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Abstract. The paper deals with the hybrid action tool for cleaning of cavities and elements of turbine units whose operation is based
on a combination of action of a water-ice flow with mechanical shock influence of the small concentrated masses mounted on elastic
suspensions. Receiving energy from the flow, the masses, performing self-oscillating motion, come into contact with the treated
surface having a layer of strong contamination, and create a multipoint shock-cyclic loading of the surface, which results in active
development of initial defects of the contamination film, due to which the following action of the water-ice stream produces better
and more productive cleaning. It is shown that the generated local stresses, determined on the basis of Hertz contact problems, reach
15-20 MPa, do not have a significant effect on the surface of the base, which is a thin curves shell, do not change the state of its
surface in the plane of adhesion, but result in defects in surface film in the form of cracks and delaminations . In this case the film is
eliminated by water-ice flow more dynamically. The use of water-ice jet, formed by the original tubeless device, enables the
Jformation of a wide flow (with the top angle of /12... n/6) and the work of its ice particles is spent on grinding the surface film. The
Jjet stream cleans the surface and removes the products of destruction beyond the impact.

The use of a hybrid tool has increased the productivity of treatment with the wetting angles of the jet flow, different from n/2, by more
than 30%, while the consumption of cryogenic liquid (liquid nitrogen) is reduced by 20-25%.

The process modeling is performed, the conditions of the destruction of the adhesive bond of the contaminant film with the surface
are estimated, the conditions of its rational execution are determined.

Keywords: hybrid tool, water-ice flow, surface cleaning, modeling, surface mud films.

Introduction

Turbine units are most used among the means for obtaining mechanical work of significant power during fuel
combustion. They are used in aviation technology, in generating electricity, as working machines in shipbuilding, on
highways for pumping gaseous substances, etc. Such units are of a high specific power, have no articulated links (as
opposed to internal combustion engines), are steady in operation. However, turbines require clearer and deeper
maintenance, a number of additional operations to check the rotor for defects and initial damage.

Operations of cleaning of elements and systems are part of a complex of technological service and are directed to
removal of both plastic viscous pollution (for example, in greasing systems, heat exchangers) and the strong surface
films possessing high adhesive durability to a surface.

Usually when carrying out such cleaning operations, solvents, special washing liquids are used. However, such
methods are not only extremely dangerous, but also environmentally harmful, require the solution to the problems of
aspiration and ventilation, as well as the subsequent separation of cleaning products.

An alternative to this method of purification is jet, using the formed jets of high pressure fluid (up to 60 MPa).
Such technologies are used by a number of airlines (including Luft Hansa). At the same time, the selective ability of the
jet to flow around obstacles, elastic properties of the substrate, the difference in the strength of the contaminant layer on
the surface causes the need to perform processing with a large number of passes, to carry out constant visual and
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instrumental cleaning. Besides, jet cleaning methods require additional operations aimed at ensuring the reliability of
the removal of the surface layer, which necessitates the search for effective means to improve the efficiency of such
processes in practice.

It is known from papers [1, 2] that it is possible to increase the ability of the jet to perform local work of
destruction both by the introduction of special chemical additives (in order to more actively manifest the Rebinder
effect or to activate chemical processes and phenomena), and by changing the phase of the jet, for example when
saturating the latter with abrasive particles. In these two cases the mechanism of interaction of the flow with the surface
(and, accordingly, with the dirty surface film) changes, which results in increased productivity of the cleaning process.

Since the use of water-abrasive flow is impossible (in this case, the parameters of the surface layer will change),
it is advisable to find new ways to intensify the process of extraction of surface layers, in particular through the use of
water-ice jet. Such technologies are used in the processing industry (for example, for cutting meat briquettes) practically
do not harm the surface layer of metals and alloys, but have more pronounced cutting properties due to the flow of
hardened ice particles.

Due to the fact that the processes of water-ice treatment are promising and environmentally friendly, such
operations can be successfully used in the practice of cleaning the internal cavities of turbines.

Papers [3, 4] note that increasing the efficiency of jet methods is possible in several ways. For cutting operations,
the goal is achieved by using more efficient nozzles, and work is carried out with high pressures of process fluid
(water). In this case the thickness of the displaced layer at the boundaries of the nozzle decreases, and it is possible to
achieve greater compactness of the jet; therefore, the hydrodynamic action of the flow is concentrated on a smaller
plane and is more efficiently spent on the local destruction of near-surface microvolumes of material.

The authors [S] propose to increase the efficiency of processing by changing the stress state in the cutting zone.
Thus, the application of intensifying forces capable of causing tensile stresses in the surface layers of a thin workpiece
(in the form of a shell) increases the activity of crack formation, the cracks are more intensely opened and the
productivity of the process grows. However, there is also the possibility of losing control of the process, which may
result in avalanche-like destruction of the material in the direction of its least resistance to the applied intensifying
forces.

Prospects for combining different in nature effects on the treatment area in order to change the quality,
productivity or reliability of the process are discussed in detail in [6]. The authors propose to analyze the level of
hybridization and search for such material carriers that would ensure the maximum level of this parameter, provided
that the additional material costs are minimal. The main condition for the effective implementation of such an approach
is the condition of process control.

Taking into account the above said, the purpose of the paper consists in substantiation of the expediency of
hybridization of a method of water-ice purification with the means of influence initiating emergence and active
development of initial defects in a pollution melting and on a surface "basis-film".

Research methods

The use of ice particles instead of abrasive particles is promising and effective in terms of environmental
friendliness of the method, the relative ease of disposal of treatment products (the need for separation of sludge
eliminates), the wide technological capabilities of the method. The processing productivity in the comparison of water
abrasive and water jet methods is intermediate [7].

The following features of the process are typical of cleaning operations:

— surface films have excellent properties, can be elastic, hard, brittle, have different adhesion to the base surface;

— usually the physical and mechanical properties of the film of the contaminant and the base have significant
differences;

— the interaction of the jet flow and the film on the base occurs in non-stationary conditions;

— depending on the conditions of jet flow, the mechanism of interaction is fundamentally different;

— when cleaning the surface from film contamination, surface damage is undesirable (and in some cases
generally unacceptable).

Therefore, despite the significant number of existing cleaning methods (Table 1), mainly method 1 and partly 3
are used for operations with the elements of turbine units. The analysis of turbine blade cleaning methods, described in
detail in [8], allows concluding that currently there is no single approach to the problem of removing products of high-
temperature oxidation and sulfide corrosion of heat-resistant alloys based on Ni.

At the same time, we can assume that the use of ice flow enables the process of removing surface films by the
mechanism of jet-abrasive wear, in which ice particles damage the film surface and form initial cavities, and jet flow,
carrying out hydrodynamic loading of the surface, further destroys the film and removal of destruction products outside
the impact zone.
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Table 1. Comparative characteristics of surface cleaning methods

Method of cleaning and
equipment

Characteristic of the method

Application

Advantages

Drawbacks

Chemical (etching): baths
for etching

for products of different
sizes and materials

suitable for any surface
configuration.

requires utilization of the spent solution,

washing and drying of preparations; the

base metal is removed together with the
scale

Mechanical: roughing and
2 | grinding machines, hand
tools, blade tools

for simple-shape
workpieces without
recesses

does not require
significant material
costs for production
preparation

low productivity; suitable only for simple
workpieces; surface roughness is not
controlled

Hydrojet and hydro-
3 abrasive: hydro- and
hydroabrasive equipment

to remove surface
defects, scale and
contaminants

suitable for cleaning
surfaces of complex
shape; provides high
quality and low
roughness

the cleaned surface of blanks rusts
quickly, and needs drying; high cost and
energy consumption of equipment

Pneumatic-abrasive:

to eliminate small

suitable for cleaning

the method is very energy intensive and

4 . . defects and fine surfaces of complex dangerous; requires a large amount of
sandblasting units o .
grinding shape sand; dust formation
. . high productivity,
Vibrating: vibratin, for forgings with oss;l%ililt)roofucr:sez,sin
Y . .
5 g 8 shallow relief and P Y P . & use of fractions
equipment complex eeomet of details of the simple
prex 8 o form
. poor cleaning of parts of complex shape,
. . for any workpieces of low cost; used to clean
Tumbling: tumbling . . . the appearance of dents on the surface;
6 small relief and without small workpieces of . .
drums . . curvature of long forgings; significant
ribs simple shape :
noise level
. . . . hanging th ties of th fi
Fraction: fraction blasting for medium and large . . cranging fe prqper les. orthe syr ace
S . . quick cleaning of layer of the workpiece; high fraction cost;
7 and fraction jetting workpieces without . . .
. . simple surfaces significant noise level, poor surface
machines holes and depressions
roughness
Physical (Thermal):
plasma installations, for cleaning of medium . . ..
8 . . . . ease of use unproductive, requires further machining
cleaning with cryogenic and large workpieces
blasting
. . . it i ible to cl Limited to th itati tability of th
Physical (ultrasonic): cleaning of parts from 1t 15 possible 1o creall e . o fhe caviia 10n. S abrity o1 Hhe
9 parts of complex shape workpiece surface; additional costs of

ultrasonic equipment

pollution

or with holes

detergents; fatigue cracks may form

Assume that the workpiece is a flat shell with a thickness /o and a curvature 7, on the surface of which there is a
layer of contamination with thickness /.. Usually in turbines this layer has quasi-brittle properties, the characteristics of
which are given in the Table.

The instrument that forms the water-ice flow, usually uses a cryogenic liquid to cool the water jet, and the
development of the shell of the latter and the position of the core determine both the heat transfer efficiency between
liquid droplets and the efficiency of kinematic pulse transmission. Despite the fact that the temperature at the time of
mixing can reach 110—130 K, and the heat transfer time, compared with the time of the particle travel to the surface, is a
few ms, ice particles rather quickly pass unstable states of ice II (of a trigonal shape) via ice L. (metastable cubic
particles) to the state of ice L, of a usual hexagonal shape. Having a more rounded shape, the particles lose their cutting
ability, and perform mainly the compression of the surface and the disclosure of the initial defects. The following active
heating of the particles further reduces the flow activity, so to ensure the normal course of the cleaning process there is
a need to bring additional energy to the treatment area, able to actively develop film defects.

Let this influence be the momentum of force transmitted by solid concentrated masses m; during their oscillating
motion with contact with the treated surface in the zone of influence. If it is necessary to treat the surface with curvature
r, size BxL and thickness /¢ to which a layer of contaminant 4. is applied, the particles will form on the surface of the
zone of elastic shocks, in accordance with Fig.1, denoted K.
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Fig. 1. Interaction of a two-layer shell with solids of small size

Assuming that the points of contact are determined by coordinates /, /,, and at the moment of impact the elastic
deformations will cause the appearance of tangential stresses on the adhesion surfaces, it is easy to determine the
conditions under which the deformations of the base will be in the elastic zone, while [ca], [op] Will undergo significant
changes.

The stresses at the point of contact can be determined by the appropriate Hertz formulas, which for the case of
contact of a solid body represented as a sphere of radius r; contact surface in the form of a thin shell with a radius r,
mF\3 g3 2E,E,

will make o = ——5 > where m =1+ A , E —reduced elasticity modulus, E =
213 r E +E,
1

1 1
contact, —=—+—.
r I"l 7’2

, ¥ —reduced radius of the

Since the surface of the film is not homogeneous, equal in thickness and structure, has certain initial defects, the
theoretical description of the behavior of the film under the action of mechanical action and the influence of water-cross
flow is complex and quite conditional. Therefore, to determine the conditions and features of the interaction of solids
with the elastic medium of the shell, the process modeling in the software product ANSYS is performed.

The conditions of modeling are given in Table 2, and an example of the obtained results — in Fig. 2. The
modeling shows that on thin shells, stresses that can cause a significant reduction in adhesion to the substrate propagate
from the point of action of the concentrated mass at a distance of up to 10 d,, at angles 25°-35° relative to the line of
impact of the body, which generally corresponds to the linear mechanics of elastic bodies.

Table 2. Conditions for modeling the process of shock-dynamic impact of small bodies with elastic bonds

No. Parameter Value No. Parameter Value
1 Base material Heat-resistant 5 Contamination layer Sulfide corrosion
alloy based on Ni particles and fuel
scale
Base thickness, mm 0.25 6 Film thickness, mm 0.05
The modulus of elasticity of 130 7 The modulus of elasticity of the 70
the base, GPa film, GPa
4 Yield strength, MPa 840 8 Bending strength, MPa 0.85
Solids and shape of the modeling zone
9 Surface size 100x50 12 Solid body material Hardened steel
40X
10 Surface radius of curvature, oc 13 Modulus of elasticity, GPa 215
mm
11 Solid body radius, mm 2.0 14 Yield strength, MPa 700

In addition to the shock-dynamic, the film absorbs the load from the action of ice particles and the flow of liquid.
In Fig. 3 the inflow of the flow on the surface occurs at an angle a, by a jet of diameter d.. The average jet flow velocity
is determined by the geometric parameters of the jet (opening angle P), the distance from the nozzle cut to the treated
surface H, as well as the flow losses in the air:

Vz%vc(l+kp) (1)
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B: Fraction_shot 2D
Total Deformation
Type: Total Deformation
Unit: mm

Time: 20001-005
Cycle Number: 21862
10.07.2020 5:23

0,23256 Max
0,20672
0,18088
015504
01292
010336
007752
005168
002584

0 Min

0,000 0450 0,900 {mm)

0225 0675

B: Fraction_shot 2D

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 2,0001e-005

Cycle Number: 21862
10.07.20205:28

148,51 Max
13215
1158
99452

17,694
1,3428 Min

0,000 0450 0,900 (mm)
1

0225 0675

Fig. 2. The results of modeling the action of a solid of mass m and radius r; on a thin plate with a layer of
contamination

E 2 BT R g Eog B g B
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Fig. 3. The scheme of interaction of the hybrid tool with the treated elastic thin-walled workpiece
d;

3 .
4{0’” + Hsin(BH cos’ o
2 2

Given that the mass of the liquid column, which is a truncated cone and is located between the slice of the nozzle
and the treated surface, will be defined as

where k » =

m=pV, v=(r2+R2+rR)%,

R — the radius of the smaller half-axis of the ellipse in the projection of the flow cone on the flat surface of the inflow,
the average value of the kinetic energy possessed by the jet performing the work of destruction will be:
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_mpH (d; o, d. ), 2
K== (T+R HR N (1+k,)"- )

The kinetic energy of the flow will be partially spent on maintaining the self-oscillating process of a system of
small bodies with elastic bonds, which carry out the shock load of the surface and the motion of which is described by
known differential equations

d*y, dy
w;—w:f—%n=&w, 3)

2
d°x dx
— Tk —vk—k —cx, =R

dt2 dt gdx > my

1
Rgqs — hydrodynamic influence by the corresponding coordinates, will be spent on dispersal of the generated ice
particles, and finally — on destruction of a surface film and on work of deformation of the basis.
The reduction of the flow velocity due to the ejection of cryogenic liquid (excluding the influence of elastic
concentrated masses) will occur to the level

dz
y= e Py : )

nd?
2| VPG

d. — the diameter of the jet-forming (liquid) nozzle, Or—the consumption of cryogenic fluid, which should be taken into
account in (2).

The ice generation occurs due to the transfer of heat O to the cryogenic flow by water particles, resulting in a
phase transition and active cooling of the ice. Subsequently, the ice begins to actively absorb heat from the environment
and gradually heat up:

O—L,phs .

Q:Qn +Qa ZCMTZ+Lpph , AC Tz =
cm

Then, based on the Fourier positions on the equations of thermal conductivity and given that for heat runoff
QO = Idxdydzdt , where I — the intensity of heat transfer from the medium to the ice; dxdydz — elementary volume of the

ice, in the first approximation (at dxdydz =W, and phs = m ) we have a temperature at the moment of collision with an
obstacle:
Wrt-L m
T, = Tk T 3)
cm

¢ — specific heat of the ice; m — its averaged mass; p - liquid density; L, —specific heat of melting of ice; & —
crystallization layer over a period of time; s — ice surface area. It enables finding ox° , that is, determining the
cutting capabilities of the abrasive flow (according to [8]):

o (T,) = (=0,7375-0,859T,)10° . 6)

In accordance with the basic provisions of Acad. V.D. Kuznetsov, the energy of destruction £, is spent on
increasing free surface energy E, on open separation surfaces and partially dissipates (Ey) in the form of heat, wave
processes, etc.: E,= E,+FE,. If we express the energy of destruction through the volume of destroyed material, then

W'E
E, =4—=,
’ a

where a — interatomic distance, 4 — coefficient of proportionality, #/’— the amount of destroyed material per time unit.
The latter is caused by the conditions of interaction of the flow and the surface film and is determined by the ability of
ice particles to destroy the layer of contamination.

Then the process of removing contaminants from the surface of thin-walled shells with a hybrid tool of
mechanical action will occur in several stages, according to Fig. 4.

Therefore, the use of a hybrid tool allows changing the kinetics of the cleaning process, and, based on the impulse
action of bodies on elastic suspensions that perform self-oscillating motions in the flow, using the effect of impact
cracking in a quasi-brittle surface film, extraction of which from the surface requires much less energy of the flow of ice
particles. Such bodies make it possible to increase the destructive ability of the water-ice flow, because the strength of
the ice particles is not sufficient to carry out intense damage to sulfide films of pollution.
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Used equipment and tools

For experimental studies we used laser-jet complex LSK-400-5, additionally equipped with the original ice-
generating jet device, covered in detail in [9], Fig.5. The device enables the formation of water-ice flow with a variable
opening angle oo of the impact cone, as well as to change the twist of the supply flow (and, accordingly, the number Re)
according to the need to generate ice of different fractional composition. The quality control of cleaning was carried out

Vi — P Vi
Stages '_.,C._l._ Y P
! L ¢
|/ \] Mechanical initiation of microdefects of the l : { \-
Koot contamination thin h. ! L St

he Ba %T{’{_’ aE e

P Jet action accompanied by deformation and =S — = i h”
(2 exfoliation

N 7

Crushing of the film by ice particles

Y

(3)

N

Fig. 4. Stages of cleaning the surface of the thin elastic shell from contamination

using the energy-dispersion method for determining the trace the micro-element composition of the surface layer [101],
based on the method [11]. The researched surface of several zones was subjected to analysis, Fig. 6, (zones A-D), in
each of which the composition of the products was determined by 8 points, with a step distance of 1.0 mm. In this case
it was assumed that the weight concentration of C; element i is determined as

C,- = (ZAF) iJ,- / J(i) C(i),

where C(; — weight fraction of the element in the standard; Z; — correction for the difference in the average atomic
number between the sample and the standard, due to the reflection and inhibition of electrons; A4;— correction for X-ray
absorption in the sample is determined by the energy of the probe, the angle of exit of the X-ray radiation and the mass
absorption coefficient for the investigated element of the sample; F; — correction for fluorescence due to secondary
excitation of X-ray radiation of the element and radiation of other elements and brake radiation.

Au was used as a standard, for which there is a reference pur-file. The identified clusters of atoms of the
substance corresponded to the contamination shown in Table 3.

Determination of the thickness of surface contamination was performed using a thickness gauge NOVOTEST TII-1.
The resolution of the device with the sensor F-0.3 is £3% of the measured value (the latter is in the range of 0... 300 pm).
The experimental research was performed in the following sequence:

1. Before the tests, the test devices were installed and adjusted, the control and measuring equipment was
placed in the test samples, auxiliary devices were prepared using a 3-D printer and the stand and measuring equipment
were mounted;
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Table 3. Detected atoms of substances and correspondence of

contaminants
No. | Substance atoms Contaminant Note
.. . Presence in more than
1 C,O,N lubricating contaminants .
5 points
. Presence in more than
2 C,O,N, S aromatic substances .
5 points
. . At some points on the
3 0] Oxides and hydroxides P
surface
. At some points on the
4 Ca, Na, K, Si, O Insoluble salts p
surface
5 Si, O Batch abrasive particles Individual inclusions
Sulfides, sulfates of At some points on the
6 S,0 .
oxidized surface layer surface

Fig. 5. A special water-ice device

Fig. 6. Contamination control points on the test surface

2. The sensors were used to control the pressure of the liquid, its flow rate, the speed of movement of the jet
head with cryogenic unit and pyrometers for setting temperatures 77 and 7> were pre-checked with data recording to a
file via ADC m-DAQ and the accuracy of measurement data was determined,;

3. According to the determined parameters of the jet system, the appropriate reports were filled in, the data were
entered into the calculation tables, the measurements were performed 6 times, setting the average value and the
confidence interval in accordance with the methods of statistical processing of experimental data;

4. According to the determined parameters of cryo-generation under known conditions of the jet action, the
control temperatures of cryo-generation were determined, the data were written in files and the obtained sampling was
processed. In this case the head was working no less than 5 min before the measurement, taking into account the change
of the values of the controlled temperatures due to cooling of its flow part;

5. The parameters of heat flow / were calculated, the size and mass and the fractionalism of the obtained ice
particles were determined, as well as their strength o\.. Reynolds number Re was calculated;

6. The cleaning efficiency was determined by the shape and area of cleaning per unit time, the microelectronic
and energy dispersion research of the cleaned surface was performed.

Research results

Energy Ex, coming to the cutting zone from the flow of ice particles E;, liquid component E, and mechanical
impact E,, as concentrated masses, suspended on elastic bonds, is spent on useful work of destruction 4, a fairly small
amount, and is approximately 5-7 % Ex. On the whole, it corresponds to results [11], and the difference is due to the
conditions of formation of ice particles, their shape (and, accordingly, cutting properties), conditions of shock-cyclic
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loading of the surface by concentrated masses. However, the analysis of the ratio of energies (Fig. 7) spent on the
motion of concentrated masses on elastic bonds and on the acceleration of ice particles (as well as the residual energy of
the flow) proves, that excessive mass m; (excessive amount of mass), designated as Em, as well as insufficient one
(Ems) lead to worse purification, expressed in terms of the relative degree of purification F/F,.. (the relation of the
completely cleaned surface area F' to a surface area that can be completely cleaned F.. with a stationary jet device
during time t). In Fig. 7 Em, corresponds to the case, when maximum surface cleaning can be achieved without the
presence of residues of oxidation products and scale on the surface of the test shell. The presented results are typical of
a thin layer of sulfide corrosion products (0.07...0.11 mm), formed on the working blades of the turbine and in the
cavities of the combustion chamber (thickness 0.55 mm). However, experiments on other elements showed a slightly
different result. Thus, it is established that an increase in the thickness of the base leads to a nonlinear decrease in index
F/Fq. This makes it possible to conclude about the importance of considering the process of cleaning surfaces in terms
of elastic properties of the base, as well as the influence of Young's modules £y and E. on the description of the
interaction of the film with concentrated masses m; on elastic bonds.

Therefore, the need for additional research aimed at identifying the functional conditionality of the modes of
treatment of the parameters of the cleaning surfaces is obvious.

1,2
s
E 1 e
& y =0,3786In(x) + 0,7755 RO ® PY ® Eml
= 0.8 R2=0743e O .77 7
g L I 6 @@ €Ty =02271In(x) +0,6613 © Em2
206 I AE R2=0,9293 Em3
8 0.4 ,.;:-""‘.. y=0,1918In(x)+ 04941 ... Logarithmic (Em1)
S @ R?=0,9877 o
R 02 <t T Logarithmic (Em2)
é. 0 = Logarithmic (Em3)
0 0,5 1 1,5 2 2,5
time,c

Fig. 7. The change of the degree of purification F/Fumax at different relations of the energy spent on mechanical work
(maintaining the oscillating motion of concentrated masses on elastic bonds) and on ice particles dispersion

In [12], we noted that the conditions of combination of liquid nitrogen with the fluid flow, as well as its
consumption has a significant impact on the shape of the generated ice particles. This factor also affects the efficiency
of cleaning operations. Thus, with the introduction of liquid nitrogen in an amount less than 10% of the flow rate of
liquid (water), the ice particles are formed of acute geometric shape (Fig. 8), the size of the fractions is 0.09... 0.25 mm,
with an average weight of 0.007 g. The increase in the consumption of liquid nitrogen leads to an almost linear increase
in the mass of the ice, which generally coincides with the results of the calculation of the mass of the generated ice, but
causes active inhibition of the flow, which reduces its energy. The displacement of the point of introduction of liquid
nitrogen from the slice of the nozzle changes the fractional composition of the ice particles, their size, as well as the
scattering of dimensions in a series of observations, table. 4.

Fig. 8. Micrographs of ice particles obtained during the creation of fractograms; medium temperature 260 K
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Table 4. The results of research of the fractional composition of ice particles

. . Norm fraction, Medium size, Determined Pirson y>2- criterion
Generated ice particles . . >
mm mm dispersion, mm [x“]=3.84
Small irregularly shaped 0.1 0.085 0.022 2.95"
Small regularly shaped 0.15 0.115 0.024 3.19"
Medium 0.22 0.122 0.033 2.95"
Medium-large 0.3 0.186 0.039 2.95"
Large 0.4

* %% <[x?] that is, the hypothesis of the normality of the distribution is confirmed.

The question of reliability of cleaning of surfaces by the hybrid tool, and also changes of a cleaning stain over
time remains important. Fig. 9 presents a diagram of the development of the cleaning spot over time for the scheme of
action, which corresponds to Fig. 3, as well as a scan profile of the surface, which takes place at the point of action of
the concentrated mass m;.

3.166315

1.765605

R4, 180 0

t t t t
0. 1
RSk
R6,
— 210 330
240

- 300

Fig. 9. The change of the size the cleaning stain over time (@) and surface scan (b) at the point of action of the
concentrated mass on the cleaning surface. The surface is constructed according to the scheme of measurements of Fig. 6

Comparison of cleaning spots obtained by calculation and the photo of real surfaces proves that the cleaning area
is predicted with an accuracy of up to 15% in the research of workpieces, the surfaces of which can be considered
surfaces bounding the half-space and up to 20% with elastic surfaces in the form of shells.

It should be noted that in contrast to the known technical solutions, the cleaning efficiency (i, respectively, the
area of the cleaned surface per time unit At) with the use of the proposed hybrid tool is more effective when the axis is
located at angles greater than n/4, Fig. 10.

y =-0,0003x%+ 0,0157x + 0,7762

...... - —— .
....... y R2=0.9936 Traditional flow

——o— Proposed solution

y =-0,0002x + 0,0086x + 0,856

R2=09261  N_ ..ohN e Polynomial (traditional flow)

......... Polynomial (proposed solution)

Cleaning surface in relative
coordinates, F/F,,.
=
N

0 20 40 60 80 100

-0,2
Tool inclination angle

Fig. 10. Changing the cleaning area in relative coordinates F/Fuma at different angles of location of the device axis for
a typical and the proposed engineering solutions

[Ipn npoMy MakcHMaIbHO! €EKTHBHOCTI OUUIIIEHH MOYKHA JOCSTTH IPH BUKOPHCTAaHHI MPOMTOHOBAHUX 3aC00iB,
po3tamoByroun ix mix kyramu The maximum cleaning efficiency can be achieved by using the proposed tools, placing
them at angles m/3—m/6. This is important for turbine units, as it is often difficult to orient the device so that the flow is
perpendicular to the surface.
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Thus, using the proposed hybrid jet tool with additional small masses on elastic suspensions, capable of
oscillating movements and shock-cyclic loading of the surface, it is possible to effectively perform cleaning of complex
surfaces at angles in the range n/3—7/6. In this case the maximum fluid pressure does not exceed 90—110 MPa, and the
consumption of cryogenic fluid for the formation of the flow of ice particles — 40-50 g / s.

Conclusions

The expediency of using a hybrid action tool for cleaning cavities and elements of turbine units, the operation of
which is based on the combination of the action of water-ice flow with the mechanical impact of small concentrated
masses mounted on elastic suspensions, is substantiated. Receiving energy from the flow, the masses, performing self-
oscillating motion, come into contact with the treated surface having a layer of strong contamination, and create a
multipoint shock-cyclic loading of the surface, which leads to active development of initial defects of the contamination
film, due to which better and more productive cleaning is performed. It is shown that the generated local stresses,
determined on the basis of Hertz contact problems, reach 15-20 MPa, do not have a significant effect on the surface of
the base, which is a thin curved shell, do not change the state of its surface in the plane of adhesion, but result in defects
in surface film in the form of cracks and delaminations. In this case, the extraction of the film by water-ice flow is more
dynamic. Fractograms of the generated ice flow are obtained and their functional conditionality by generation modes
and mixing chamber parameters is established.

The expediency of the use of tubeless mixing means is proved, which greatly simplifies the design, increases the
reliability of the tool as a whole. The role of important factors on the quality of surface cleaning from contaminants
inherent in turbine units is determined.

The use of water-ice jet, formed by the original tubeless device, makes it possible to form a wide (with a top
angle n/12... n/6) flow, the work of its ice particles is spent on grinding the surface film.

Further research should be aimed at identifying the functional conditionality of the treatment modes by the
parameters of the cleaning surfaces and design solutions of hybrid devices.
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IncTpyMeHT riopuaHoi aii 11 onepaiiil OYUIIeHHS TOPOKHUH TypOoarperaris

Trauyk Biraniii, [llerunin Bikrop, Illimk Cepriii, Yenuesa Oabra, Caienko Ouexcanap

Anomauisn. Poszensioacmvcs incmpymenm 2iopuonoi 0ii 015 ouuwjeHHst NOPOJNCHUR i elemenmis mypboacpeeamis, poboma sK020
IDYHMYEMbCSL HA  CROMYHeHHI Ol 8000-KPUIICAHO20 NOMOKY i3 MEXAHIYHUM YOApPHUM GNIUGOM MANUX 30CEPeOdNCeHUX MAc,
3MOHMOBAHUX HA NPYICHUX niosicax. Ompumyiouu enepeilo 6i0 NOMoKy, Macu, 30MCHIONYY A8MOKOIUSALLHUL PYX, KOHMAKMYIONb
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i3 06po6I0BANOI0 NOGEPXHEIO, WO MAE WAP MiYyHO20 3a0PYOHEeHHA, | CMEOPIoI0OMb 6a2amomoyKose y0apHO-YuKiuHe HaBANMAICEeHHs
noeepxui, sike gede 00 AKMUBHO2O PO3GUMKY NOYAMKOBUX OeqheKmie NaieKu 3a0pyOHeHHs, GHACAIOOK 4020 HACMYNHA Ois 6000-
Kpusicano2o nomoxy uxkniuxac Oinbut akicne ma npooykmushe ouuwenns. Ilokazamno, wo cmeoplosami NOKANbHI HANPYIICEHHS,
susHayeni na ocHogi konmaxmuux 3aoau I'epya, cazaiome 15-20 Mlla, ne marome icmomnoz2o 6niugy na NOBEPXHIO OCHOBU, AKOIO €
MOHKA KPUBONIHIIHA 000NIOHKA, He 3MIHIOIOMb CMAH i1 NOBEPXHI 8 NIOWUHI A02e3IUH020 34enieHHs, 00HAK 6e0ymb 00 GUHUKHEHHS
Odeghexmis y nosepxuesiii naieyi y uenadi mpiwun ma giouwapyeans. ¥ ybomy eunaoxy 6urydeHHs NaieKu 000-KPUNCAHUM NOMOKOM
6i00y6acmbcst  Oinbul  OUHAMIYHO. 3ACMOCYBAHHA  B000-KDUICAHO20 CMPYMEHS, CQOPMOBAHO20 OPUSIHATbHUM Oe3KaMepHUM
NpUCMPOEM, 0036015€ Popmysamu wupoxuil (3 Kymom npu eepxieyi m/12—/6) nomik, poboma KpusCUHOK K020 SUMPAYAEMbCA HA
noOpibHenHs noeepxHesol naieku. Po3miynuil cmpyminb o4uwye no6epxHIO ma GUHOCUMb NPOOYKMU PYUHYBAHHSL 30 MEHC BNIUBY.
Buxopucmanns 2ibpuonozo incmpymenmy 003601UN0 RIOSUWUMU NPOOYKMUGHICIb 0OPOOKU 3 KYMAMU HAMIKAHHA CMPYMEHS,
giOMinHUMU 610 T/2, y noHaod 30 %, npu yvomy eumpama kpiocenHoi piounu (piokoeo azomy) smenutena na 20-25 %.

Buxonane moodentosanns npoyecy, oyineno ymogu nopywients ao2esusHo20 36 A3KYy Niieku 6pyoy i3 noepxmeio, 8U3HAUEHO YMOBU
11020 payionanbHo20 UKOHAHHS.

Knrouoei cnosa: 2ibpudnuii incmpymenm, 6000-KpUdCAHULl NOMIK, OYUUEHHS NOBEPXHI, MOOENI08AHHS, NOBEPXHEB] NIIBKU.

HNHcTpyMeHT rudpuaHOro AeicTBHS AJIS ONEePALUI OYUCTKHU MOJI0CTel
Typ0oarperaTros

Txauyk Buranuii, lllernann Buxrop, Hlauk Cepreii, Yenuesa Ouibra, Canenko Ajexkcanap

Annomayusa. B cmamve paccmampugaemcs uHCMpymMeHm 2uOpuoHo2o Oeticmeust Osi OYUCKU NOAOCMeEN U 91eMeHmo8 mypoo-
azpezcamog, paboma KOMopo2o OCHOBAHA HA COYEMAHUU B030eliCMEUsl 8000-1e0AH020 NOMOKA C 6030€liCmeuemM MexanuiecKkozo
y0apa HebOnbUIUX KOHYEHMPUPOBAHHBIX MACC (VOAPHUKOB), YCMAHOBIEHHbIX Ha ynpyeux noodeecax. Ilonyyas snwepeuto om nomoxa,
YOapHUKU, co8epulas asmokoiebamenbhvle 08UNCEHUS, 6CMYNAIOM & KOHMAKM ¢ 00pabamviéaemoll n08epXHOCMbIO, umeiowell ol
3a2pA3HEHUs, U CO30Aa0m MHO2OMOUeUHOe YOAPHO-YUKIUYEeCKOe HaspyiceHue, Ymo npusooum K akmueHoMy pasgumulo HauydaibHbIX
Odeghexmos 6 cnoe 3azpasHeHus, 01a200aps yemy nocieoyouwee oeticmsue 8000-1€05H020 NOMOKA obecneyugaem ayyuyio u bonee
npousgooumenvHyro oyucmky. Ilokazano, umo zeHepupyemvle N10OKATbHbIE HANPAXHCEHUS, Onpedensembvle HA OCHO8e KOHMAKMHBIX
sadau 'epya, docmuearom 15-20 Mlla, u He okaszwiarom CywecmeeHHO20 GIUAHUA HA OYULACMYI0 HOBEPXHOCHb 6 GUOe MOHKOU
KPUBOAUHELHOU 000I0UKU, 6bI3bl8As. MOIbKO pasgumue 0eeKmos 6 nieHKe 6 guoe mpewur u omcioenutl. B smom ciyyae nienka
yoansiemesi NOMoOKOM 60051H020 b0a 6oaee OuHamuyno. Hcnonvsosanue 6000-1e0HO20 NOMOKA, 0OPA308AHHO2O OPUSUHATLHBIM
beckamepnbimM YCMpOUCmMEOM, NO3BOAEN HOPMUPOBAMb OOCMAMOYHO WUPOKULI NOMOK (¢ yenom m/12... w/6), a paboma e2o wacmuy
b0ad pAcXoO0yemcsi HA usMenbdeHue NIAEHKU 3aSPSI3HeHUsl, Npu 9MoM CMPYUHbIL NOMOK O4uujaem NO8EPXHOCHb U yoansem
NPOOYKMul paspyuleHust 3a npeoevl 30Hbl 6030€liCMEUsl.

Hcnonvzosanue cubpuoHo2o uHCMpymeHma no360aui0 nO8bICUMb NPOU3BOOUMENbHOCTNG 0OPAOOMKYU NPU YeNax CMAYUBAHUSL CINPYIi-
HO20 nomoka, omauuarwuxcs om /2, boree yem na 30 %, a pacxo0 KpUO2eHHOU HCUOKOCIU (HCUOKO20 A30MA) CHUNCACTCS
na 20-25 %.

Buvinonneno moodenuposanue npoyecca, oyenenvl yCio8us paspyuleHus a02e3uU0HHOU C6:A3U NAEHKU 3A2PASHEHUS ¢ NOBEPXHOCIbIO,
onpeodenensl YCo8us PAYUOHATbHBIX PEXCUMO8 npoyecca.

Knroueswvie cnoea: cubpuonbiii uHCmpymenm, 6000-1€05HAsL OYUCTHKA NOBEPXHOCHIU, MOOCTUPOBAHIUE, NOBEPXHOCIHbIE epsi3edble NIEHKU.
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