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INPOEKTYBAHHS EKCHHEPTHUX CUCTEM Is1 CTBOPEHHS CIIEHIAJIBHUX
BAJIIB 3 PIIMHHUM KEPYBAHHAM JJIS1 IHHOBAIIIMHUX MAIIIUH

Y cmammi posenadaemuca po3podxa meopemuiHux 0CHO8 RPOEKMYBAHHA MA PO3PAXYHKY 641116 I POSIUKIG, 3ANOBHEHUX
DIOUHOI0 — KIIIOUOBUX eleMeHMI8 CYHACHUX MAWUH, W0 HA Cb0200HI He MAIOMb NOBHOZ0 MeopemutHOz0 y3azanvhenns. Li
ellemMeHmu € KpUmuuHo GaMCIUGUMU ONIA NEPedosUx (Hi3uKo-XiMIYHUX MEXHON0ZIYHUX NPOUecie, MAKUX AK 6AK)YYMHO-
NAA3MO06a Memanizayis, HAHeCEeHNA 201102PAPIUHO20 ROKPUMMA MA e1eKMPOHHE XPOMYBANHA, | NEPEBANCHO GUCEIMTIIOION bCA
6 namenmHiil 1imepamypi 3a i0cymHuocmi [pyHmMoGHUX HAYKOGUX 00CNIONHCeHb. Y pOOomi 3anponoHo8ano cucmemHuil nioxio
00 ananizy, knacugikayii ma cunme3sy pi3HUX MUnNié PIOUHHO-KEPOGAHUX 6416 HA OCHO8I MOponoziunozo ananisy.
Cpopmosano 3azanvny meopin, wo 6a3yemovca HaA CHMPYKMYPHUX O03HAKAX, PEYIAMOPHUX RAPAMEMPAX, RPUHUUNAX
2iopoounamiku ma enepzoehpekmuenocmi. Y 0ocnidycenHi eusnaueno ma Kiacugikoeano @yukyionanwvui zpynu i
63AEMON06°A3AHI KOMNOHEHMU, W0 OAE 3MO2Y JI0ZIY4HO CUHME3Y6amU HO6I CUCIEMU 6416 3 NOKPALEHUMU MENA0GUMU T
Mmexaniunumu enacmusocmamu. llokazano moxcnugicmv cmeopeHHA NOHAO R’AMHAOYAMU K1ACI6 6anié 3 PiOUHHUM
KepyBanHAM i CHPOZHO306aHO RPUCIMPOT 3 HOGUMU AKICHUMU XAPAKM EPUCHUKAMU, MAKUMU AK 3MIHHA 30ANHICIb 00 RPOSUHY
ma pezynoeanns memnepamypu. Pezynomyroua meopemuuna mooeiv € 0CHO60I0 01 NPOEKMYBAHHA BUCOKOEPEeKMUBHUX |
KOHKYPEHMOCRPOMONCHUX e/1eMEeHMI6 MAWUH, NPUSHAYEHUX 01 POOOMU Yy 6AKYYMHUX YMO6AX MA CHeUiani308aHUX
HPOMUCTIOBUX CePedosULaX.
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DESIGN OF EXPERT SYSTEMS FOR CREATION OF SPECIAL SHAFTS WITH
LIQUID CONTROL FOR INNOVATIVE MACHINES

This paper addresses the development of theoretical foundations for the design and calculation of fluid-filled shafts and
rollers-key components in modern machines that currently lack comprehensive theoretical generalization. These elements,
critical for cutting-edge physicochemical technological processes such as vacuum plasma metallization, holographic coating,
and electron chromium plating, are primarily documented in patent literature with limited academic research. The work
proposes a systematic approach to analyzing, classifying, and synthesizing various types of liquid-regulated shafts using
morphological analysis. A general theory is formulated based on structural features, regulatory parameters, fluid dynamics
principles, and energy efficiency considerations. The study identifies and categorizes functional groups and interrelated
components, enabling the logical synthesis of novel shaft systems with enhanced thermal and mechanical properties. It
demonstrates the feasibility of creating over fifteen classes of fluid-filled shafts, predicting devices with advanced qualities such
as variable deflection and temperature regulation. The resulting theoretical model provides a foundation for the design of highly
efficient, competitive machine components applicable in vacuum environments and other specialized industrial settings.
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1. Relevance of research

The essence of the scientific problem considered in the work is to develop the basic principles of
calculation and design of shafts and rollers with liquid control - the elements of machines that have not yet
found a theoretical generalization. Information about these shafts is contained, mainly in a large number of
patent sources, and in a very limited amount of theoretical work related to the specific tasks of their use.

The basis for the development of this direction is the need to introduce into real machines the latest
physical and chemical technological processes that can create high quality competitive products, the
mandatory elements of which must be shafts, the surface parameters of which are determined by the
parameters of the fluid supplied inside [1-2]. Such processes include methods of vacuum - plasma
metallization of polymer films [3-4], methods of holographic coating [5], processes of electron chromium
plating [6], etc.

The above processes involve the use of thin films, which undoubtedly require high accuracy
requirements [7-8].

Creating new machines that meet modern requirements and use the latest technological processes is
thus impossible without developing the theoretical basis of calculation and design of fluid-filled shafts that
would best ensure the operation of these devices in accordance with their tasks.

The purpose of the work is a comprehensive solution to the problem of creating high quality
competitive shafts with fluid control, mainly for the latest physicochemical technologies taking into account
the work in complex conditions of vacuum or special environments, by developing the theoretical basis of
their design, the implementation of various design options shaft circuits, fluid supply systems and solutions
to some topical and complex issues in the technology of their production.
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2. Analysis of fluid-driven shaft systems

Modern technologies of processing of rolled materials (fabrics, polymer films, artificial leather, etc.)
in a number of cases involve the application of heat flux to the surface of the material. In the process of
dyeing, lamination, vacuum metallization and other surface-related material [9-10], the process from the
point of view of the end result is desirable to accompany the minimum heating of the material to be treated.
Given the low heat resistance and thermal conductivity of typical roll materials, as well as the sufficiently
high value of heat flows (in vacuum metallization installations, for example, they can reach 30-50 kW /
m2), the problem of timely removal of this flow from the material is quite urgent. It would be desirable for
this heat to be removed at the same time as the technological process, which also involves the transportation
of the material being processed.

The device that meets these requirements may be a liquid-cooled shaft (Fig. 1).
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There are known to be some recommendations for shaft tolerances for connecting to rolling bearings.
The results obtained above demonstrate that these tolerances can be broken in the process of temperature
deformation. In case of sufficiently low temperatures, the bearing must be removed from the range of
temperature deformations.

This requirement is exacerbated by the requirements of vacuuming the device. The movable insertion
of the pin into the vacuum chamber can only be accomplished with the use of the vacuum oil that fills the
cavity between the two rubber seals at low temperatures, vacuum oil loses its properties. This unit must
also be removed beyond the limits of cryogenic temperatures.

The possible design of the device to meet all the specified requirements is shown in Fig. 2.

In the drawing, the liquid-cooling shaft 1 (shown partially to the right) is located in a vacuum
chamber, and the drive shaft of the shaft 2 extends outward through the metal wall. Two longitudinal drills
are made in the shaft, which end in the middle of two pipe fittings that feed the fluid to the shaft and drain
it. Exterior openings extend to the cylindrical surface of the shaft.

The vacuum seal set is located in the housing 3 and is closed by a lid. The housing of the fluid supply
device is separated from the housing of the vacuum seals by a heat-insulating ring 12. This provides
insulation of the cold housing 10 with cryogenic liquid from the "warm" housing 3. The cryogenic housing
is closed by a lid. The vacuum seal is in the form of two conventional rubber-metal seals 5, the cavity
between which 6 is filled with vacuum oil. The cavity has openings with fittings, which allow circulation
of the heated vacuum oil, since it provides the best seal under certain temperature conditions. To ensure the
best temperature conditions for the operation of the vacuum seals and the bearing 4, their assembly is
located not on the shaft with the flow of coolant, but on a thin-walled cylinder that is connected to the shaft
by a thin-walled plate.

The supply-drain housing has two outlet pipes 7, 8, one of which enters the supply cavity and the
other enters the discharge cavity. The cavities are removed from each other and from the outside by rubber-
metal seals 11.

For sealing is selected rubber version IV, which provides normal operation to temperatures of -600C.
In the case of lower temperatures, it is possible to individually seal the standard shape and size of tefal.

© M.JI. Pabuuxos, B.JI. Mapmuniok, B.C. I[Iyys

37



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywx, 2025, Ne81

I g
s Wy =y A e

] S2IAAA A

Fig. 2. The design of the pin supply fluid test shaft for vacuum metallization of the polymer
film

The ring 12 and the cap with conical projections provide support for seals in the event of high
pressure. The drive shaft has a free exit from the system of seals with a keyway or a slotted slot to bring it
to rotation.

The shaft with hydraulic adjustment of the bend can be safely attributed to the fluid-filled rotating
devices, it has the basic properties of liquid-filled devices.

Such shafts can find use in a variety of industries. First of all, this relates to the areas related to the
processing of long dimensional sheet materials, in which the deformations of the structural units have an
order similar to the thickness of the material being processed.

The main part of the shaft with adjustable deflection (Fig. 3) is its outer shell 1, which directly touches
the material being processed, and is therefore obliged to have a surface of very high purity and accuracy.
The shell is supported by two roller bearings 2, the dimensions of which are determined primarily by the
bearing capacity of the shaft. As will be shown below, the dimensions of the rollers in the bearings must be
limited in order to ensure that the shaft operates. The bearings connect the sheath to the core 3, which hole
4 is drilled to pass fluid under pressure. It should be noted that the fluid in this case is fed through a fixed
core, which greatly simplifies the design of the fluid supply. In practice, these devices are reduced to
standard fixed seals.

Fig. 3. Fluid-filled shaft with hydraulic deflection adjustment

The considered shafts and rollers directly touch the treated material, and the liquid, in its own
right, controls the condition of the outer surface of the device.

A deeper study of the possible uses of liquid filled devices demonstrates the possibility of other
management principles.

3. Development of methods of construction of fluid-filled shafts based on the system of features

The analysis of the operation of the main types of shafts with fluid control allows to synthesize
the general theory of such shafts by generalizing the data obtained and possible extrapolation of these
data to other devices.
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The general theory of liquid-filled shafts should describe, explain and predict the operation of a
certain set of constituent elements of their elements. In accordance with the principle of conformity, the
transition to such a theory should be based on the theoretical principles of designing liquid-filled shafts,
while holding them in a definite form. Due to this, in some cases it is possible to return to the previous
theory in some area. This transition, in particular, was formally made in determining the technological
modes of shaft treatment. This process, based on the principles developed in the work, can also be
applied to conventional shafts.

The proposed theory of liquid-filled shafts is based on the categories of part and whole, which
express the relationship between the set of elements of these devices and the connections that combine
these elements and lead to the appearance of integrative properties and patterns that are not peculiar to
individual elements in their separation. Through this connection should come "whole" - liquid-filled
shaft, in respect of which the individual elements act as parts.

In this connection, it is necessary to consider the structure of the shaft in the most general form,
which expresses the structure and the internal form of organization of these shafts, which acts as the
unity of stable relationships between its elements, as well as the laws of these relationships. Structure is
an integral attribute of a fluid filled shaft.

All previous data presented and proved in this work characterize a fairly high level of
correspondence between the structures of different liquid filled devices. In this regard, it is reasonable
to say that each fluid-filled shaft is similar in relation to the existing one, since each element of one shaft
corresponds to an element of another and each connection in one device corresponds to a connection in
the other and back.

The resultant graph of connections of the fluid-filled shaft, taking into account the elements and
properties and connections found in the previous sections, is shown in Fig. 4.

The graph shows the main elements and properties of a fluid-filled shatft.

Analysis of the fluid-filled device allowed us to distinguish such basic groups of properties and
features that characterize the structure of the fluid-filled shatft.

Group By determines the superstructure of the shaft. The elements of this group differ depending
on how separately the operation of the fluid-filled shaft is considered. The Bo; element defines the
operation of the individual shafts, which is why the previous words were devoted. The element By
provides for the operation of the shafts in the machine complex.

Group B specifies the particularities associated with the parameter that prevails in regulation.
Individual subgroups of this group: B — temperature; B;, — pressure.

The elements of these two subgroups can in turn be divided into the following elements:

Bll’1 - lowering the temperature; Bllll - temperature, constant in length; 31112 - temperature varying in

length; Blz1 - increase of temperature; Bll2 - deflections of a shaft cover; B1121 - compensation for unwanted

deflections; 311211 - with external regulation; 311212 - with self-regulation; Bllg - regulation of deflections

according to a given law; Blz2 - deformation of additional elements.

Group B: defines the calculation features related to shaft quality assurance. There are two main
subgroups in this group: Boi- Shaft shell parameters; Bz - boundary zone parameters (experimentally
determined);

Unlike the previous group, the subgroups of this group are compatible, ie they must act together. In

the subgroups we distinguish the following elements: Bél - connecting the shaft sheath to the bearing pins
at the borders; B; - short shafts; Bg - average shafts with geometric; Bg ' _ with the possibility of
compensation of deflections; Bgz - with the inability to compensate for deflections; Bﬁ - long shafts;
B%l - connecting the shaft sheath to the support shaft by means of a tensioning landing; Béz— rigid

boundary zones; B%z - transitional boundary zones; B 32 - “soft” boundary zones.

Group Bs defines the principles of fluid motion through the shaft and includes the following
elements: Bs; - longitudinal partitions; Bs; - cross-sections.
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Fig. 4. Graph of signs of a liquid-filled shaft

These two elements can include either: Bé - free dressing of the shell on the partitions; B32 - landing

of a shell on tension partitions.
In addition, there are possible elements: Bs; - grooves in the shaft; Bss - channel between shell and

core; Bé 4 - fluid delivery from the middle of the shaft; B324 - supply of liquid from the sides of the shaft;

B33 4 - supply of liquid on one side.

Group By specifies the peculiarities of the fluid flow into the shaft cavity. It has two main subgroups:
B4 - submission principles; Ba: is a kind of liquid.

Subgroups include the following elements: lell - axial system; BZI - system with side exits; Bil -

system with inclined outputs; B}u - ordinary liquid; B Zz - cryogenic fluid; Biz - high temperature liquid.

Group Bs describes the principles of energy conservation in the design and operation of liquid-filled
shafts. This group may include: Bs; - choose the best value for money; Bs: - select the optimal channel
layout; Bs; - Other organizational principles of economy.

A morphological map can be developed on the basis of a graph of a liquid-filled shaft organization.
The following general map is shown below (Table 1). The map has five main groups. In the morphological
analysis, we select the features or elements from the right column in each group.

Given the number of finite elements in each group, it is possible to anticipate a large number of
combinations of key features and the appearance of shafts with new properties. As a preliminary step, we
need to identify the basic rules by which individual attributes can be grouped together.

Let us look at the possibility of combining a large number of features of this group with the ability
to create objects with new quality properties. Thus, the simultaneous integration of free dressing of the
annular and longitudinal partitions with the channel between the shell and the core with the combined flow
of fluid through the channels in the shaft can give a universal shaft with the possibility of adjusting the bend
at any point and in any direction (Fig. 5).

Such a shaft can be written in plural form
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Table 1.
Common morphological map of a fluid filled shaft
B B B3 By Bs
11 11 1 1
! By By B, By
By 12 o | B 2 2 Bs:
B Bq . 412 B, B; By By,
2 21 21 122 1 3
Bfy | Bu By B, By
11 11 5| B 2 1 Bs2
By, | B, By B3 By,
Bllz 311212 B%l B3z | Byg Biz
B> Bs;
12 1 1 3 :
Byj5 By, B3y By,
B, | Bx B3, | Bs B3,
- 3 3 ) )
B3, B3y

Fig. 5. Multi-chamber shaft with combination of third group features

We will base our general approaches to the formation of fluid-filled shaft theory on the calculation
of utterances by means of sentient relations. In this case, complex shaft systems are composed of elements
of the graph of morphological features, and in a formalized form, each shaft will be a complex statement
consisting of simple features by means of actions that can be expressed meaningfully as "and" ("Dressing
a tension shell "And" Axial fluid flow "), known in mathematics as conjunction of signs," or "(" Screw
partition "or" Axial partition "), known as disjunction," no "(" No partition ") , what we will call an
objection, "if ... then" (as at long shaft, it can have properties of self-regulation).
The most common case of a fluid filled shaft with the above formalized merger rules will be

1 12) .2 1 a12) 2 11 12 13) 122
((311 VB )V Bll)/\ ((BIZ VB, )ﬂBlz)A ((le v By Vle)ﬂle )A

1 2 3 1 2 3 1 2
(B22 v By, v B, )/\ ((331 v B3y v B33 vB34)/\ (B34 VB3, Vv B3, )/\ (B3 v B3 ))/\

12003 (Rl L p2 | R3
((34 v B] \/B4)/\(B41 VB, VB43))/\(351 A Bsy ABs3)

Within the general theory, the cooling shaft can generally be written as
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Existing or perspective shafts are synthesized by combining different principles or features from
the above morphological maps. Based on this approach, the previous sections have demonstrated the
real ability to create more than fifteen shaft classes, of which only five are actually existing systems.
Three classes of devices work in experimental-industrial installations which the authors was engaged in
development. For seven classes theoretically proved the possibility and relevance of creation. These
systems are based on the analysis of various approaches to the combination of parameters that determine
the peculiarity of the shaft.

4. Conclusions

The scientific problem consists in the development of the theoretical bases for the design of liquid-
filled shafts, research, analysis and creation of new systems of shafts with liquid regulation, mainly for
the latest physicochemical technologies, which ensure their high technical competitiveness. The
morphological analysis of the fluid-filled shaft, which follows from the regularities of its structure, is
conducted. Based on a compiled list of characteristic parameters, partial solutions are implemented that
are implemented in specific types of liquid-filled shafts. Morphological maps were constructed, with the
help of which functional values of possible combinations of basic features were determined, on the basis
of which the appearance of devices with new qualities (with variable deflection, with variable length of
temperature) was predicted. The scientific theory of liquid-filled shafts was developed in the form of a
system of basic features (the predominant parameter in regulation, calculation peculiarities, principles
of fluid motion through the shaft, principles of fluid supply, energy saving principles) and rules of their
unification, which allow to obtain devices with new qualities by means of logical synthesis. The general
properties of structural structures are reflected in certain partial patterns operating within the limits of
this theory, which should be taken into account when constructing specific shafts. Similar patterns are
formulated for some specific cases of fluid-filled devices: a fluid-cooled drum, a hydraulic deflection
shaft, a fluid-heated roller, and a shaft with adjustable movable elements.

b

1 1 1 1 2 3
(B31 vB3)v (B32 vB3)vB33 V(B34 v B )/\B41 V(B42 NB, /\B42)/\B5
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