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Abstract. The principles of creating hybrid processing processes based on the functional approach are given. It is proposed to consider
the formation of individual elements of the product (planes, holes, fillets, ledges) through functions that are provided by a combination
of such elements. At the same time, the required depth of technological influences is analyzed, based on which a set of influences that
are different in nature, but compatible, on some basic carrier, is selected. It is proposed to use a high-speed liquid flow as such a
carrier. Hybridization of a tool based on a water jet of small diameter can be achieved by combining with laser heating, cryogenic
cooling, and the formation of a flow of ice particles, mechanical initiation of surface damage with further development of surface
defects. The high efficiency of hybrid processes for processing composite materials is shown.
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Introduction

Traditionally, when creating new products, the range
of tasks invested in ensuring the minimum costs for the im-
plementation of the production cycle, ensuring the speci-
fied parameters of quality, durability, and reliability. An-
other block is the issue of ergonomics, environmental
friendliness, and recyclability of the product. Somewhat
less often the issues of marketing, active promotion of the
usefulness and necessity of the product, highlighting its
most important competitive advantages are considered.

The experience of recent decades shows that some-
times success in the market is provided by such ap-
proaches, which are fundamentally new, non-standard,
forcing to attract the attention of consumers. Thus, the
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manufacturer often encourages the consumer to purchase
products; the so-called concept of “activation” or “for-
mation of the need” to purchase this product is imple-
mented, even if the consumer has no obvious need for it.

Until almost 80 years of the last century in the pro-
duction of material goods dominated by the subject ap-
proach. The manufacturer clearly focused on traditions, ex-
isting technologies, and the production process itself had
an iterative principle, when the finished product, especially
complex, underwent several changes based on analysis of
its market promotion, consumer feedback, capabilities of
equipment, raw materials and materials for its production.
Only a little later, with the emergence and development of
ideas for a product approach to maximize consumer satis-
faction (R. Alderson, R. Cox, V. Cherenkov), the develop-
ment of methods to enhance creative activity (A. Osborne,
T. Busen, G. Altshuller), the emergence and expansion of
the use of methods of morphological analysis (F. Zwicky,
F. Kunze, D. Jones, Y. Kuznetsov), which allows not only
to sort out options for products, but opens new technical
solutions that are fundamentally different from existing
ones, began to form functional approach. This approach
was most systematically developed by E. Golibardov in his
theory of functional-cost analysis [1].

Subsequent works by B. Bazrov and A. Mikhailov
showed that the previously formulated approaches to the
creation of objects of production can be transferred to the
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system of technologies. In this case, the production object
itself was divided into functional zones of different locali-
zation, and methods of work (technological operations)
were chosen on the condition of minimizing the cost of
their implementation.

The functional approach is based on the premise that
the designed object, the process, is considered primarily in
terms of the functions for which it is used. Material carriers
are discarded at the first stage, and only later, based on the
minimum of their value, are selected as the basis for creat-
ing a product.

The complexity of products, the use of composite
materials in their production necessitates the search for
ways to improve the known provisions of the functional
approach, considering a number of phenomena of mechan-
ics of composite processing and the possibility of combin-
ing power and energy influences. This makes this area of
research relevant and meaningful.

Formulation of the problem

Traditionally, during the development of the techno-
logical process of preparing a sample (details), it is custom-
ary to look at the perfection of the surface or the surface,
which includes the successful surface. So, in the process of
developing the technological process, assignments of the
powers of the elements to the fore at the sight of the super-
stitiousness of the surface.

At the same time, such consideration does not allow
to carry out precisely, subtly, and precisely the set techno-
logical influences and to provide necessary properties at
local level depending on various features of their operation
and action of operational functions. At the same time the
technological process is developed, and technological in-
fluences are guided during realization of technology for all
surface as a whole without taking into account features of
action of operational functions. It also does not allow to
solve the problem of full adaptation of the properties of the
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product in the manufacture depending on the peculiarities
of its operation.

The authors of [2] propose to introduce detailing the
product on several levels, namely: 1st level of division -
the level of products, 2nd level of division - the level of
functional parts, 3rd level of division - the level of func-
tional components, 4th level of division - the level of func-
tional zones, 5- and the level of division - the level of func-
tional macrozones, the 6th level of division - the level of
functional microzones, the 7th level of division - the level
of functional nanozones. For composites, the division from
the 4th level acquires special significance, as the dimen-
sions of the reinforcements can already be compared with
the Sth level of the division.

The block diagram of the implementation of func-
tion-oriented technologies for many products will look like
this, Fig. 1. Here it is shown: V' — product entry; W — output
parameters of technology; FE — functional elements; 78 —
technological implications; 1 - the process of analysis and
research Nel (A and Nel), which is performed to implement
the process of dividing each product into FE according to
the levels of depth of technology; 2 - the process of analysis
and research Ne2 (A & I Ne2), which is performed to com-
bine the FE of each set into a hierarchical structure of sub-
sets depending on the levels of integration.

In this block diagram at the entrance to the system V'
shows the receipt of the set of products V'= {1, 2, 3, ..., M}.
Thus after the analysis and researches of products distribu-
tion (decomposition) of each product on FE on levels of
depth of technology and drawing up of hierarchical structure
of sets of FE on levels of depth of technology is carried out:

m = {fll’f123f13=“"f1vl };
my = {f213f22’f23""’f2v2 };
ms :{f31’f32’f33’""f3v3}; M
my ={fo1s oz Frssoos frv, o}
Orientation of TP and properties for each FE
subset based on basic principles
[ rechncrogy atone |
| Typical technalogy |
Structure iGmup technology Implementation ofFo;‘ ! —

Modular technology

Combined technology

_-"Compflatfun of the structure of the technological
process based on existing types

Fig. 1. Block diagram of the implementation of functional-oriented technology for many products (according to [2])
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where my, ma, ms,..., m7 — sets of functional elements ac-
cording to the levels of depth of technology; fi, — # — and a
functional element j — level of technology depth, v;, v2,
V3,..., v7 — power or orders of sets mi, my, ms,..., m7. The
order of sets can be determined by the following formulas:

v =M;
— v(j- 1)
ViT k= Yy ik (s
i=2,3,4,..,7,

where M — the power of the set m; or the number of prod-
ucts (parts) in the analyzed party; vikj — order kj-th subsets
of the j-th level of technology depth; j — technology depth
level number. After performing the process of decomposi-
tion of each product on the FE according to the levels of
depth of technology analysis and research of products and
combining (composition) of functional elements of each
set into a hierarchical structure of subsets depending on the
levels of association (10 levels of association):

kl ={p11,p123p13""’p1u1};
Z{p21,p227p23"”’p2“2};

k
ks :{P317P325P33a~~-al73u3};

g z{fIOI’fIOZ’fIOS’“"fIOuIO ,}

where k;, ks, k3,..., k10— set of subsets functional elements,
united by the levels of their association; py: — &-subset of
the ¢-th level of association of functional elements; u, uz,
us, ...,u10 — powers or orders of sets ki, k2, k3, ..., kio.

Let a certain element of the product Em be obtained
by realizing intermittent technological effects H;j and

1T Lo - ltcan be expected that this requires k tools. Howe-

ver, if we consider that the creation of a new tool is based
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ST 0
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new types of tools; Ry — i-th set of known technical solu-
tions; p; is the weight of a subset of known solutions, then
the newly obtained tool can combine into one whole means
for fundamentally different types of impact.

Thus, the set of properties of two instruments are ex-
pressions
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Then the hybrid tool obtained on the basis of the
principle of morphological search and combining proper-
ties will consist of elements, and m < k + j, because part of

the properties of the original tools can be combined. Thus,

c g - +j .
the hybridization rate of the created tool &, = 27) This
m
indicator makes it possible to find rational technical solu-
tions for hybrid tools based on the set of required properties
of the workpieces, as well as the ability to achieve them

with available tools.
The purpose of the work

Is to substantiate the expediency of using a func-
tional approach to the development of processes that use a
hybrid tool to perform technological operations with com-
posite materials.

The main content of the work

The hybrid tool at formation of functional elements
of a product of FE forms not only useful properties of a
product. After all, from the point of view of the functional
approach, the formation of the useful function F), usually
occurs with the formation of neutral 7, and harmful F, func-
tions. Then the condition of an ideal product is F),= F)., F\=
=0, F, — min, where F),. is the task of useful properties of
the product.

In general, the properties of the product because of
the implementation of the treatment process (its physical
and mechanical characteristics, geometric parameters, etc.)
are expressed as follows:

ZZ£:1Fpi+Z7=1Fn;‘+Z£:1ka .

These equations allow us to search for rational material
carriers of functions and methods for obtaining them. The
ratio of useful and harmful functions or manifestations of
the process is written as F, = pF, F, = gF, So
)i e e . .

P=Y 1 F, (Wp +W,q+ pr) . Approximation of a
product with a set of FE;, giving the properties of P to the
ideal, involves the reversal of applications W,q and W, p

to zero, which is possible provided there is no functional
relationship between useful and harmful properties of the
product or provided that the process useful functions of the
accepted material carrier at the same time is inverse to the
emerging harmful functions. The presence and relationship

between the individual elements of the technological pro-
cess allows us to represent the expression for P as follows:

B = Z

provided that b,

(bkz pi v1 pip _briW_pi(p + q))

W_piq =0, by — the corresponding weights

of each of the useful functions; b,; — weighting factors of
each harmful function (subtracting component); b, —
weights of interaction of independent transitions, which re-
veal reserves in improving the initial properties of the fin-
ished product.

Therefore, a possible combination of options for forming
the elements of the product by certain instrumental influ-
ences can be represented in table 1.
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Table 1. Possible combinations of impact options and their depth

Depth of separation levels
7
6
5
4
3
2
Functional elements Options for exccution
M: Mq L wJ Ab Cr
FE ‘\ (\ &1, Al &2, A2, &3, A, &4, A4, &5, A, &0, AI5,
I ho, W, I W, l; o, 1y W, Iy s, I
FE> i
>< l'[fj+k \ \ Ra $g]// [o,] =
FE3 Hfj+k l_[f+1j+1 ) ) \o r
S [gx ]$ [O_X ] .........
...... / < [oy] [O'Z]
FEk Spk]l, All, Spkzl, Azl, 8{7/{3[, Ajl, 801{4[’ Al4l, Spkjl, All, Spk6l, A]k7l,
W, IF; W3, 17 W, I5; hs, I he, lj ho, lj

Here it is marked: M, — mechanical cutting; Mp —
mechanical dynamic load; L — laser exposure; W.J — water-
jet effect; Ab — abrasive effect; Cr — cryogenic influence.
Also shown are not only the possibility of forming the pa-
rameters of certain functional surfaces FE;, but also the
depth of coverage of the instrumental influence of the ele-
ments of the product at separation levels 1-7.

Now k compositions of tools can appear as parame-
ters of functional action: productivity Qps, accuracy A,
rigidity Rarg, destruction, etc. Let's choose the resulting
factors of means of influence on the functional elements of
FE; as a set (or set) of properties of tools 1.

Then the model of influence on the processed mate-
rial (composite) is built based on the physical nature of the
influences. Consider Fig. 2, it becomes obvious that the hy-
bridization of the instrument is not limited to a comprehen-
sive change in the conditions for the formation of means of
active influence. Indeed, the introduction of abrasive parti-
cles (1), the addition of cryogenic fluid (2), the combina-
tion with the laser beam (3) provide fundamentally new
properties of the means of action, as well as radically
change the phenomena in the interaction zone, resulting in
new opportunities.

The action can also occur when the flow in some
way creates the conditions for attracting, for example, the
mechanical action of the elements of the elastic system (4),
Fig. 2, as well as by providing certain effects on the work-
piece (when creating, for example, dynamic initiation by
ultrasonic action zones of influence (6), [3] As follows
from Fig. 1, this action can be directed both from the jet
(1-4) and from the workpiece (5, 6).

To find a rational solution to a hybrid tool, it is ad-
visable to use its functional-cost model (FCM), which is
suitable for identifying both desirable and unnecessary (un-
necessary) functions and elements (unnecessary and harm-
ful); determining the functional sufficiency and usefulness
of the elements of the object; distribution of costs by func-
tion; assessments of the quality of performance of func-
tions; detection of defective functional zones in the object;
determining the level of functional and structural organiza-
tion of the product. Construction of FCM is carried out by
combining FM and PM object.

Assessment of the significance of the function is car-
ried out sequentially on the levels of FM (top to bottom),
starting from the first level. For the main and secondary,
i.e., for the external functions of the object, when assessing
their significance, the initial distribution of consumer re-
quirements (quality indicators, parameters, properties) by
importance (importance). The normalizing condition for
determining the significance of a function is the following

n
condition: Zrij =1,where r; — significance of the j-th
j=1
function belonging to this Ist level of FM (determined by
experts), j =1, 2, ..., n, n — the number of functions located
at one level of FM and belong to the general object of
higher equal. For internal functions, the determination of
significance is based on their role in providing higher-level
functions.
Considering the multi-stage structure of FM, to-
gether with the assessment of the significance of functions
in relation to the nearest higher function, determines the
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relative importance of the function of any i-th level Rij in

relation to the product as a whole:
G-l
R; = H: Ty XT (i21)(j-1) where G — number of FM levels.

i
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Fig. 2. Hybridization of action based on jet exposure
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If one function participates simultaneously in
providing several functions of the highest level of FM, its
significance is determined for each of them separately, and
the relative importance of the function for the object is cal-
culated as the sum of R values for each branch of FM
(from the 1st level to the first), passing through this func-
tion.

The generalized (complex) quality indicator of the
variant of performance of functions is estimated by the fol-

n
lowing equation: Q, = Z R;xP,, where R; — the relative
j=1
importance of the j-th function; P;, — measure of satisfac-
tion (performance) of the j-th function in the v-th mode; n
is the number of functions.

The degree of performance of functions (P) is deter-
mined on the basis of experimental studies in the percent-
age listed in the share (from O to 1, where 1 is the maximum
degree of satisfaction). Functionally necessary costs - the
minimum possible costs for the implementation of a set of
functions of the object in compliance with the requirements
of consumers (quality parameters) in terms of production
and use (operation), organizational and technical level of
which corresponds to the complexity of the designed object.

The absolute cost of implementation of functions
(Sups) 1s determined as follows:

Sabs = Svig +Sexp +Smp +Sen +Si

where S,;; — costs associated with the creation or moderni-
zation of the object under study; Sey, — operating costs; Sy, —
costs associated with the complexity of the function; S, —
energy consumption for the implementation of the func-
tion; S; — other costs for the implementation of the function.

S absFij

Zsabs
1

where Sabs — the total absolute value of the operation of the
object is determined by summing the values of the absolute
costs of implementation of functions (column 8 in table 2).
Based on the comparison of these diagrams in the basic and
proposed versions, we can conclude about the degree of
usefulness and economic feasibility of the proposed tech-
nical solutions of the hybrid tool. The above is explained
in Fig. 3.

Relative cost of realization of functions S,: S, =

\ Selection
®= element E,

Fig. 3. Providing functions with a set of proper-
ties of the hybrid tool

Here it is marked: F — formation; /', — the forma-
tion of a destructive layer; F5 — heating; F4 — cool-
ing; F’s —localization; Fs — reproducibility, etc.

Jet effect as a hydrodynamic action
(based influence)

Jet technology is based on the use of the
potential energy of a compressed liquid flowing
from a small-diameter nozzle at supersonic
speeds to carry out the work of breaking a solid

body. Compressed fluid, flowing from the noz-
zle, acquires kinetic energy of motion, and if

Table 2. Components for building a functional-cost model
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the hydrodynamic pressure on the barrier - the
workpiece, the yield strength, begins to form a
funnel of destruction. The speed of develop-
ment of the funnel is determined by a number
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of factors, in particular, the conditions of jet formation, its
compactness, physical and mechanical properties of the
workpiece, etc.

The formation of the groove of the cut, in which the
funnel of destruction grows, is always accompanied by the
appearance on the surface of a destructive (destroyed, with
broken integrity, but not separated) layer. Its occurrence is
due to the sequential movement of a certain amount of
material from the zone in which technological factors (jet
pressure, fluid flow rate, jet compactness), physical and
mechanical properties and structure of the material,
manifestation of high frequency load and Rebinder effect,
and parameters of jet equipment cause the origin of
microcracks, their concentration and probable directions of
propagation, to the zone of maximum load, in which the
active dispersion of the body is a consequence of branching
and merging of microcracks with subsequent removal of
destruction products from the cutting zone.

The scheme of interaction of a fast-flowing stream
of small diameter with the processed material is presented
in fig. 4.

AN e N

Fig. 4. Interaction of small-diameter rapid flow
with the treated material

Providing feed motion with velocity s and the exist-
ence of a certain velocity v, deep into the workpiece leads
to the fact that at the front of the cutting zone elements of
the separation surface are oriented at certain angles
3poctanHsl, increasing which causes increased hydrody-
namic load on the side surface of the cutting zone. The
maximum angle of inclination is, and a decrease in the
amount of recess /4 and jet into the body with increasing
feed s leads to a sharp deterioration in the quality of the
separation surface.

Typically the profile can be determined using the
Havier-Stokes equation for the conditions of fluid flow
along a certain nozzle profile, taking into account the con-

tinuity equation g—];+div(p W) =0, where W - velocity

vector, p — fluid density, ¢ — time, p — pressure.

Deformation of materials in horizontal U(f) and ver-
tical planes H(¢) determined by the equations of stress and
strain ratios (provided the direction of the axis in the direc-
tion of flow of the jet:

c, =2G a—U+£ ; 0, =2G E+ HE ;
or 1-2u ro1-2u
o, =26 be ) [, ke |
dz 1-2u dz  1-2u
. oU U oH
Hereis e=¢, +¢,+€, =—+——,
or r, Oz
(1—2p)[AU—%}+%:O;
compatibility condition T "
(1-21)aU+ & =0
or
> d  d’
A=—+—+— — Laplace operator, and
dr*  ror 9z P P
8=i(0r+6t+62)=1_2u(6r+6t+62).
2(1-WG E

Hydro cutting composite material with maximum
productivity (maximum allowable feed under the condition
of complete cutting of the workpiece section) allows to de-
termine the initial angle of the elementary fracture planes
as a function of changing the rate of deepening of the jet on
a stronger layer: o =arctan(2r/h(v,/v,)), moreover

v,,vy = f(T)=(p-T)2v,/Tr* . In the formulas: r is the
radius of the jet, / is the wall thickness of the product, vy,
vo s the rate of penetration of the jet into the material, p is
the pressure of the process fluid, 7= T,, is the strength of
the material, v, is the flow rate of the jet, and 7= T", —
strength of reinforcing inclusions (if the composite is cut).
To completely cut the material, the feed rate s, relative to
the treated surface must be reduced to a level

-T )T,

o = =TT,
h+x(M-1) (p—-T,)7,

s — feed, calculated for the case of cutting a homogeneous

material with a tensile strength equal to the tensile strength
of the composition as a whole; x is the structure parameter.

(&)

Mechanical action of jet-abrasive (1)

It is known [4] that the destruction of the material
under the action of jet-abrasive flow occurs due to polyde-
formation damage to the surface with the simultaneous de-
struction of the abrasive particle. This phenomenon is char-
acteristic of the conditions of inflow of hydroabrasive jet
at angles close to normal (i.e. for cases where there is no
through cut, and particles bombard the surface, causing in-
dividual microdeformations and activating the emergence
and development of initial microdefects). The destruction
of the material, the origin and development of the hydro-
cutting hole is possible by microcutting, but in this case,
surface defects due to the initial elastic deformation at the
point of impact of the particle are possible only when
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changing the vector of particle motion. In other words, the
micro-risk is formed by the particle now when, hitting the
surface, it changes the direction of movement under the ac-
tion of liquid rapid flow and is removed from the zone of
influence. Of course, the intensity of removal remains very
low, because the kinetic energy reserve of the particle is
significantly reduced.

According to the law of conservation, we have:
vydmy, +v,dm, =v(dmy, +dm, ) . Then the velocity of the
jet element at the time of entry of the microvolume of

. . . . - v, dm, +v,dm
nitrogen into the jet will be y=-2—0>—"a""a
dmy, +dm,

Since the flow rate of the particles is almost zero,
vqe = 0 (Fig. 5), after partial braking of the flow, its speed

v, dmy,
dmy, +C,dm,

will be v= where Ca — coefficient taking
into account the active inhibition of the flow of the liquid
phase of nitrogen at the time of entry into the fluid flow,
dmy, = pvbnrbzd’t, p — conditional density of liquid; dT is
the period of time during which the cross section of the jet
moves by a distance dI; 7, is the radius of the flow at the
time of mixing. This radius is determined by the distance X
from the cut of the nozzle and for the catenoid profile
(which  have used sapphire nozzles) is [5]

r, =0.1625,/d, X . For classical systems of mixing of
abrasive with fast flow by means of the mixing chamber
(supply of particles carried out by ejection of air-abrasive

flow) the distribution of particles by cross section is in ac-
cordance with the law

t f t

M.=|m-f-dt= 0, P(D(y,z))dt,
‘ '([ (y[+l_y[)(zi+1_zi).([ '
Vil Zig1
where P(D(y,z)) = j j a(y,z)dydz — the probability of
yi Z,

a particle hitting a specific point of intersection,

2
_(}’*a},) _(z—az )2

1 20§ 20?
P(D(y,z))=———¢e (6)
2nG_. C

Yy z

where a,, a. — scattering centers (mathematical expecta-

tions) along the OY and OZ axes, respectively; o y»> O, —
standard deviations y, z — variable coordinates. In this

case, according [5] the effective diameter of the jet is

2/3
Ye  _0.0335 | 1o [Ce X
d,NR X, 2P X,

The mechanism of interaction of abrasive particles
with the processed material is based on the creation of local
high-intensity loads by particles, which lead to some elas-
tic-plastic micro- and macro-deformations of compression
in local volumes of the surface layer. For example, as we

showed in [6], which evaluates the possibility of hydroa-
brasive treatment of hard alloys of the group TK and BK
on the Co bond, these loads are absorbed mainly by the
carbide skeleton of the material. Further pickup of abrasive
particles by the fluid flow relieves the load, resulting in
partial elastic recovery of the deformed volume of the sur-
face material with the appearance of local tensile stresses,
which leads to redistribution of stresses between the com-
ponents of the material.

a
d. =025
11 1 fg‘
I _\g\lr
=1 ;
_1___ BN | L
4
? \.\ |
S
-8
= !
i

v 4

Fig. 5. The diagram of the formation of hydroabrasive
flow

Each particle, hitting the surface of the channel at
angles within n/2... w/4, will cause elastic-plastic defor-
mation of the surface layer, and going at sharper angles less
than 7/6... ©/12, will form burrs on the surface, which in
the future may become centers of origin and development
of macrodefects. Based on the analysis of the interaction of
particles with the flow along the slice of the jet nozzle and
the assumption of hole-like deforming-microcutting frac-
ture, the possible volume W of extracted material from the
channel surface for time t is determined, which will be:

5 2(3r—8
Wz=[w+\/r2—(r—6n)28a5nJM“r (7

m

where M, — mass abrasive consumption; §, — pressing the
particle into the surface, 8, — contact area length:

2

_ R, msing; ( L ]3 2up, )
! 2annHV Zc lzpbp+Ma
Ji

k
2
4 2
Mz, COSE; K( L ]3 2up,, B k,T,0,R,
‘" 2ko Z M, 2mz,
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where m — mass of abrasive particles; R,, Hy, G, — parame-
ters of surface roughness, hardness and strength; z, — gran-
ularity of abrasive particles; » — particle radius; L — the
length of the calibration tube; Z. — the distance from the
nozzle cut to the treatment surface, Z, = L+A; K — pro-

portionality factor, which takes into account the ratio of the
diameters of the nozzle and the calibration tube, as well as
the consumption and dispersion of the abrasive; p, — pres-
sure in front of the jet nozzle; p — fluid density; 1 — nozzle
consumption factor; M, — mass consumption of abrasive;
fi — the area of contact of the jet with the obstacle
2

fi = %, T, — constant, taking into account the inertia of
the microcutting process; €; — the angle of the particle after
interaction with the shell of the jet, which is determined by
the angles a; and @;.

Mechanical (shock-dynamic) effect is used mainly
to intensify the treatment process. This effect intensifies
the active growth of the initial defects that exist in the sur-
face layer.

In the paper [7] it is noted that for the intensification
of surface defects it is possible to use mechanical action,
which is carried out, for example, by concentrated masses
(balls) mounted on elastic suspensions and in contact with
the treated surface. Energy for the oscillating motion of
such an elastic ball system is obtained from external
sources (for example, from a transient flow).

Flowing from the nozzle, the jet also affects the con-
centrated masses in the form of balls mounted on elastic
suspensions. In the first approximation, a hydrodynamic
force will act on the ball under the condition of continuous

c.op V? 2
flow F = = zp 0= md” the area of the ball in the
midsection, ¢, = ig_‘;lw — drag coefficient, d — di-
Vo Py

ameter of balls. The equation of motion of the ball on the
elastic suspension will have the form:
d*x, dx;,

Py -V ?—clxk =F.

i

A stream that interacts with a cryogenic fluid
(2) and shock-dynamic influences (4)

The supply of liquid nitrogen from the thermos is carried
out in the mixing chamber, which may be like the cham-
ber of Fig. 6. It is more expedient to do it in an adjustable
ring nozzle, according to [8]. Since we used a ring nozzle
with two conical coaxial tubes, we will use the following
considerations to determine the velocity distribution in the
closing channel flow. The flow of viscous fluid through
the passage of the channel with the z-axis provide

au _la_p+li(r auxj.kLazi:O

du= =0 s e
ox wox rop\"an ) 1 067

Nitrogen consumption
E ) register
14 \ 2r,

F=Asinet | mg,

Fig. 6. Formation of water-ice flow by a tubeless
device

The flow rate of the inlet is determined as follows:

)

LI PR
In(b/a)

8u dx

0=

Then, under the condition of continuous flow, g = O
and, accordingly, the flow rate of liquid nitrogen (N>) will
be

(2-a?)

T dp b gt
In(b/ a)

2},L(b2 —a3)$

u=

)

The supply of liquid nitrogen can be carried out by
one channel or several channels simultaneously. Depend-
ing on the method of fluid supply, the mode of movement
will change, and in case of asymmetry of the supply, the
flow will be twisted. In this case, the flow regime will
change, therefore, the fractionality of the generated ice and
the geometric parameters of the flow conditions on the
treated surface will change. The movement of liquid nitro-
gen in the tangential direction in the borehole in front of
the channel of the conical nozzle can be described on [8]

2
S0 pw, Pr pw, M, = —a—p+l o(wr) ; ra_p = pal;
ox or ox r odr ar, ox
ad
(%) + o) _ 0 where w,, w, — velocity of fluid in
ox a5,

the radial and axial directions, p — density of liquid
nitrogen.

Under the condition of rotational motion with asym-
metric supply of liquid nitrogen, the distribution of tangen-
tial stresses in the turbulence zone based on the Prandtl hy-

2

| . 2| 19(r)
pothesis can be described as: T, =plg| —
r o or

and

the relative coefficient of friction depending on the angle
., the flow twist will change as follows:
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1 4/3
1+( —lj
cosQ,,

Y= , lp — the length of the path, in
cosQ,,
the first approximation the distance to the end of the
channel.
Coefficients of friction in the respective directions r

8

WiO;

and x cxand c-arec; =0, 0256L moreover Re"=
Re," v

Therefore, based on [9], the integral relation

connecting the modes of fluid motion in front of the conical

nozzle with the conditions of fluid supply will have the

form:

" C "
ARe _ Sk oy — (14 H) RS D0
dx 2 W, (10)
d
+(1_8_X)£6_XLﬂ

The thickness of the boundary layer, the distribution
of velocities and pressures in the flow of the conical annu-
lar nozzle will be determined by the conditions of twisting
of the flow due to several channel supply of liquid nitrogen
nozzle.

Under the pressure on the free surface of the thermos
with liquid nitrogen equal to atmospheric p,, nitrogen con-

2(pa—pi)

sumption will be g = pf;, , then

2 —
dm, = gt =y, | 2P Pt

, with a slight decelera-
tion of the flow.

Heat exchange occurs when mixing flows, due to the
active movement of liquids between them. The flow of
fluid is considered homogeneous only in the core of the jet,
in areas near the periphery — it is the flow of the discrete
phase (the movement of individual droplets). When the lig-
uid leaks, there is a nonstationary thermal conductivity,
which in the first approximation can be described by the

corresponding equation: 8_T =al(T)+ f(AT),a= My ,
dat ChPh
_ 2
f(ATh):—q+ 4-(AT,) , LZ—a 19 T, — water
3,chP o> oor

temperature when passing through the nozzle, AT, —
temperature pressure; A, — thermal conductivity, ¢, — heat
capacity, p; — density, 8, — thickness, x — coordinate along
the contact surface of fluid flows. Heat dissipation intensity
q modeled according to the recommendations [10]; when
modeling heat absorption, water was considered when
cooling from the initial temperature 7} leakage from the
nozzle, changed its physical state at 7; = 273 K then the ice
cubes were cooled to temperature 7.

The total energy of the analyzed system, taking into
account the variable heat balance of mixing due to the

release of energy (heat) of crystallization, was determined
based on the results obtained [10]:

ac, dr _dv
1- +C —4+V =+
( a>[ ]

dx

+a([ legz } [ ZTI } 3a Zlegz a5, ]+
dav, C, dC
+ ': l—a)—2 + g—L :
az [( a) » adx}
dC, _dC,dT  dC, _dC, dT,
dx dT dx’ dx dT; dx’

where o, g; — total mass fraction and fraction of i-th (by
mass) fractions in the total mass of the discrete (ice) phase
in the flow; T, V, T;, V;— values of temperature and velocity
of gas and i-th ice particles, respectively; g, & — latent heat
of change of phase state of discrete phase substance and
current value of degree of crystallization of i-th fraction;
T, — critical gas braking temperature, ‘C; C,,C; the value of
the specific heat of the gas and i-th discrete phases,
respectively.

The action of the laser as a spot heater with
cooling (3)

Heating of the surface by laser radiation is suffi-
ciently studied. It is believed that the temperature distribu-
tion is satisfactorily described by the expression

Oq y
pC(4ma(r—1")"?
=x)+ -y H(+z)
4a(t-1")

dT(x,y,z,t)=

Xexp

For a point with coordinates (x, y, z) for time ¢ if
warm 8¢ will instantly reach a point on the surface that

has coordinates (x ', y', z /) and time ¢; C— heat capacity, o
—diffusion, p —density, K— thermal conductivity. The for-

mulation of the thermal problem for the case of leakage of
liquid with radiation on a normally oriented surface is as
follows. The flow of liquid is a refrigerant that is fed di-
rectly to the laser zone. The equation proposed by [8] can
determine the temperature fields in the case when the cool-
ant - ultra-high pressure fluid is not supplied:

ov=2)> 52

e 4a'r+A2 4a'r+D2

Pl
I(x,y,2)= 050e Ig 05 <

|:(4a’t+ A? ) (4ar+ B? ) ar]

22

i 2
x| e 447 — h(nat)®S erfe| ——— 03 +h(a17)0'5 AT gy
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where p, ¢, A — density, specific heat, and coefficient of

. . . A
thermal conductivity of the material, respectively; a = — —
cp

thermal conductivity of the material; 4 — heat transfer co-

efficient from the surface; 4 and B — larger and smaller
semi-axes of the elliptical beam; P = gndB —power of the

laser emitter.
The process of thermal conductivity in the volume
of the blank, limited area Q , with surface dQ, described

by a scalar temperature field 7' =T(P,¢), vector heat flux
field ¢ = g(P,H)P ={x,y,z}e Q

cific thermal energy e = e(T).

and a scalar field of spe-

According to the research covered in [11], these
fields are generated by sources W, , depend on eftluents

W, heat removal (due to hydrodynamic influence) from
the surface dQ according to Newton's law and heat transfer
by gas flow with velocity v in the direction of the axis Ox .

The law of conservation of thermal energy for any

area ®C Q expresses the equality of energy released by
heat sources W, for a period of time ¢, —1,,¢, >t 20, the

amount of energy consumed by the effluent /7, , spent on
increasing internal energy e, energy transferred by heat
streams ¢, through the surface dw for the same period of

time and energy carried by the flow of gas and liquid at a
rate v,.

sz JmWdedt - j: Jngdvdt + jm[E(tz )—e(ty) ] dvx

t - o
XLI .[aw(qT teg tpeTvy ,n)dsdt. (12)
Here dv and ds — volume and surface elements;

7 — ort external normal to do; (G, + CoP IV, 1)~ scalar

product of vectors; g +c,p,TV, i n; ¢, 1 p, —heat ca-

pacity and gas density.
Equation (12) can be recorded as:

j [ —dvdt—jlz [ gdvar- j:@am(c}T+cgpgT$f)dsdt.

Since integration occurs over an arbitrary period,
we have:

J %dv—'[ gdv— Cﬁm((gr-kcgpgT\ﬂ/f,lﬂa)ds.

The last expression is the integral equation of ther-
mal energy balance in a voluntary domain o c Q .

As an area @ c Q voluntary, then the last equation
holds if the subintegral expression is zero

e, +div:]t +cgpgdiv(T;/j') =g,PewcQ,t>0.

The last equation is the differential equation of ther-
mal energy balance at a point Pe Q. This is a differential
equation in partial derivatives. It contains an operator div
over vector field gy +c,p,7V, and the time derivative of

the internal specific thermal energy e.

Equation of the balance of matter in a voluntary do-
main ®c Q using the Gauss-Ostrogradsky formula we
can write

j[mC, +divéc +diV(C;j‘)j|dV =—L)f.

®

By virtue of the basic lemma of variational calculus
for a voluntary domain ® < € this equation is valid only if
the subintegral expression is zero

mC, +divg, +div(Cvy)=—f,Pe Q,1>0.

We have the Diffusion Equation at any point P e € [11].

Temperature distribution on the surface under the
action of a cylindrical concentrated energy source of radius
r can be considered as the temperature field in the thickness
plate & with dimensions significantly exceeding the thick-
ness that stands still on the base. We will consider that heat
extends to the moment when on a surface there will be a
contact with the heat carrier which intensively dissipates
heat - that is the area of heat removal is limited by radius
R. Mathematical model, which allows to study the temper-
ature distribution, leads to the solution of the next initial-
boundary value problem for the equation of thermal con-
ductivity

1
Au—a—zut =0,R <r<R,0<d<2mt>0,u(r,,0)=

=uyR <r<R,0<¢<2m,

ou

—|  =F(d,t,u),0f <o<wt+2mt>0,
E)r r=R

u(r,0+2nt) =u(r,0,t), R, <r<R,0<$p<2m,¢>0,

2 2
where A = li(rij + 8_ + ia— - differential opera-
ror\ or) 0z* r? 9¢?
. o . 2 A
tor in a cylindrical coordinate system (7, f, z); a” =—;A—
cp

heat conductivity coefficient; ¢— heat capacity,p— the
density of the processed material. Then

q,0t <0< Oy + ot

F@,tu)= {k(zf —ut

where k = %, € —degree of blackness ; 6 — Stefan-Boltz-

),¢0+wt<¢<mt+2n

mann constant; u, — ambient temperature; R, R, —radii of

the outer and inner surfaces of the cylindrical zone of in-
fluence. As a result, we obtain a linear initial-boundary
value problem for conjugation:
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% 1 i
————-bu=bu,.,p,+0t <O <0t+27,
aq)z dz ot c ¢0 ¢
- d,0<d<d, . B
u(9,0) = u(+2m,t) =u(9,1),t >0,
e,0p <0<2m
IR R =52 =X >0,
0 a(]) mt+¢0+0 a¢ a)t+¢0+0 aq) mt+¢0+0
. 2(InR-InR) , Rq
d=——"——>—a ,0=—"-—,
R*—R}? InR-InR,

2_2lnR—lan +W (LR R kL u,)
R —R>+2v,(v, R, R kyu,)

. 4Rk}
InR—InR, +u, (v, R, R k,u,)

24
R +R1V(Ya RlaR) ’

(Rz _Rlz)(uﬂ _uc)
R?—R?+2v,(v.R, R, k,u,)’
(R_Rl)u(y’RlaR)

h= , 13
1 Y(InR—-InR,) (13)

e=u,

d=u, +

c

R—-R
K (’Y’Rl’RJC’uc) =4leu2u(y,Rl,R),

R-R
v (V. R, Rk, ) = 4leuf.u(y,R1,R).

Fig. 7. Research complex LSK-400-5 (a, b) and
the original device (¢)

Table 3. Technical characteristics of the universal laser-jet
complex LSK-400-5

Equipment,methods and sequence of

research

To assess the effectiveness of the proposed hy-
brid processes used a universal laser-jet complex LSK-

400-5, designed for controlled action on materials with
high-intensity energy flows (including heat). The com-

plex is described in detail in [12]. The general view of

the complex is shown in Fig. 7, a, b and the main tech-
nical characteristics are given in table.3. Structurally

LSK-400-5 consists of several subsystems intercon-
nected and connected into a single unit by automation.

To create a stream of water ice cubes used the

original device with flow control, the scheme of which

is shown in Fig. 7, ¢. At the same time, the rational
dimensions of the device elements and flow rate coef-

ficients were determined by involving additive pro-

cesses — 3-D printing means, which were used to make

internal inserts of the device, nozzle attachments, etc.,
the mixing chamber by a flexible pipe with a flow reg-

ulator, which allowed to perform debugging with a sam-
ple of 1.20 g/s.

Ne Main data Size Parameter
1 Hydraulic drive power kW 40
2 | Maximum operating pressure MPa 380
3 Pr'essure fluctuations at v 9
maximum power, not worse
Number of controlled
4 . 5
coordinates
Number of simultaneously
5 . 3
controlled coordinates
6 Desktop dimensions mm 15002000
L t db
7 asel type and beam nm Yag:Nd, 1062
wavelength
8 Emitter power is average W. 410
9 Pulse frequency Hz 50-1000
10 Accurac.y of working off of mm 10,05
displacements
11 | Fractionality of the abrasive mm 0,05...0,22
12 | Maximum fluid consumption | cm’/min 45
13 Nozzle diameters d, and a m d.=0,1..0,6
calibration tube Dj, D, =0,8...1,3
14 Total power kW 45
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Cryogenic liquid (liquid nitrogen) was fed to the
mixing chamber by special pipelines, pre-cooled to a tem-
perature of 250 K, the fluid flow was regulated using a slot-
controlled throttle. Visual examination of the shape and
size of ice particles to determine the fractionality was per-
formed using an optical microscope LOMO BMI-1,
equipped with CCD-type converter DEM-130, CMOSchip.
Image multiplicity — up to x80.

Nozzles were made by prototyping on the designed
3-D models of photopolymer, bringing the roughness of the
inner edge to R, 6.3 um. The transparency of the nozzle
also allowed to observe both the quality of further refine-
ment of the channel, and the resulting violations in the
flow.

Since the narrowing of the cross-section and the
transition from the cylindrical flow to the profile in length
/=22,0 mm caused the emergence of vortex zones, it was
decided to install in the calibration part of the channel a
special deturbulator - a flow rectifier, which is a package
of cylindrical tubes of small diameter (d; = 0,75 mm). This
managed to solve two problems: 1) to ensure maximum
“transparency” of the jet for laser radiation; 2) reduce the
instrumental error of radiation intensity measurements. Es-
tablishment of temperatures as controlled values in the
zone of formation of the water-ice jet was carried out with
a pyrometer type ThermoSpot XP, with the limits of tem-
perature determination — 80°C...+ 650 °C.

To establish the strength of the ice was based on the
statement [10] that the latter is due to the degree of freezing

T,: 6)¢(T,) = (~0,7375—0,8597,)10°, that is, determining

the temperature at the point of contact with the surface (at
a distance L, from a cut of a nozzle), established not only
the value o, but also the intensity of heat extraction from
the jet stream. So proceeded from the condition of heat bal-
ance, i.e. the fact that the amount of heat O coming to the
ice from the environment is spent on heating the ice to the
melting point and its transition from solid to liquid state is
definedas 0 =0, +0, =cmT, + L,ph , and from the Fou-

rier provisions on heat equations, taking into account heat
runoff Q = Ildxdydzdt ,where I — the intensity of heat trans-
dxdydz -
elementary volume of the ice, in the first approximation (if
Wt—L,m

cm

fer from the environment to the ice;

dxdydz =W, and phs=m) we have T, =
from where

_ T.cm+L,m

Wt (14)
where ¢ — specific heat of the ice; m — its average

mass;

p — fluid density; L, — specific heat of ice melting; # — crys-

tallization layer over a period; s — ice surface area, T — the

time of movement of the ice by the slice is determined from

the average speed of the water-ice flow.

Since during the theoretical research a hypothesis
was formulated about the dependence of ice generation on
the jet leakage conditions determined by the Reynolds
number Re, the latter was established by the equation

Re= HR 2A—p at the average velocity of the liquid in the
L p
Ap Sy .
nozzle spacev =L, [2— , known fluid viscosity, and the
p
calculated nozzle flow rate as | = 9% .
, /2&
p
¥4
-y |11 o Y
, \ Y5=0/11m
AN

Fig. 8. Formation of the funnel of destruction of
the composite layer

The distribution of velocities over the cross section of the
jet was determined based on the measurement of the profile
of the control volume of the material (Fig. 8) with perpen-
dicular flow of the jet on the surface for a short period of
time, using Finney’s reasoning [13] relative to the volume

removed from the surface due to deformation wear
2 2

my;” [ cos” o,

dw, =—| —/——
Yo, 6

where m — mass consumption of particulars, C — the con-

stant of the material, which determines its viscosity; 6y —

compressive strength of the material; v; — the speed of the

analyzed package of water-ice jet. Accepted v, = v,, .

J;azo, that is hi=Cmvi2;, oa=0

The average value of the kinetic energy possessed by
the jet was determined by the measured dimensions of the
ice cubes, their number, taking into account the geometric
parameters of the jet:

=2 =2 2
K:ﬂ:v_ﬁ d_C+R2+R£ =
2 2 3 4 2

mpH(d?>  ,  d. ), 5
=——| +~+R"+R-*- 1+k,),
24 [4 3 [ k)

d2

2
4{01"+ H sin (q)ﬂ cos® &
2 2

considered a round body that had a certain length [, and
diameter D, , and calculated the volume of such a body by

wherek, = . A piece of ice was
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2
a

the equation: W, = -1, The average mass of a particle

is the density p was: m, =p-W, . For average particle vol-
ume W, =0,0020...0,0023 mm? the mass of the particle
was (at p=1,0 g/cm®) m, =7..9 mg.

The connection of the liquid jet with the laser beam
was performed using a device with a coaxial nozzle, which
allowed to form such an effect without the use of optically
transparent elements of the mixing chamber.

To determine the distribution of radiation intensity
and the formation of parameters on the irradiation surface
&4, Ay he,l;, designed and manufactured optical-jet
stand, the schematic diagram of which is given in Fig. 9.
The device allows: to determine the cost characteristics of
the nozzles used to calculate the Reynolds number; use
nozzles with different configurations of the channel profile
and, accordingly, the coefficients of fluid flow p; to form
cross-sections of the jet with ring nozzles of a given cross-
section, sufficient for observation without the use of a spe-
cial optical system and magnifying equipment; change jet
height - parameter /;, and adjust the point of introduction
of focused laser radiation by distance /y; to carry out visual
control and fixing of a configuration of a stream and its
imprint, with use of the registering phototechnics. A flat
surface was chosen as the main element E; that have di-
mensions 25.0x50.0 mm, thickness 10.0 mm; materials
such as KIMF and UGKM carbon fiber.

\V

Ay

Fig. 9. Schematic diagram of a device for
establishing the conditions of connection of a
laser beam with a coaxially formed jet

Nozzle attachments were constructively designed so
that the inlet area of the hole provides compensation for
misalignment Ad, laser beam and the formed jet of liquid
and provided full reflection of a laser beam due to lack of its
maximum reflection on borders of environments (liquid -
air) at introduction into a nozzle space of the annular channel

in diameter d,. For convenience of visualization in instal-
lation the source of laser radiation of low power BGP-3010
— the solid-state laser with diode pumping (Diode Pumped
Solid State Laser) was used. Diode radiation — 808 nm. The
laser beam is focused and fed to Nd: YVO4 — a crystal that
converts from 808 nm to 1064 nm beam, followed by con-
version of crystalline titanium phosphate, potassium, KTi-
OPOs, double the frequency — 532 nm.

Using an experimental setup, the jet-laser effect on
the non-conductive surface was simulated. Polymethyl
methacrylate (plexiglass) was used as the latter. Consider-
ing its optical properties (transparency) during the experi-
ment was recorded not only the magnitude of the luminous
flux of the laser radiation source (using a photoresistor
FSD-1 [14] Fig. 3.6 (Table 3.2)) depending on the height
of the liquid column, but also the light configuration inkjet
print (Canon Power Shot A110 digital camera has a I0MP
matrix resolution). Also during the research, a transparent
substrate was used, on the surface of which a grid with a
step of 0.5 mm was applied, for the convenience of con-
trolling the geometry of the same print.

The speed of fluid flow at the inlet of the nozzles is
14...50 m/s. Since the experiments showed a significant ef-
fect of pressure instability on the indicators of the recorded
characteristics, the power supply system provided for the
installation of an additional expander (accumulator), which
partially smoothed the pressure ripples. Also, necessary
when setting up research tools for the alignment of the jet
of a low-power laser with a nozzle hole. AQUAPRESS
AFC24SBA was installed in the liquid supply system to in-
crease the accuracy of measurements. Given the possible dif-
ferences in the measurement process, to record the meas-
urement results, it was decided to use the m-DAQ ADC.

Since the intensity distribution and efficiency of la-
ser-jet hybrid tool treatment depends on the flow condi-
tions on Re, a method for determining Re when removing
the characteristics of the jet flow formed by the profiled
nozzle.

Thus, according to [15], the Reynolds number for

the nozzle channel will be determined: Re =£ v-— the
\%

average speed of the fluid in the pipeline or in the channel;
R — hydraulic radius; v — kinematic viscosity of the fluid.
In this case, for nozzles of complex cross-section,
including ring, the critical value of Re will be up to 1000—
1500. The distribution of velocities in the cross section of
the channel is u = % : g(roz —r? ) or after transformations,
1

4y 2

To
i — piezometric slope; 7y — radius of the pipeline.
Average velocity of the liquid in the nozzle space

will be: v=p ,ZE , numberRezﬂ ,2£ .
p v p

.2 2
u:%(l—r—] where g — Acceleration of gravity;
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Focusing of the beam was performed according to
the traditional method, checking the centering of the beam
and the correct hit of all its modes on the focusing lenses
of the tube. Blowing of the impact zone was performed
with ordinary compressed air, which entered the nozzle
with a diameter of 2.8 mm at an excess pressure of
0.05 MPa; the air was filtered and came from the receiver.
The liquid was supplied from a nozzle with a diameter of
1.5 mm directly to the center of focus of the laser. The
working feed to obtain a groove of 2.0 mm was set at 300
mm/min., The laser head was given a rectilinear motion,
and the distance between the nozzle cut and the cut surface
was set provided the location of the focal plane on the plate
surface, ie at a distance of 7.2 mm.

Research results and their discussion

Hybridization of the tool, based on the interaction of
different mechanisms and essence of the processes, is per-
formed based on the results of modeling of different influ-
ences (1-6), the basic laws of which are given above. Usu-
ally, hybridization of the effect is possible listed in table 1:
M., My, L, WJ, Ab, Cr. Since N = 6, variants of combina-
tions N/ =720. Strictly speaking, this is the maximum num-
ber of options for influence, which involves a certain se-
quence of factors. However, hybridization reduces this
amount because: in the general case, the sequence of sam-
pling of the combination is not important; there are options
for combining influences with 2-3 or more actions. Then,
for N =6 and combinations of m = 2 action, the number of

n!

—— thatis CZ =15. This

combinations is: C,' =
(n—m)!m!

is a much smaller number, and for three options Cj =20 .

References

Thus, such a limited number of effects allows you to
create a table comparing treatment options, which is based
on the search for options table. 1 from the condition of en-
suring the cost of treatment, table 2.

Here are some simulation results for solving prob-
lems of practical importance.

Conclusions

The methodology and bases of creation of hybrid
highly effective tools for processing of composite materials
are developed. It is shown that the application of principles
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Bukopucranist pyHKIiOHAJBHOIO MiIX0AY NPHU PO3podui riOpuaAHNX Npouecis y
MAIIMHOOYIYBaHHI: TeOPEeTHYHi OCHOBH

0.®. Canenxko, C.A. Knumenko, B.M. Opei, B.1O. Xosoanuii, H.B. 'aBpymkeBuy

Anomauia. Hageoeno npunyunu cmeopenus 2iOpuonux o6poOHUX npoyecié HA OCHOBI (YHKYIOHATbHO20 Ni0X00y. 3anponoHo8ano
po32nA0amu popMy8aHHs OKpeMUX eleMenmis upody (NIOWUH, OME0PI8, 3A0KPYelleHb, YCMYNia) uepes QYHKYIi, wo 3a6e3neuyromocs
CcyKynHicmwo maxux enremenmis. IIpu ybomy ananizyemscs nompiona enubuHa mexHoI0IYHUX 6NAUBIE, HA OCHOBI 4020 Ni0OUpacmucs
CYKYRHICMb PI3HUX 30 NPUPOOOIO, OOHAK CYMICHUX 6NAUBIE, uj0 Oa3yIombCs Ha neeHoMy Hocii. Takum HOCIEM 3anponono8aHo UKOPU-
CMO8Y8amu UCOKOWBUOKICHUL nomik piounu. I iopuduzayis incmpyMeHmy Ha OCHOBI 600SIHO20 CIMPYMEHS MAl020 OLaMempa MOice
Oymu 0ocaeHyma CyMiWjeHHAM 3 1a3ePHUM HASPI6AHHAM, KPIO2EHHUM OXONOONCEHHAM Md OPMYBAHHAM NOMOKY KPUINCAHUX YACHU-
HOK, MeXAHIYHUM IHIYII08AHHAM NOBEPXHEBUX NOUWKOOHCEHL 3 NOOANLULUM PO3BUMKOM hosepxHesux deghekmis. Ilokaszano eucoxy ege-
KMueHicms 2iopuoHux npoyecie 051 00poOKU KOMNOZUYILHUX Mamepianis.

Kntouosi cnosa: 2idpuonuii incmpymenm, pynkyionansnuil nioxio, o6pobxa komno3umis, 1asepua oopooxa, cmpymeneso-nazepe pi-
3aHHA, KPIO2EHHA KpU2O2eHepayisl.
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