molecular systems is of interest from the view
point of using such an quantum channel for the exchange of
quantum information necessary for the stable functioning of
biological objects.
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Abstract: The present study concerns the simulation, in two dimensions, by the finite element method, of the behaviour of the magnetic field
created by sources of equivalent neuronal currents by considering a simplified model of a diagnostic device used in MEG
(Magnetoencephalography). The simplified geometric model is composed of the head, the magnetic field sensors and the sources of
equivalent currents representing the neurons. The geometric model of the head is represented by 3 layers which are brain, bone and skin.
The sensors placed above the part of the skin make it possible to calculate the electric voltage induced by the magnetic field resulting from
the sources of equivalent currents produced by the neurons. Neurons are represented by equidistant point current sourcesThe Maxwell-multi

physics software has been used.

Keywords: FINITE ELEMENT METHOD, MAGNETOENCPHALOGRAPHY, INDUCED VOLTAGE, SQUID SENSOR, HEAD AND

SOURCE MODEL.

1. Introduction

The human brain is the most complex organized structure
known to exist, and, for us, it is also the most important. There are
at least 10' neurons in the outermost layer of the brain, the cerebral
cortex. These cells are the active units in a vast signal handling
network, which includes 10" interconnections or synapses. %'hen
information is being processed, small currents flkow in the neural
system and produce a weak magnetic field which can be measured
noninvasively by a SQUID magnetometer, placed outside the skull,
provided that thousands of nearby neurons act in concert. This
method of recording, called magnetoencephalography (MEG), has
already produced several pieces of new information about the
functioning of the human brain. In many MEG measurements, an
area in the brain that has been activated by a stimulus, such as a
sound or a picture, can be located by analyzing the detected
magnetic fields [1].

MEG also aids in diagnosing and delineating multiple novel
findings in other neuropsychiatric disorders, including Alzheimer's
disease, Parkinsonism, Traumatic brain injury, autistic disorders. If
the primary source and the surrounding conductivity distribution are
known, the resulting magnetic field can be calculated from
Maxwell's equations. [2-3]

In the current study, we focus on the simulation 2D of the
behavior of the magnetic field generated by equivalent neuronal
current sources using the finite element method. It considers a
simplified model of a diagnostic device used in MEG
(Magnetoencephalography). The simplified geometric model
comprises the "head," magnetic field sensors, and equivalent current
sources representing neurons. The "head" model is represented by
three layers: the brain, bone, and skin. Sensors placed above the
skin layer allow for the calculation of the electrical voltage induced
by the magnetic field resulting from the equivalent current sources
produced by the neurons. The neurons are represented by
equidistant point current sources. The study investigates the effect
of the sensor position relative to the outer layer (skin) on the
intensity of the calculated signal. The variation of the electrical
voltage at the sensors as a function of the distance between the outer
layer and the sensors is thus provided. The electrical voltage and
magnetic field distribution were calculated for different situations
related to the activation of a subset of neurons. The results obtained
are considered consistent with those already existing in the
scientific literature.

2. Geometric model of the head

Most models used today consider the head to be composed of a
series of interdependent layers, each with its own physical
properties, and then the model is characterized by the geometry of
the interface between two continuous media [4].
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Fig. 1 Model of concentric spheres.

This model is only a very rough approximation of the head’s
geometry. The value of the normalized radii that we considered for
our spherical model are given in Table 1.

Table 1: Normalized radii values for a three-layer model.
Medium Scalp Bone

Cortex

Normalized radii 1 0,92 0,87

3. Magnetostatic field computation

The modeling of the electromagnetic problems is based on the
Maxwell’s equations. In case of magnetostatic hypothesis we have
Ampere’s law, and the law of conservation of magnetic flux [5]:

@
O]

H, B and J are the magnetic field [A/m], magnetic flux density
[T] and current density [A/m?] vectors respectively.

VAH=]

V.E=0

The relation between magnetic flux density with the magnetic
field whish represent the medium law is given follow:

B=uH 3)

u is the magnetic permeability [H/m].

The solution of field problems that include discrete current
carrying regions demands the use of the magnetic vector potential A
concept.

B=VAA

From (2); we deduce: A

)

4. Finite elements formulation

The behavior of the magnetic field produced by the sources of
equivalent currents relative to the neurons is translated by partial
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differential equations, which are obtained from Maxwell's equations
(1) and (2) associated with the relations of the medium given by
equation (3). In this case, the unknown variable to be considered is

the magnetic vector potential A

The magnetostatic equation developed in cartesian coordinates
is given by the following expression:
)) Jsz

(0% + 508

Where v = i is the reluctivity.

0A
dax

dA,

®)

The integral formula of equation (5) is given bellow:
24, 9 (04, _
ff al<( ( ax)+5(v ay)>+jz>dxdy— 0 (6)
Equation (6) can be rewritten in the following form:
04, ]
fai (-2 (%) - 20

The application of Green theorem in the first term of equation
(7) allows us to written:

"’;;Z)) dx dy = [f, aJ, dx dy (7)

ﬂ 60(1 04, 6ai aAZ)d d
0x 0x ay dy xey
A,
v an 4d1"=ffﬂaijz dxdy(8)

By considering homogeneous boundary conditions, the previous
relation is reduced to:

fov (GeGe+

da; 0A,
S8 dxdy = [f, aiJ, dxdy

A, = 2;1:1

Az (x,y) is the unknown.

a; is the projection function at node i.

a; is the shape function at node j.

A; is magnetic vector potential unknown at node j.

©)

a4 (10)

after introducing the magnetic vector potential discretized
formula in equation (1) and with some arrangements we obtain the
complex magnetostatic algebraic system to solve:

[M][A] = [K] (1)

Where [M] is stiffness matrix, [K] is source vector and [A] is
vector of magnetic vector potential unknowns

=l (G5 + 55 dxdy

5. Induced voltage computation

6a’ 04,

% 3 12)

a;J, dxdy

The induced voltage is evaluated using Lenz's and Faraday's
law, given by:
__a%

dt
¢ =Bds

(14)
(15)

By combining equation (14), (15) and (4), we obtain the relation
which allows us to calculate the induced voltage given by:

1 > —
v=_[Ad (16)
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6. Application and results

The configuration shown in figure (2) consists of three layers
representing the skin or scalp, the skull bone, and a medium for all
brain tissue. The sensors are distributed over the external surface of
the head.

Sensor C
e T e
- o,
SensorL calp <= _ SensorR
\L Bone =
<& =
_ =
-=F .
Brain tissue
Neurons

Fig. 2 Geometry of the studied problem.

The physical and geometrical proprieties for each layer are
listed in Table 1.

Table 2: Geometrical and physical parameters.

Medium Scalp Bone Cortex | Sensor | Neurons
Electrical
conductivity [S/m] 033 1000492 | 033 | 56~10° 0
Width [mm] - - - 001 0005
Thickness [mm] 0,1 0,092 0,087 001 0005
Current density
(A - - - 0 0,001

For this application, the equivalent current sources are
considered constant (J=0,001 A/m?), and the magnetic flux density
distribution is shown in Fig. 3.

4 0

Fig. 3 Magnetic flux density distribution.

Bl
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05

m L

Induced voltage (V)

]

25

3
1] 0.01 0.02 0.03 0.04 0.058

Distance between the head and the sensor (mm)

Fig. 4 Induced voltage variation as a function of distance.
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The study of the effect of the position of the sensors relative to
the external layer which is the skin on the intensity of the calculated
signal has been highlighted, we observe a decrease in the intensity
of the magnetic field (see Fig 4). The result obtained is considered
to be consistent with those already existing in the scientific
literature.

The magnetic flux density distribution for several values of the
distance separating the sensors from the head is shown in Fig. 5.

10"

Magnetic fluz density [T)

. i i i i i i
0 0.01 n.oz 0.03 0.04 0.05 0.06

Distance between the head and the sensor (mm)

o7

Fig. 5 Magnetic flux density variation as a function of distance.

7. Conclusion

In this work, a simplified model representing a diagnostic
device used in magnetoencyphalography (MEG) was analyzed
using a numerical method (finite element method), and the magnetic
behavior of the system was highlighted. The effect of the distance
between the sensors and the outer layer of the "head" was presented,
as well as the distribution of the magnetic quantity in the [x,y] plane
of study. The results obtained are consistent with those reported in
the scientific literature.
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Preliminary Numerical Investigations

Nikola Nikolov, Elena Goranova

Institute of Mechanics, Bulgarian Academy of Sciences
n.nikolov@imbm.bas.bg

Abstract:

This work presents a numerical Finite Element Modeling of mechanical behavior of a human vein under influence of medical compression
sock. The FE Model is developed in form of structural transient analysis by help of program product Ansys. The geometry of the vein and the
muscle is assumed as an idealized, and consists of two coaxial cylinders. The stocking pressure is translated to the vein through the muscles
contractions, surrounding tissues and the skin. Moreover, such a pressure and its variations, as well the position of the vein in the muscle
environment, should also have influence on the functioning of venous valves and on the lymphatic system drainage. Because of preliminary
character of this elaboration, these aspects are not discussed here.

The work set-up aims to establish principally how the stocking pressure loads the vein wall depending on different venous elasticity under
given constant muscle elasticity.

The mechanical behavior of vein possessing elastic module E=30kPa and 100kPa is considered under stocking pressure Pst=25mmHg and
60.8mmHg and muscle tissue with elastic module Em=12kPa. The displacements in the vein and muscle with corresponded distributions of
stress and strain states are identified in the both two elements.

It is concluded, that these two pressures induce similar stress values in the vein walls depending on the two venous elastic modules,
correspondingly. Based on that, it is suggested that a 3-Dimensional space of the geometry, pressure and the elastic modules could be
existed. In such a space, optimal patient-orientated values of the pressure depending on the geometrical sizes and elasticity should be
available.

Keywords: Venous ELASTICITY, Venous Surrounding tissue ELASTICITY, STRUCTURAL ANALYSIS, Finite Element Modeling

1. Introduction Table 1. Ranges of Medicine Compression Stocking, [SIGVARIS]

In XVII century William Hardy had found unidirectional blood Compr. | Compr. Min Max Aver.
flow in the human body because of the presence of valves [1].

Class Mercury Compr | Compr Compr.
In the vein the unidirectional transport is ensured by venous valves. | for: Column Pascal | Pascal Pascal
A human vein and valve clinically observed are given in Fig. 1. The Prophyl | 13 mmHg 1729
work of venous valve is numerically modeled in [2]. Non-closure of | - .c
the venous valve leads to venous reflux as seen as yellow color in
Fig. 1. A basic characteristic of the venous insufficiency is the Prophyl | 18 mmHg 2394
retaining of blood in the capillaries and in the surrounding tissues. axis
Such a retaining causes increase in the capillary pressure and Travel 15-18 mmHg | 1995 2394 2194.5
succeeding swelling. The systematic retaining of the blood lead to
appearance of oedema [3]. CCL1 18-21 mmHg | 2394 2793 2593.5

CCL2 23-32 mmHg | 3059 4256 3657.5

CCL3 34-36 mmHg | 4522 6118 5320

CcCL4 > 49 mmHg > 6517

Varix CCL1+(23- 7049
Ulcers 32)=53mmHg

The aims of this work are limited to (1) numerical developed model
which should numerically describe (2) how the external surface of
- " stocking pressure (Table 1) is transmitted from outside the skin
— , surface through the tissue itself to the outside venous wall; (3) how

Fig. 1. Clinically observed vein and venous valve demonstrating the venous wall intra-murally transmit this pressure to the inside.
blood reflux It is well known that, the new developed models (as well the
theories!) are based on simplified idealized assumptions. Usually,
Because of these circumstances the medical compressive therapy  that models are graphically presented, and often give adequate
(Table 1) appears as a proper one for keeping the above pointed explanations, as well directions of future investigations. The

difference in the pressure and assures the drainage. proposed model is developed from such points of view.
At this model, Fig. 2, venous valves are excluded. The pressure . i
(Table 1) acting outside the surface of Volume 2 is transmitted by 2. Problem discussion

the tissues of this volume to the venous wall of Volume 1. This
pressure could trans-murally lead to changes in the inside venous
diameter, respectively in the venous lumen will influence the
circulation and subsequent damages the venous valves.

In their nature the described phenomenon present a combination of
complex physico-chemical and biological live processes, and they
are developed in a system “vein-environment tissues” in which
deformation processes are initiated and advanced. That all is
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performed with one only goal, namely — to keep the matter where
they are developed alive. To achieve this goal it is extremely needed
and important, that a big part of the processes to be strongly
developed in acceptable limits of equilibrium, Fig. 3. To large
extension these limits are determined by the range of variation of
the applied external load, as well as the range of variation of the
geometry and material properties of the elements in the system.

A structural analysis is performed in this work because the
attention is concentrated on the deformation behavior of the two
elements with different elasticity only as response of the surface
stocking pressure. In fact, there are complicated fluid-structural
interactions during the venous blood transport. That effects are not
discussed here. The work has a preliminary character because the
aims are to find venous deformations related to the different
elasticity and to suggest possible negative effects on the venous
wall. Enlargement and complicating of this work taking into
account the above circumstances could be a subject of next works.

Surface Pressure caused by
Medical Compression Stocking
in range from 0 to 7Smm!

Volume 1: Vein
Diameter 4mm
Thickness 0.66m
Volume 2:
Surrounding tissues

Fig. 2 Geometry of the FE model and Loads

The real structural composition of Volume 2 (surrounding/
environment tissue of the vein) contains as materials besides derma,
muscles, bones and lots of fine blood system and lymphatic system.
The compression on the outside surface of this volume means
practically compression on these structural elements numbered in
itself. Under normal work conditions the peripheral capillary blood
system supplies nutritive substances to the tissues in Volume 2, and
the lymphatic system drains surplus amounts of lymphous fluid
from the same volume.

In reality the venous structure is very complex and specific for each
human individual, respectively it is very difficult to build a total
numerical approximation to a given real case. Here, a vein with
diameter of 4mm, thickness of 0.66mm and length 350mm is treated
under surrounding tissue possessing outside diameter of 80mm and
the same length of 350mm, Fig. 2. Generally, the veins are situated
under intramuscular and inter-compartment conditions. At the
second, the influence of the environmental elements as arteries,
bones, skin, fats, fascia etc. is directly applied on the outside vein
wall. These two common cases will not be separately discussed in
this work. These two common cases will not be separately
discussed in this work. The venous Volumes 1 and 2 are separated
in 97791 and 246990 finite elements with 189247 and 342920
nodes, correspondingly. Boundary conditions of zero-displacement
and symmetry are applied in the two ends of the Volumes 1 and 2.
Contact conditions are applied between outside surface of Vol. 1
and inside surface of Vol. 2.

In the numerical investigations of deformation processes, the
material’s mechanical behavior under external loads is usually
described by help of materials’ models. There exist, and there are
continuously developed [3] great number of materials’ models of
biological tissues including such ones of vascular origin. The
classical linear Hook’s material model is assumed in this work for
both the vein and its surrounding tissue taking into account the
preliminary type of this work. It determines a linear dependency
between the stress state and strain state in given material, and both
the states are related through Elastic module which is characteristic
for each material.

72

In Fig. 3, experimentally obtained stress-strain diagrams (broken
black step-like line) under uniaxial tension of venous sample are
given. Based on these lines linear elastic (Hook’s, green ellipse) and
hyperelastic (5-parameter Mooney-Rivlin, thin blue line and
numbers) material models are derived.

400 —
Vein 2, Cycle 10
Work-Extremal
Work-Normal regime @/

il

-

regime, Equation:

” Ci'—l.szzsﬂx,[np
FII‘S!

stable

level

Stress, MPa

Experimental regime
HyperelasticMR-3, Pa:
Cl0=27.722E+006;

Elastic equilibrium Strain

Fig. 3. Experimentally obtained stress-strain diagram by venous
sample. Linear and Mooney-Rivlin elastic materials’ models of vein
demonstrating stable equilibrium and transitional regime of loading.

Two | and Il stable equilibrium elastic regimes (red ellipses) of
experimental venous behavior are seen. Above the diagram the two
regimes are graphically illustrated by deviations of boll from its
equilibrium state on the sloped surface. Four structural levels of
deformation are established depending on corresponding regimes of
increasing strain values. The first (I) equilibrium regimes is read
under strain values until 0.08. After that, a transitional (TT) regime
is seen up to strains 0.15 under acute increased stresses. With next
increasing strains from 0.16 to 0.21, a second (Il) equilibrium
regime is read under relatively low increasing stresses. The rupture
regime of this venous sample is established under increased strain
value of 0.3.

Three levels of venous insufficiency are identified according to [4]
depending on experimentally established venous elastic modules
lower than 30kPa. Above 30kPa and upper 100kPa the vein is
discussed as a normal. In this work the deformation behavior of
vein with elastic modules of 30 and 100kPa assumed as limiting is
numerically modeled under increasing compressive stocking
pressure from 0 to 75mmHg (Table 1) applied on the outside
surface of surrounding tissue with elastic module of 12kPa,.

Strain enlargement process and form change process are
simultaneously developed in Vols 1 and 2 as effect of external
pressure. The stability of deformation process depends on loss of
stability of one in between both the processes. The loss in strain
enlargements leads to strain localizations in and ruptures. The loss
of form-change leads to wrinkles and warps, compromised damaged
forms and fractures.

Equilibrium equations are solved under the corresponding boundary
conditions, and as result corresponding node displacements, Figs 4
and 5, with corresponding stress strain distributions, Figs 6 and 7,
are obtained relating the vein deformation behavior to stocking
compression Fig. 2 and Table 1, depending on the assumed elastic
material models for the vein and the tissue.

3. Objective and research methodologies. Results
The numerically obtained displacements in the vein and the
surrounding tissue are “conditionally” presented in macro-, mezo-
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and micro-levels related to opportunity similar experimental ones to
be clinically observed.

ANSYS

R15.0

OCT 11 2025
15:06:19

NODAL SOLUTION

TIME=60.8333
usuM

R5Y5=0

DMY =.004624
SMX =.004624
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i .004111
.001541 -002569 -003597 -0046.
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Fig. 4. Macro-level of the displacements in vein with Evein=30kPa
and tissues with Emuscle=12kPa under MCS of 60mmHg.

In Fig. 4 the macro-distributions of the displacements are given
across and longitudinal in the wvein. Concentrically decreasing
values from 4mm on the surface to 0.5-1mm in the vein and closely
to vein are seen. lIrregular displacements are longitudinally
understandable in the vein at this observation level. With decreasing
scale-observations to micro-level, three areas of displacement with
equal values are seen in Fig. 5. The displacement in vein with
E=100kPa have regular character under the two pressures. In the
vein with E=30kPa the concentration of the displacements are
clearly seen with the higher load of 60mmHg.

Displacements
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Fig. 5 Displacement, mm in meso-level in vein with Evein=30 and
100kPa and Emuscle 12=kPa under P=25 and 60mmHg.

It should be emphasized, the subject of this elaboration is
concentrated on the numerically modeled deformation behavior of
idealized forms of the two volumes determined by their mechanical
properties. The corresponded to Fig. 5 strain- and stress-
distributions are presented in Figs 6 and 7. Twice-thrice increased
venous strain are seen with Ev=30kPa while the stress differences in
are of one time and half. Related to strain-values in the I-
equilibrium state in Fig. 3, the values higher of 0.12 for Ev=30kPa
under 25mmHg and for Ev=100kPa under 60mmHg suggest
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transition to the TT-stage i.e. start of new structural level of
deformation. Strain- and stress-distributions in the surrounding
tissues have close to similar characters.

Equivalent strain

Ev=30kPa Ev=100kPa

25mmHg; 3.32kPa

vs. 0.016-0.053

max 0.

60mmHg; 8.08kPa

max 0.357-0.470 vs. 0.018-0.13 0.131-0.166 vs. 0.025-0.061

Fig. 6. Strain-distribution in meso-level in vein/tissue with
Evein=30 and 100kPa and Emuscle 12=kPa under P=25 and
60mmHg.

Mises stress

Ev=30kPa Ev=100kPa

25mmHg; 3.32kPa

5.41-6.71kPa vs. 0.2-1.5

60mmHg; 8.08kPa

15.49-19.24kPa vs. 0.48-4.23

0.62-14.03kPa vs. 0.41-3.01

Fig. 7. Mises stress distribution in meso-level in vein/tissue with
Evein=30 and 100kPa and Emuscle 12=kPa under P=25 and
60mmHg.

Next decreasing in “scale-level” numerical observation to micro-
level and concentration of the attention on the vein reveal
displacements and stress-strain distributions in longitudinal and
trans-mural venous directions, Figs 8, 9, 10.

In Fig. 8 at P=25mmHg twice higher displacement’s values for
Ev=30mmHg are seen compared to Ev=100kPa. However, in Fig. 8
the loss of stability in the circular venous form is clearly seen with
Evein=30kPa under P=60mmHg. The vein with Ev=100kPa obtains
more elliptical form at 70mmHg. Here, it must be strongly pointed
that this surface stocking pressure is over-pressure according to
Table 1, but we are here numerically looking for the limiting
loading regimes depending on the venous elasticity. Such loading
regimes could be related to different deformation behavior specific
for given elastin-collagen contents.
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Total Displacements Vein
Ev=100kPa"*

25mmHg; 3.32kPa

0.045-0.075mm

max 0.126-0.16mm
i ey

max 0.11-0.18mm

Fig. 8. Displacement in micro-level in vein with Evein=30 and
100kPa and Emuscle 12=kPa under P=25 and 60mmHg.

Next, the attention on the strain values of vein with Ev-30kPa (Fig.
9) establish that the values of 0.031-0.066 at 25mmHg are in the
ranges of the I-rst equilibrium Work-Normal regime seen in Fig. 3,
and upper value goes closely to the limit of 0.08. Surface P=60kPa
leads to strain values 0.018-0.244, where the second values
indicates structural transformation in the venous wall. The surface
stress values observed in Fig. 9 are approximate to the values of
3.32 and 8.08kPa (25 and 60mmHg) applied to the surface of the
venous surrounding tissue

Evein=30kPa

Equivalent Strain Mises stress

ANSYS
5o

25mmHg; 3.32kPa

60mmHg; 8.08kPa

Surface 0.018-0.244 vO,4l4-3.81—7.223kPa
Fig. 9. Strain and stress distributions at micro-level in vein with
Evein=30kPa and Emuscle 12=kPa under P=25 and 60mmHg.

Analyses of Fig. 10, as well Fig. 8, reveal a stably deformed
cylindrical form of the vein with Ev=100kPa. Looking at the strain
values from 0.022-0.034 to 0.061-0.096 for P==25 and 60mmHg
correspondingly, it could be concluded that the vein works under
equilibrium conditions of the Ist level, Fig. 3. The venous stress
values are in commensurable ranges to the surface pressure of P=25
and 60mmHg. They show that the surface stocking compression is
transmitted by the wvenous surrounding tissue possessing
Emuscle=12kPa to the outside venous wall with similar values.
Questions could be here imposed about these stress values, could
they cause structural (elastin-collagen, including fibre tearing)
transformations in the vein with E=30kPa and do not cause in this
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one with Ev=100kPa. That is out of the subject of this work because
of its initial work stage.

Evein=100kPa

Equivalentstrain Mises stress

ANSYS

WS

ANSYS|
WS

25mmHg; 3.32kPa

Surface 0.022-0.034 2.151-3.373kPa

ANSYS

WS

ANSYS
s

Surface 0.061-0.096

60mmHg; 8.08kPa

5.491-9.088kPa

Fig. 10. Strain and stress distribution at micro-level in vein with
Evein= 100kPa and Emuscle 12=kPa under P=25 and 60mmHg.

4. Conclusions

A 3-D numerical simulation of mechanical behavior of vein under
medicine compression stocking is developed by help of FE
Modeling and Ansys program product, Fig. 2. The vein is modeled
as tube with diameter 4mm, thickness 0.66mm, length 350mm and
having elastic (Young) modules Ev=30kPa and 100kPa. The
surrounding tissue of the vein has diameter 80mm, the same length
of 350mm and elastic module Emuscle=12kPa. Linear elastic
(Hook) materials’ models are assumed, as in elastic equilibrium
loading stage, Fig. 3. The surrounding-tissue surface is compressed
step-by-step in range from 0 to 75mmHg, Table 1. Three levels of
distributions of the displacements, strain and stress in the vein are
presented under pressure P=25 and 60mmHg in Figs 4-11. It is
established that the strains in vein with Ev=100kPa have values
below 0.08, as these ones characteristic for the normal elastic
equilibrium loading stage given Fig. 3. With Ev=30kPa at pressure
of P=25mmHg the strains are lower than the equilibrium of 0.08,
but with increasing P=60mmHg elliptical loss of stability in the
venous form-change process is established at thrice higher strain
0.244 than the equilibrium limiting one 0.08. It is established for the
two venous elasticities, that all surface pressures P from 0 to
75mmHg are transmitted in similar stress values on the outside
venous wall, Figs 9-10 approximately of 3.32 and 8.08kPa for cases
of P=25 and 60mmHg. Finally, we conclude 3-D space of the
geometry, pressures and elastic modules could be existed. In such a
space, optimal patiently-orientated values of the stocking pressure
should be available depending on the geometry and elasticity.
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Particle-in-cell modeling of non-radiating states of laser-plasma
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Abstract: In this work we study numerically, by means of Particle-in-Cell simulations, the formation of non-radiating configurations in a
plasma, arising from the ionization of atomic gases by intense laser pulse Our simulation show that, after the release of a short terahertz
pulse, a nearly non-radiating field and current configuration is formed, even though the charge and current distributions of plasma remain
essentially time-dependent. In a plasma target emitting terahertz waves, such a non-radiating state is formed under the action of radiation.
Our calculations suggest that formation of a non-radiating configuration occurs in a self-consistent way and can therefore affect the

duration of the emitted terahertz pulse.

KEYWORDS: PARTICLE-IN-CELL SIMULATIONS, TERAHERTZ RADIATION

1. Introduction

The generation of time-dependent non-radiative currents in a
rarefied plasma is a rather common phenomenon. Current
oscillations at a frequency at which the plasma permittivity is zero
can be mentioned as a simplest example. Another, more complex
example consists in the generation in an inhomogeneous plasma of
a current density distribution with a vanishing dipole moment.
Strictly speaking, such a configuration can not be called completely
non-radiative, but since the radiation occurs because of the higher-
order moments, it has a very high frequency, which is much bigger
than the plasma frequency. Finally, these could be trivial
configurations with an anomalously small dipole moment or cases
where the propagation of the wave with a given frequency is
prohibited by the dispersion relation.

In this paper we present a tool for a numerical study of time-
dependent current configurations with a non vanishing dipole
moment that do not emit radiation because of a complete or nearly
complete destructive interference in the far-field zone. Such states —
the so-called anapole states — have long been known to exist
theoretically [1,2] and have been studied by several prominent
scientists [3,4], including Ehrenfest, Zeldovich, and Ginzburg, but
their practical realization have been realized only recently in
metamaterials. For example, a review [5] discusses a small emitter
(with a size on the order of a wavelength), where suppression of
radiation can not be attributed to the restrictions given by the
dispersion relation. In this case, the suppression occurs because the
currents and charges in the emitter oscillate in a very specific way.
Our calculations show that in a plasma target emitting terahertz
(THz) waves, a non-radiating state may be formed under the back
reaction of the THz radiation. In particular, when a THz wave is
emitted from a small plasma target (with a size of the order of the
wavelength of the THz wave), the back reaction of the radiation on
the motion of the charged particles leads to the rapid formation of a
plasma configuration that no longer emits radiation. At the same
time, it continues to perform rather complex oscillations. Since in
this case the formation of a non-radiating configuration occurs in a
self-consistent way, it can therefore affect the duration of the THz
pulse, making it very short. The structure of the paper is following.
First we formulate the problem statement and present the main
numerical algorithms we use. Then we discuss our numerical results
and finally, report the conclusion.

2. Numerical model and Setup

The initial setup is schematically shown in Figure 1. The
. X Do . . .
rectangular domain is partially occupied by a

neutral gas. The laser pulse enters the domain from the left. The
laser pulse is characterized by the intensity o, duration ™ focal
spot-size Fo, polarization (linear of circular) and spectrum (mono-
or bichromatic). The gas cell - by the initial concentration Mo, size

Lo Dy
of the cell and gas type. We assume, that the plasma,

formed by the ionization, can be considered as collisionless.

|-domain

75

=

YLLIT

VY

neutral gas cell

Figure 1. Initial setup: The rectangular domain is partially
occupied by a neutral gas. The laser pulse enters the domain from
the left and propagates to the right.

A self-consistent model to study the behavior of fully or partially
ionized gases in the field of an intense laser pulse consists of Vlasov
kinetic equations for the distribution functions of plasma ions and
electrons and Maxwell's equations for the electromagnetic fields
E,B
[6].

We measure the mass and charge of the ions in the electron mass
Me and the elementary charge €: normalize the velocities to the
speed of light ¢ use the values of the main wavelength Ao of the
laser pulse as the length unit and the amplitude of the

- 2
dimensionless vector potential 3= eBoAo/(2TM, C) as the unit
for the electromagnetic field amplitude. Note that for a linearly

polarized electromagnetic pulse with wavelength Ao=800nm the

value 2~ ! of the normalized vector-potential corresponds to the

—921.1018 2
intensity of o= 2.1- 107 W/em”.

We solve the Vlasov equations using Particle-in-Cell (PIC) method
[7-9] and obtain the solutions of the Maxwell equations using a
finite-difference time domain (FDTD) scheme [10,11].

To solve the equations of motion for the charged particles the Boris

2
scheme [12] is used. It is of the second order in time O(&). time
reversible and unconditionally stable [13]. Formally, the scheme is
implicit, but its implementation can be done in an explicit way. In
[14] it has been proven that the long-term accuracy of the Boris
algorithm is ensured because it preserves the phase space volume.
In Cartesian geometry the solution of Maxwell's equations is
performed on a uniform rectangular grid =B Y=k By i

*¥ being the grid spacings. The values of the components of the
electric and magnetic fields are defined on the staggered grids and
are shifted relative to each other by a half step size in time. Since
the conventional FDTD scheme [10,11] uses central differences to
approximate the derivatives of the fields, it has a second order of

2 2 2

approximation over all grid steps O(AcA Ay with & being the
time step. The scheme is explicit and conditionally stable if
cA,(Ai+AL)s 1. _

xSy The FDTD scheme ensures an automatic
fulfillment of discretized Gauss's law for the magnetic
field V-B=0 g any time step, provided it is fulfilled at t=0- To
garanty an automatic fulfillment of the discrete analog of Gauss's
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law for the electric field V- E=41e(Zn=1,), where ™ is the

electron concentration and "™ and Z are the ion concentration and
ion charge, we use an algorithm of reconstruction of the current
density first proposed in [15] and later generalized in [16].

lonization of the gas cell by the electric field is taken into account

using formulas for the tunnel ionization probability w(E). These
use the instantaneous value of the electric field strength [17,18], in
contrast to the widely used ADK [19] formula, in which the electric
field is averaged over the period.  Numerically we proceed as
follows. At =0 the computational domain contains a neutral gas,
which is modeled by identical particles having a distribution by

coordinates according to the initial gas concentration (X, Y). At
each point of the domain (5 ¥3)s occupied by a neutral atom or an

ion in a low charge state the ionization probability P=1- e e

is calculated. The refection method [20] is used to decide whether
the ionization event takes place or not. If an ionization event takes
place, the charge state of the parent atom/ion is increased by one

and an immobile "new" electron is born at (Xi»¥Yi)- At the next
time step positions and velocities of the "new" electrons are updated
and their contributions to the charge and current density are
calculated. Since the intensity of laser radiation is not very high,
ionization can lead to significant losses of pulse energy. To take into
account the depletion of the laser pulse due to ionization losses we

follow [21,22] and introduce an “ionization" current Jin \whose
direction coincides with the direction of the electric field
E(X;,¥1) at the position (Xi»¥i) of the "parent” ion, and whose
density, is such that (Jor ECY)=We. where We s the work
of the electric field spent on ionization during the time step A The
energy conservation in every numerical cell is controlled: if the

remaining electric field energy is not sufficient for further
ionization, then no further ionization occurs.

3. Simulation results

Numerical simulations discussed below have been performed at the
Joint Supercomputer Center of the Russian Academy of Sciences
and at the Siberian Supercomputer Center of the Siberian Branch of
the Russian Academy of Sciences. In order to efficiently use the
resources provided by these Centers the numerical code has been
parallized. The details of the parallelization strategy can be found in
e.g. [23]. Data exchange between processor elements is handled by
means of MPI routines, FORTRAN has been chosen as the basic
programming language. We performed series of simulations in a
wide range of parameters, which are summarized in a Table 1 and
Table 2 below. In all the simulations the laser pulse was bichromatic

with a wavelength of the second harmonic M= Rol2. g

amplitude of the electric field of the second harmonic  was
a1=0.2a0_

% polarization Ao.nM ro/ho | ToC/Ao

0.02 - 0.05 | CP(LP)-LP(CP) | 800 - 2000 | 5-50 10 - 100

Table 1: Basic parameters of the laser pulse used in simulations.
Abbreviation CP/LP denotes circular/linear polarization of the

laser pulse.
Mo, 10*%cm™* Deenl Ag Leen/Ao  Laomain/Ao Duoran! Ao
1-20 4-50 5-200 |100-250 100 -250

Table 2: Basic parameters of the argon gas cell used in simulations.
In Figures 2 and 3, we plot, exemplary, the distribution of the period

-averaged electric field ( ~Y component in Fig. 2 and

E. component in Fig. 3) for the simulation of the interaction of a
circularly polarized bichromatic laser pulse with
Ao=2um,26=005 iy sma argon cell of Bcar= Lear=5ho o tye

76

= 17~y 3
initial concentration of " 9x 10%cm”. The y- component of the

electric field is show for t=100A,/c=6671s and the z-component
of the electric field is shown at three subsequent time moments, t =

30 M/C , 70 Ao/C and 100 /S The generation and propagation
of a short terahertz pulse is clearly visible.

y, mkm

100

-100

-200

|
-0.002 0 0.002

Figure 2. The distribution of tHe period averaged y-
t=100A ,/c=6671s.

component of the electric field at

y, mkm

-200

|
0.002
od averaged y-component of

-0.002 0.
Figure 3. The distribution of the Reri
the electric field at t=3070,100Ad/c, corresponding to 200, 467

and 667 fs.

An example of a non-radiating configuration is plotted in Figure 4.
The distribution of the y-component of the electric field at is shown

for t=120A/c= 3201s. Here the circularly polarized bichromatic
laser pulse with Ao=08Um,a=005 i0racted with larger argon

cell of Dour= Lea=625A, of the initial concentration of

- 19~y 3
M= 1.1x 10%ent *. After a release of a short terahertz pulse, this

configuration doesn’t emit radiation anymore, although the
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distribution of the fields and currents remains essentially time-
dependent.

4, Conclusion

In this paper a numerical tool to study dynamical configurations of
plasma created through the ionization of an initially neutral gas cell
by an intense laser pulse has been presented. The mathematical
model consists of Vlasov equations for the distribution functions of
the plasma species and Maxwell equations for the electromagnetic
field. To solve the Vlasov equations the widely used PIC method
has been applied. To self-consistently update the electromagnetic
fields the FDTD method has been used. Series of simulations
within the wide range of laser pulse and gas cell parameters has
been performed to examine the formation of non-radiating
configurations in a plasma arising from the ionization of atomic
gases by an intense bichromatic laser pulse. The results of the
simulations have confirmed that in the interaction of a relatively
long but not monochromatic laser pulse with an initially neutral gas
cell an asymmetric photoelectron momentum distribution is formed.
The resulting strong, time-dependent photoelectron current leads to
the emission of a short electromagnetic pulse in the THz domain.
After the release of a short THz pulse, a nearly non-radiating
plasma configuration is formed, even though the charge and current
distributions remain essentially time-dependent. Our calculations
suggest that the formation of a non-radiating configuration occurs in
a self-consistent way and can therefore affect the duration of the
THz pulse, making it potentially very short.
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Heuristic optimization of moving-average trading rules on stock data
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Abstract: This paper investigates the optimization of a Moving-Average (MA) crossover trading strategy using derivative-free methods. The
strategy, defined on daily prices of the S&P 500, Apple (AAPL), and Alphabet (GOOGL) (1995-2024), is characterized by two integer
parameters: short-term and long-term window lengths. We treat the in-sample annualized Sharpe ratio as a black-box objective function. We
propose a multi-start coordinate pattern search algorithm that iteratively probes neighboring parameters and adaptively shrinks step sizes.
Results from 1000 Monte Carlo runs per asset demonstrate that the method reliably converges to near-optimal solutions comparable to
expensive brute-force grid searches. The optimizer identifies distinct optimal regimes: medium-term windows for GOOGL, a fixed long-term
trend (approx. 220 days) for the S&P 500, and a specific fast-slow combination (2 and 240 days) for AAPL.

KEYWORDS: HEURISTIC OPTIMIZATION, MOVING-AVERAGE CROSSOVER STRATEGY, SHARPE RATIO, MONTE CARLO

1. Introduction 3. Methodology

Moving-average crossover rules are foundational technical trading 3.1 Benchmark: Brute-Force Sharpe Maps
strategies. They generate signals by comparing a short-term moving  Tq establish a ground truth, we compute the Sharpe ratio on a dense
average of price to a longer-term average, exploiting momentum. grid for all valid pairs (Neshorts Miong). This requires approximately

Zghu'lsie?mg’:%r;?:nga(pggg gr?argot)hfs ‘r’]v('):(_jﬁ‘r?;aearﬁg:ﬁt;%;?h ”:I’I]((; 125,000 evaluations per asset. These "Sharpe Maps" (visualized in
) P P ' ' Figure 1,2 and 3) reveal the non-convex landscape, characterized by

non-convex. : : ; :
on-convex. - . . . ridges and multiple local maxima rather than a single smooth peak.
From an optimization perspective, this presents a classic black-box i Forcas il S arom bt eyiieapes Aa 6554} 2 GOGRL
500

problem. The objective function is discrete (integer parameters) and
expensive to evaluate (requiring full historical backtests), rendering
gradient-based methods inapplicable.

We formulate the parameter tuning as a derivative-free optimization
task. We employ a Coordinate Pattern Search, a direct search
method that navigates the parameter space using local exploration
and step-size reduction. To address the multi-modal nature of the
objective landscape, we utilize a Multi-Start framework. We
validate the method against brute-force "Sharpe maps" (dense grid
evaluations) for three distinct assets, S&P 500 (market index),
AAPL, and GOOGL (tech large-caps), demonstrating the
algorithm's robustness and efficiency.

Short MA Days (S)
°
2
Sharpe Ratio

100 150 200 250 300 350 400 450 500
Long MA Days (L)

2. Problem Formulation Figure 1.Sharp Heat Maps for GOOGL

21 Data and Strategy Brute Force: Full Sharpe Ratio Landscape (Max: 0.738) - S&P 500

We utilize daily adjusted closing prices (PL) from Yahoo Finance = -
for the S&P 500, AAPL, and GOOGL, covering Jan 1, 1995 (or the
first available date), to Dec 31, 2024. Daily simple returns are

defined as:
P, — Py

RL =
Py |
The strategy relies on two integer parameters, ".short and "*long,
bounded such that 2 <= Tshort < Tiong = 500 The moving
averages (MA) at time ¢ are:

1 ng—1
o 50 100 150 200 250 300 350 400 450 500

— Z P,_;, k€ {short,long}
ng

i=0
The trading signal generates a long position when the short MA  £jg e 2 Sharp Heat Maps for S&P 500
exceeds the long MA:

Sharpe Ratio

Short MA Days (S)
~
2
g
o
&

I
38

MAF =

1, if MA" > MAf™

Slgnal o 56 Brute Force: Full Sharpe Ratio Landscape (Max: 0.997) - AAPL
t . X Global Max
0, otherwise
To prevent look-ahead bias, the return at ¢ is determined by the & 08
signal att — 1:

ri" = Signal, ;- R,
2.2 Optimization Objective
The objective is to maximize the annualized Sharpe ratio. Let
Hstrat and T strat be the sample mean and standard deviation of
daily strategy returns. The objective function S is:
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3.2 Algorithm: Multi-Start Coordinate Pattern Search
We employ a derivative-free pattern search that explores the integer
lattice.

Single-Start Procedure:

1. Initialization: Start at (50:50) with initial step sizes
he = h; = 80,

2. Poll: Evaluate the objective at feasible neighbors:
(s + hs, D ang(s,l £ hy),
3. Update:
o If a neighbor improves the Sharpe ratio, move
to that neighbor; keep step sizes constant.
o If no improvement is found, shrink step sizes:
h « max(1, |h/2]).
4. Termination: Stop when he="h;=1 and no

immediate neighbor improves the solution.
Multi-Start Strategy: Since pattern search can get trapped in local
optima, we execute the algorithm from 10 random starting points
per run. The best result among these starts is recorded as the
solution for that run.
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4. Empirical Results

We performed a Monte Carlo analysis consisting of 1000
independent runs per asset to assess convergence stability. Table 1
summarizes the distribution of the optimal parameters found across
these runs.
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Table 1: Summary of Optimization Results (1000 Monte Carlo
Runs) - Mean and Standard Deviation of the best parameters found
by the optimizer.

Asset Mean Best Sharpe | Max Sharpe
Found

GOOGL 0.811 + 0.021 0.854

S&P 500 0.722 4+ 0.010 0.738

AAPL 0.995 + 0.013 0.997

4.1 Convergence Analysis

Alphabet (GOOGL): The optimizer achieves a mean Sharpe ratio of
0.811 with moderate variance (40.021). Analysis of the
underlying parameters reveals a broad solution space; the algorithm
converges to various "medium-term" window combinations that
yield similar performance. This indicates a relatively flat objective
surface for GOOGL, where distinct local optima offer comparable
risk-adjusted returns.

S&P 500: While the Sharpe ratios are highly stable (
0.722 £ 0.010), the parameter convergence highlights a distinct
structural feature. The optimizer consistently pins the long window
to approximately 220 days, while the short window varies
significantly (spanning 2 to 200 days) across runs. This implies the
existence of a "ridge" in the landscape: as long as the long-term
trend is defined by a ~220-day filter, the specific choice of the
short-term window has a marginal impact on the Sharpe ratio.
Apple (AAPL): AAPL exhibits the most robust convergence in both
performance and parameter selection, achieving a mean Sharpe ratio
of 0.995. Unlike the other assets, the optimizer almost exclusively
locates a specific global maximum at the boundary: a fast short MA
(= 2 days) paired with a long MA of roughly 240 days. The
extremely low standard deviation in the Sharpe ratio (0.013)
confirms that the Multi-Start Pattern Search consistently identifies
this dominant peak.
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5. Conclusion

This study demonstrates that multi-start coordinate pattern search is
a highly effective method for optimizing technical trading rules.
Despite the non-convex and non-smooth nature of the Sharpe ratio
landscape, the algorithm successfully identifies robust high-
performance regions.

The empirical results highlight asset-specific dynamics: AAPL
benefits from reacting to long-term trends with immediate execution
(2/240 crossover), while the S&P 500 allows for more flexibility in
the short-term signal provided the long-term filter is set to roughly
one trading year (~220 days). By treating the strategy as a black
box, this derivative-free approach avoids the pitfalls of gradient-
based methods and offers a computationally efficient alternative to
brute-force grid searches.

6. Acknowledgement

This work was partially financed by the Faculty of Computer
Science and Engineering at Ss. Cyril and Methodius University in
Skopje.

7. References

[1] William F. Sharpe, Mutual Fund Performance, The Journal of
Business 39 (1): pp. 119-138, (1966)

[2] Monte Carlo methods in finance - Wikipedia (accessed on
05.12.2025)

[3] Moving Average Crossover Strategies: Types, Calculations,
Pros & Cons for Trading (accessed on 05.12.2025)

[4] Sharpe ratio - Wikipedia (accessed on 05.12.2025)

[5] Heuristic (computer science) - Wikipedia (accessed 05.12.2025)



https://en.wikipedia.org/wiki/Monte_Carlo_methods_in_finance
https://blog.quantinsti.com/moving-average-trading-strategies/
https://blog.quantinsti.com/moving-average-trading-strategies/
https://en.wikipedia.org/wiki/Sharpe_ratio
https://en.wikipedia.org/wiki/Heuristic_(computer_science)

MATHEMATICAL MODELLING 2025

Topology as a lens for semantic organization in transformer embeddings
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Abstract: This paper examines the geometric structure of sentence embeddings through the lens of persistent homology. The goal is to
determine whether semantic similarity produces distinctive topological patterns in a controlled embedding environment. To isolate semantic
effects, a single sentence template was combined with different target words, forming two point clouds in a transformer embedding space:
one derived from semantically similar words and one from dissimilar words. A Vietoris—Rips filtration was applied to both clouds, and the
resulting persistence diagrams were summarized by average lifetime, entropy of birth—death intervals, and the area under the Betti curve.
The results show a coherent difference across topological dimensions: similar words generate stable connected components with lower
variability, while dissimilar words produce a richer set of cycle features that persist across a broader range of scales. These findings
indicate that persistent homology can capture multi-scale structural differences in embedding spaces that are not visible through standard
distance-based comparisons. Although the experiment is intentionally simple, it highlights the potential of topological methods for studying
how semantic structure is distributed across levels of a neural embedding space.

Keywords: TOPOLOGICAL DATA ANALYSIS, PERSISTENT HOMOLOGY, SENTENCE EMBEDDINGS, SEMANTIC SIMILARITY,
SYNONYMS AND ANTONYMS, NATURAL LANGUAGE PROCESSING;

1. Introduction 2. Related work

Word meanings are rarely isolated. Some words share almost the Topological Data Analysis has become a useful tool for
same meaning, others express the exact opposite, and many are studying complex, high-dimensional datasets, where traditional
simply unrelated. Modern language models try to capture these geometric or statistical methods struggle to capture global structure.
relationships by representing words or sentences as points in a high- A key milestone in the development of persistent homology as a
dimensional space called an embedding space. If two meanings are computational framework was the work by Zomorodian and
close, their vectors should also be close; if they differ strongly, they Carlsson, who formalized how topological features can be detected
should drift apart. While this idea is intuitive, the actual structure of and tracked across different spatial scales [1]. Later, Adams et al.
such embedding spaces is still not fully understood. introduced persistence images, offering a stable and vector-based
representation of persistence diagrams suitable for machine learning
workflows [2]. These foundations make it possible to analyze
embedding spaces not only by distance, but also by their structural
and topological properties.

Topological Data Analysis (TDA) offers a way to look at the
global shape of a dataset rather than only pairwise distances or
statistical averages. Persistent homology, one of the core tools in
TDA, can detect patterns such as clusters, loops or fragmentation
that may not be obvious from direct numerical comparisons. Its The idea of applying persistent homology to natural language data
main advantage is stability: small changes in data usually do not is relatively recent. One of the first steps in this direction was taken
destroy the overall topological signal. by Fontana et all., who explored whether word embeddings contain
detectable topological patterns and showed that such patterns can be
used as features in text classification tasks [3]. While their work
demonstrated feasibility, it focused on downstream prediction rather
than understanding how specific semantic relationships appear in
embedding space.

There have already been attempts to apply TDA to text data,
mostly in the context of large corpora or document classification.
These studies show that topological descriptors can sometimes
reveal hidden structures or improve machine learning tasks.
However, much less is known about how basic semantic

relationships, like synonymy or antonym, appear from a topological To evaluate semantic similarity more explicitly, benchmark
perspective. In other words, does the shape of an embedding set datasets such as SimLex-999 were introduced, providing human-
change depending on the type of meaning relation? judged similarity scores that allow systematic comparison of word

meaning [4]. Alongside this, new embedding models such as
Sentence-BERT have made it possible to generate meaningful
sentence-level representations while preserving relational structure
between words and phrases [5]. More recently, research has shifted
toward studying the global behavior of embedding spaces
themselves. For example, De Silva et al. showed that persistent
homology can reveal structural differences between embedding
spaces, such as non-isometric distortions across languages or
models [6].

The aim of this paper is to explore this question in a simple and
controlled way. Instead of working with a large or noisy dataset, we
focus on a small subset of word pairs taken from the SimLex-999
benchmark. The dataset allows us to separate pairs with high
similarity scores from those with very low similarity. For each
word, we generate short template-based sentences, embed them
using a transformer-based model, and compute persistent homology
on the resulting point clouds.

Although these studies point toward the usefulness of topology in
language representation research, there is still limited work on
controlled experiments that focus specifically on semantic relations.
The present paper addresses this gap by analyzing whether
persistent homology can reveal measurable differences between
embeddings of highly similar versus weakly related word pairs.

Our goal is not to build a classifier or prove superiority of one
embedding method over another. Rather, we want to see whether
the topological signatures of the two groups differ in a consistent
way. As the results will show, high-similarity pairs tend to form
more compact structures with shorter persistence, while low-
similarity pairs exhibit more spread and higher complexity.
Although preliminary, these findings suggest that topology can
provide a different viewpoint on how meaning is encoded in
modern embedding models.
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3. Methodology
3.1 Dataset and Sentence Construction

When introducing a dataset into a project, it is of crucial
importance to have it well organized, especially when working with
topology, where everything can be viewed and presented in
different ways. In our case, we take word pairs and introduce them
into context-independent sentences, which will later be embedded
and topologically analyzed.

As the basis of this experiment, we decided to use the SimLex-
999 dataset, which is composed of 999 pairs of words. The pairs can
consist of abstract adjectives, nouns, or verbs, where each pair is
graded according to how similar the words are. Words with related
meanings (synonyms) are graded higher, while words with opposite
meanings are graded lower.

Besides SimLex-999, there are other datasets as well, such as
WordSim-353 and MEN, which, in contrast to the dataset used in
this work, grade the meaning only between two nouns and their
association. These differences can lead to divergent results, which
opens new possibilities for the future, but for now we decided to
continue with SimLex-999, as it provides more appropriate data for
our needs.

For this experiment, we separated the 999-word pairs into two
subsets. First, the dataset was sorted by the similarity score and then
split in half:

e 0.23-4.67: group with lower semantic similarity
e 4,68 —9.80: group with higher semantic similarity

This separation allowed us to perform a controlled analysis and
comparison between these groups and their semantic behavior.

Since isolated words cannot provide sufficient information
about their usage or contextual nature, every word was integrated
into context-independent sentences. These types of sentences are of
a good value because they retain their semantic structure regardless
of which word is inserted into them.

The decision to use these types of sentences allows us to
examine the dependency between words with high semantic
similarity and those with low similarity, as well as to observe their
behavior in these controlled contexts.

Each of the 1,998 words was inserted into ten different template
sentences, resulting in a total of 19,980 sentences. This enabled us
to observe the behavior not only of the individual words but also of
the words within full sentence contexts, which is a significant factor
for the subsequent topological and embedding analysis discussed in
the next section.

3.2 Sentence Embeddings and Point-Cloud Construction

After constructing the full set of generated sentences, the next
step was to convert them into numerical representations that could
be meaningfully compared. For this purpose, the Sentence-BERT
AlIMiniLM-L6-v2 model was used as the embedding engine. This
model is widely used because it produces semantically meaningful
sentence-level embeddings without requiring task-specific fine-
tuning.

In practice, the model takes each sentence and maps it to a
fixed-dimensional vector:
x = E(s) € R384

Each embedding can be interpreted as a coordinate in a 384-
dimensional semantic space. Because differences in magnitude are
not informative for this analysis, all vectors were normalized to unit
length using:

X

f=——
[1x12
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Once normalized, the cosine similarity between two
embeddings simplifies to a distance measure based purely on the
angle between them. In this form, Euclidean distance and cosine
similarity are interchangeable, and distance can be expressed as:

d(2,%) =1-(2,%)

With the embeddings computed and normalized, the next step
was to apply PCA, reducing their dimensionality from 384 to 150.
This reduction decreased the computational cost, enabling faster
execution and lower energy consumption.

As we previously discussed, from there they were grouped
according to their source word’s similarity classification from
SimLex-999. This created two distinct and balanced point sets:

Xus = {25, .., 2850} Xis = (&1, ..., %5300}

Each sentence embedding corresponds to one point in the space,
meaning each group forms a point cloud. Conceptually, these
clouds represent how the model organizes meaning internally.

3.3 Persistent Homology Analysis

To move beyond pairwise distances and explore the shape of
the embedding space, persistent homology was applied. Unlike
standard clustering or dimensionality reduction methods, persistent
homology does not rely on assumptions about convexity, density, or
linear separability. Instead, it examines how connectivity patterns
evolve across distance scales and records geometric structure that
remains stable across those scales.

The analysis begins by constructing a Vietoris—Rips filtration,
which builds a family of simplicial complexes based on a threshold
parameter €. For a given value of €, a simplicial complex is defined
as:

VR = {0 € X 1d(x;,%) < &,Vx,x € 0}

At € = 0, every point is isolated. As € increases, points connect
into edges, triangles, and higher-order simplices, eventually forming
a fully connected structure. Persistent homology tracks when these
structures appear (their birth) and when they vanish (their death).

For each topological dimension k, this process produces a set of
birth-death intervals:

D, ={(b;,d),i=1,..., N, }.
In this work, only the first two dimensions are examined:

k = 0: connected components, representing how quickly points
merge into clusters.

k = 1: loops or cycle structures, which suggest curved or hollow
regions in the cloud.

To compare the two point clouds quantitatively, several
commonly used persistence-based descriptors were computed. The
first was the average lifetime of features:

Ny
L= (b~
=N (b;
i=1

which serves as a measure of how long topological features
persist before collapsing.

A second descriptor was persistence entropy, which captures
how evenly or unevenly feature lifetimes are distributed:

Z p; log(p;).

d—b

pi = (d—-

Z
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Finally, Betti curves were generated to provide a scale-
dependent view of topological structure:

Br(e) = {(b;, d;) € Dy |b; < £ < d;}])

4. Results

Persistent homology was computed separately for the high-
similarity and low-similarity groups of sentence embeddings. For
each filtration, birth—death intervals were extracted and summarized
using the average lifetime, the persistence entropy H,, and the area
under the Betti curve AUCg,. All numerical descriptors are reported
in Table 1.

Table 1 The results for average lifetime, entropy and Betti AUC

Ly entropy; AUGg,
High similarity, 0.547886 8.874602  1901.88
k=0 0.357307 9.129177  1579.12
Low similarity, k = 0
High similarity, 0.099668 7.013554 417.92
k=1 0.185433 9.057350  497.34

Low similarity, k = 1

For dimension k = 0, which reflects the merging of connected
components, the high-similarity group exhibits a larger average
lifetime (L,=0.547886) compared to the low-similarity group
(Ly=0.357307). This indicates that components in the high-
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Figure 1 Persistence Barcodes for High-similarity and Low-similarity group

similarity embedding cloud persist over a wider range of scales
before merging. The corresponding entropies show the opposite
trend: the low-similarity cloud exhibits a higher entropy value
(entropy,=9.129177) than the high-similarity ~ cloud
(entropy,=8.874602), suggesting that lifetimes in the low-
similarity group are more dispersed and heterogeneous. The Betti
AUC values follow the same pattern (AUCg,=1901.88 vs.
AUCg, =1579.12).

For dimension k = 1, which captures loop-like configurations,
the differences are more pronounced. The low-similarity group
shows a larger average lifetime (L,==0.185433) than the high-
similarity group (L;==0.099668), meaning that cycles in the low-
similarity cloud persist across a broader part of the filtration. The
entropy values are again higher for the low-similarity group
(entropy;=9.057350 vs. entropy;==7.013554). This is reflected
in the Betti AUC values (AUCp,=497.34 vs. AUCp =417.92). The
persistence diagrams are shown in Figure 1.
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Taken together, these observations show a consistent pattern
across dimensions. Semantic similarity produces longer-lived
components with lower variability, while lower similarity yields
shorter component lifetimes but longer and more heterogeneous
cycles. Even though sentences were generated using a fixed
template, persistent homology detects differences in the geometry
of the embedding space.

5. Discussion

The results suggest that semantic similarity shapes the topology
of the embedding space in two complementary ways. At small
filtration scales, the embeddings of sentences built around closely
related words tend to remain separated for longer and collapse into
connected components in a more uniform fashion. This behavior is
reflected in the higher average lifetime L,, lower persistence
entropy, and a larger AUCj, for the high-similarity group. Since the
sentence template was identical across all samples, the only source
of variation was the target word inserted into the sequence. The
stability of these small-scale features therefore points to a genuine
effect of semantic coherence: similar concepts induce tighter local
neighborhoods in the model's latent space, and their merging across
scales follows a more stable trajectory.

At larger scales, the situation reverses. Embeddings derived
from sentences containing dissimilar words produce richer and
more sustained loop-like configurations, captured by longer average
lifetimes Ly, higher entropy, and a larger AUCs, . These signatures
indicate that the low-similarity point cloud spans a broader portion
of the embedding manifold, creating intermediate gaps that take
more time to fill during the filtration. In this case, the absence of
semantic coherence does not simply produce random noise; instead,
it seems to encourage exploration of directions that unfold into
higher-order geometric structure. The difference between the two
scenarios aligns with an intuitive interpretation of how deep
language models organize meaning: clusters form readily around
coherent concepts in local neighborhoods, while global manifold
structure emerges from contrasts between unrelated semantic axes.

From a methodological perspective, the coexistence of these
two effects is significant. Classical embedding analyses often rely
on clustering, dimensionality reduction, or cosine similarity
comparisons. While such tools can reliably capture local coherence
and relative distances, they provide limited information about how
structure evolves across scales. Persistent homology offers a
complementary view: the transition from isolated components to
higher-order simplices is tracked throughout the filtration, making it
possible to evaluate not only whether two concepts are close but
also ow their neighborhoods merge and what features arise along
the way. In this experiment, the topological descriptors captured
differences that cannot be reduced to a single similarity score,
showing that topology can reveal both stability within semantic
clusters and variation driven by conceptual diversity.

The patterns observed in the diagrams and summary metrics are
also consistent with the geometric behavior of deep language
models such as BERT. These models embed linguistic information
on a non-linear manifold, where semantic directions do not align to
simple axes but arise from a training signal distributed across
multiple layers. As a result, a group of sentences containing similar
words may form a compact region supported by shared contextual
structure, while diverse concepts generate a broader arm of the
manifold that wraps around pre-existing clusters. The persistence of
1-dimensional features in the latter case suggests that the global
geometry has curvature and gaps that require multiple filtration
thresholds to close. This perspective emphasizes the relevance of
topological tools for understanding latent spaces shaped by implicit
tasks and unsupervised objectives.
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Finally, it should be emphasized that these findings arise from a
controlled and deliberately simple setting. The sentences were
generated using an artificial template, and only one word varied
across samples, making this a highly constrained experiment. This
setup allowed the effect of semantic similarity to be isolated, but it
does not capture the full richness of natural language, nor does it
explore how topology behaves under different syntactic
constructions, sentence lengths, or contextual structures. The
present study illustrates a single experiment designed to highlight
the presence of topological signatures rather than to provide
comprehensive statistical conclusions.

6. Conclusion

This work explored whether topological features derived from
sentence embeddings reflect differences in semantic similarity
between words. By constructing controlled sentence templates and
applying persistent homology, we obtained a geometric view of the
embedding space that goes beyond pairwise distances. The results
show that the two groups of sentences produce distinct patterns.
Their persistence descriptors and Betti curves, indicating that
semantic similarity influences the structure of the point cloud at
multiple scales. Although the experiment is intentionally simplified,
the observations suggest that topological summaries may serve as a
complementary way to characterize embedding behavior.

7. Future work

This study highlights a clear topological signal associated with
semantic similarity, but several directions remain open. A natural
extension is to move beyond synthetic sentences and apply the same
analysis to real text corpora, where variation in sentence structure,
context, and discourse patterns may produce richer and less
predictable geometric behavior. In particular, persistent homology
could be applied to document-level embeddings, contextualized
sentence embeddings, or token-level trajectories across layers of a
transformer model.

A second line of investigation concerns the embedding models
themselves. The present experiment used a single encoder
architecture, and it is not yet known whether the observed patterns
generalize across different model families, such as BERT variants,
sentence-transformers, large decoder-based models, or multilingual
encoders. Comparing the topological signatures across architectures
could clarify whether cycles and component persistence arise from
general properties of modern language representations or from
model-specific inductive biases.

Third, the current work employed a Vietoris—Rips filtration on
the Euclidean metric. Alternative filtrations such as, witness
complexes, or density-based filtrations may highlight different
aspects of the underlying geometry and help distinguish between
noise-driven features and persistent structures. In addition, the use
of persistence landscapes or kernel-based methods may enable
statistical testing on collections of diagrams rather than relying on
single-instance descriptors.

Finally, a larger-scale study could explore connections between
topological descriptors and downstream tasks. If persistent features
correlate with clustering quality, classification performance, or
interpretability measures, then persistent homology could play a
practical role in model diagnostics. More broadly, the topological
approach may offer an avenue toward explaining how semantic
information is organized in embedding spaces, complementing
existing explainable Al techniques that focus on feature importance
or attention patterns.
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