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Abstract. There considered the approach of the
linear econometric dependences parameters esti-
mating for the case of combining a set of special
conditions arising in the simulation process. These
conditions address the most important problems
met in practice when implementing a series of
classes of mathematical models, for the construc-
tion of which the matrix of explanatory variables
can be used. In most cases the vectors that make up
the matrix have a close correlation relationship;
this leads to the need of performing calculations
using a rank deficient matrix. There are also take
place violations of the Gauss-Markov theorem
condition. The list of above mentioned special
conditions is augmented by the additional model
parameters constraints. Cobb-Douglas's production
function and the Solow model are known econom-
ic problems of this type. In this research the need
to impose additional constraints on the model pa-
rameters is extended to a wider range of tasks. In
general, the economic formulation of the problem
with the specified features is presented.

Known ways to solve these tasks are discussed.
The authors’ approach proposed takes into account
the whole spectrum of these features. This ap-
proach is based on the application of pseudoran-
dom matrices and the use of singular matrix de-
composition. The use of proposed mathematical
tools makes it possible to improve the quality of
estimating model parameters while using real eco-
nomic processes data. The analytical definition is
found for the parameter evaluating vector of a line-
ar econometric model with all the above mentioned
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features. Analysis of the used definition provides
determination of the conditions that the matrix
must satisfy; this describes additional model pa-
rameters constraints. The term was also obtained to
estimate the variance of a linear econometric mod-
el parameters vector.

The results obtained can be used in machine
learning systems in the implementation of prob-
lems of econometric dependencies or discriminant
models.
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FORMULATION OF THE PROBLEM

The current state of society as a whole and
the economy in particular is characterized by a
digital information drastic increase. Therefore,
in recent decades, the most urgent issue has
been the search for adequate methods of vast
data sets analysis and processing. Generalizing
existing data analysis developments has led to
the creation of Data Mining techniques. In
most cases, Data Mining refers to a set of pro-
cedures for finding useful, non-trivial infor-
mation that is understandable and can be ap-
plied in decision-making processes. There are
several conditional options for Data Mining
tasks classifying. As a rule, among the basic
Data Mining tasks classes are the regression
construction and the classification of economic
objects. The tasks of regression constructing
establish a relation between a continuous vari-
able, which describes the behavior of an eco-
nomic indicator, depending on the selected list
of factors influence. The classification tasks
also determine the dependence of a particular
variable on the selected list of factors. Howev-
er, unlike regressions, the dependent variable
accepts only discrete values and can describe,
for example, some characteristics of economic
objects. For both specified task classes, the
initial data is a dimension matrix n X m con-

sisting of values for the m explanatory varia-
bles for each n object. Therefore, the imple-

mentation of methods for constructing mathe-
matical models of both classes of problems has
a common problem that is associated with the
requirements for the initial data array. The
problem is that there is a strong correlation
between two or more explanatory variables
(the multicollinearity phenomenon). Construc-
tion of mathematical models if such connec-
tion is neglected leads to significant negative
consequences, that is why special algorithms
have been developed to check for multicollin-
earity. In most cases, if there are close correla-
tion relationships between the explanatory var-
iables, some variables are removed from the
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initial data matrix so as to eliminate multicol-
linearity. However, maintaining a complete list
of factors when constructing a model can pro-
vide more valuable information, so very im-
portant are the approaches that allow an arbi-
trary matrix of explanatory variables to be
used to construct mathematical models. This
research describes the approach of construct-
ing linear econometric models for the case
where the matrix of explanatory variables is a
deficient one.

Let there be a linear relationship between
the variable Y  explaining variables
X; (j = 1,2, ...,m), m - the number of explana-
tory variables and = perturbation. Suppose that
there is a sample n of observations for the var-
iables ¥ and X; (j = 1,2,..,m) that each ob-

servation for each explanatory variable corre-
sponds x;; (i = 1,n) - the value for i observa-
tion of jvariable.

Then the linear relationship between ¥ and
X; (j=1,2,..,m) can be represented as:

Vi=2 B teni=12n (1)

Expression (1) in matrix form has the form:

Y = XB+e @)
yl Xll X12 e le
X, X X

where Y = Xz X="7 :22 am

yn an an Xnm
B, &
B= B;Z o=
B €,

T matrices trans-

Denote also the XTand &
posed to X and =, respectively.

Let the following conditions be met:
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2. M(eg) =c” - E, E is asingle matrix, (4)
3. — X is a matrix whose elements are de-
termined numbers, (5)

4. rang X =m (where matrix X is a full

rank matrix). (6)

ANALYSIS OF THE RECENT RE-
SEARCHES AND PUBLICATIONS

There is virtually no doubt that only a slight
modification of the already known numerical
methods is required to solve the system of
general contravention (6). These modifications
are based on the following idea.

Let us solve system (1), (2) by any direct
method, let it be the Gauss method with the
choice of the principal element. If the matrix X

has an incomplete rank, then in the process of
real transformations we obtain a system in
which all the elements of the last rows will be
minor. We reject these equations and find the
solutions of the resulting system. They will
serve as an approximation, good enough to the
exact system.

On the basis of this idea a considerable
number of works was published [1-4]. All their
differences are related only to the use of vari-
ous transformations of the initial system and
the use of various criteria for the replacement
of "small" elements of the transformed zero
system. However, this idea did not immediate-
ly lead to the effective solution of systems of
algebraic equations linear of general form.
Moreover, the issue of the possibility of con-
structing a stable process of solving systems
with incomplete matrices in the conditions of
perturbation of the input data and the influence
of rounding errors has not been finally re-
solved recently. A positive result was obtained
only after a thorough study of the instability
mechanism and finding guaranteed means of
reducing its impact [3].

It is advisable to use unitary transfor-
mations of the initial system to find a normal
pseudo solution. But, unlike full-rank matrices
systems, the application of these transfor-
mations will no longer entail overall stability.
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Thus, if the exact system matrix is incom-
plete, then the small values of the input data
perturbations and rounding errors will not nec-
essarily lead to the appearance in the system
transformation process of any rows or col-
umns, which consist entirely of the same small
elements. This is the main, but not the only,
difficulty in developing numerical methods for
solving systems with rank deficient matrices,
built on equivalent transformations of the orig-
inal system.

Another obstacle is the reasoning for fur-
ther transformations of those systems whose
matrices have rows or columns with small el-
ements.

If the system input data with a rank defi-
cient matrix is given with errors, no increase in
the accuracy of calculations and no transfor-
mations will guarantee the desired accuracy of
a normal pseudo-solution [3]. This requires the
involvement of additional information on the
exact task. But suppose, after the unitary trans-
formations, a system with small rows or col-
umns is obtained. Replacing these rows and
columns with zero is equivalent to a small per-
turbation of the initial system matrix. If we can
accurately find the normal pseudo-solution of
the resulting system, it will mean that the pro-
jection of the normal pseudo-solution of the
exact system on one of the subspaces drawn on
singular vectors will be calculated sufficiently
accurately. There is no reason to expect a bet-
ter result without additional information.

The need to use additional information to
solve unstable systems is interconnected with
some difficulties in designing the appropriate
computational algorithms.

TASK SETTING

When solving certain economic problems
on the basis of econometric models, it is nec-
essary to consider conditions that impose addi-
tional regression coefficients constraints.

Let us have an enterprise that produces
goods and uses m types of resources. The en-
terprise is characterized by a technological set

Z — R} that describes all the possible sets of
resources needed to produce a given product.
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For example, the plural M © Z may be condi-
tioned by

X, 20, ax <x <bx, i=12...m

where a,b, — are given numbers 0<a, <bh,

(|
that is, the proportions of resources must be
within certain limits.
Let's have a production function

Y(X)=yII, X (7)

where y>0, 4, =0, 4, =0,..., are unknown
parameters for which X7, 4, = 1.
Suppose ¥(X) - the amount of goods pro-

duced by the enterprise in the set of resources
X = (xy, x5,..,x,). One can consider the

task of determiningy = 0,4, =0,..., 4,, =0

> (V) =TT %) - min <

XeMcz

> (Y (X)-Iny—> 4, Inx)* - min

XeMcz i=1

with additional conditions

ky
Zki =2y,
i-1
ky
Z 7\’i =1Z,,

i=k;+1

For example, [1] when applying the classi-
cal Cobb-Douglas production function of a
form

Y =, L°K" (8)

where ¥ — production volumes, L — labor
costs, K — capital costs, a,p, by — model pa-

6

rameters, the need that considers the constant
production scale feedback is realized by intro-
ducing a a+p =1 constraint type.

PRESENTING THE MAIN CONTENT

There are two ways of considering such
limitations [1]. The first is to solve the prob-
lem without additional constraints. For the re-
sult obtained, we test the hypothesis that the
estimated coefficients satisfy the required con-
ditions.

The hypothesis is formulated as follows: for
the true values of the coefficients of the model,

a condition C"B=ris fulfilled, where C is a
vector of constants, which allows to describe
the existing additional conditions, p - the es-

timates of the model parameters found without
taking into account additional conditions, r -

the constant is given by the condition.
Using model parameter estimates, the value

C'B for which the value is checked is calcu-
lated

(__C'B-C'p
sJCT(XTX)*C

where = is the standard error of the model per-

turbation.
To test the hypothesis in (9), * is substituted

instead of C"B. The obtained value is com-
pared to the critical t-distribution value with
n — k degrees of freedom.

The second way is to take into account the
additional constraint directly in the model pa-
rameter estimation process. In the simplest
cases, the regression equation can be trans-
formed so that an additional constraint will be
taken into account in the model structure itself.

(9)

Consider the case [1] of estimating the pa-
rameters (8) provided by o+ =1.

Logarithm (8) leads down to a linear de-
pendence of the form:

niaBOAHI TEXHOMOCrIT ¢ 2020 Bun.10, 3-12
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y=b, +aX, +BX, +¢,
where y=InY, X, =InL, X, =InK..

Limitation o+ =1 can be represented in
the form and directly included in the model:

y=by+oX, +(1-a)X, +¢ (10)

For (10), we find the estimates of the pa-
rameters b, and a provided that the sum of the

squares of deviations is minimized [1].
2 (¥ =by = aX, — (-0 X,)* (11)

If any of the methods does not provide the
necessary accuracy for solving a system of lin-
ear algebraic equations, there is no reason to
expect that another method will produce better
results for the same system. Most likely, such
a system should be considered unstable. It is
known [1-4] that the redefined system pseudo-
solution (2) with a full rank matrix is the usual
solution of the system

XTXB=XTY

with a square non-degenerate X' X order ma-
trix m X m. Normal System Solution (1-2)

B=(X"X)XTY
It should be required >"" B — min.

Definition 1. The matrix X¥ (m X n) is

called the Moore-Penrose pseudorandom for a
matrix X if it satisfies the following four con-

ditions:

1 XTXXT=X" (12)
2. XX"X =X (13)
3. XX _symmetric (14)
4. XX _symmetric (15)
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It follows from  condition (12)
XIXXT=X"T= XTXX"X =X"X if
X*X =P, then P?=P. From condition (15)
P, is symmetric. So P, is an orthoprojector.

Similarly XX™ =P, — orthoprojector. In addi-
tion, with XTXxT=x%=px*t=x"
X*p,=X%, And from that
XX X=X=XB=X,PX=X, one can
prove that such a matrix X" always exists and
is unique [2]. If X is a non-degenerate square
matrix, then X* = X "obviously satisfies the
conditions (12-15). If X is rectangular and has
full rank, then X" =(X"X)™*X". One can

check that pseudo-inverse of the diagonal ma-
trix

o, 0 - 0
0 o, -~ 0
=0 On
0 0 0
Do 0
0 0 0

is a diagonal m X n matrix

o/ 0 -« 0 0 - 0
.0 oy - 0 0 - 0
D S
0 O o, 0 0
, ;%20
where o, =1
0, 0,=0

Next, we use a singular matrix arrangement
X [3].
X =uzy?
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where U is an orthogonal n X n matrix, V' is
an orthogonal m % m matrix, and I is a diago-
nal m x n matrix which has c; =0, if i #j,
c,; 20. The columns of the U matrix are ei-
genvectors of the XX matrix and the columns
of the VV matrix are eigenvectors X' X . Using
(13) [2,3] we obtain

Xt =vztuT,

The least squares estimates of the parameter
Bin (2) are defined as the values B,,8,,...,
minimizing

m?

L= > =2 B~

. (16)
D 1 XqBj ey, — ming

where the matrix A=|lo, | is a symmetric pos-
itively definite matrix. The solution (16)
B,.B,.-...B,, will be called the pseudo-solution
of problem (1), (2). The solution will be linear
with respect to v. In addition, provided (3) Plfs
is an unbiased estimate Pfin (1). That is

M (RB)=PB.
The solution, generally speaking, will not
be the only one. We will require that the min-

imum amount be " B%. Then the solution

(16) is unique. Generally speaking, when con-
dition (4) is violated, unbiased estimates
[ cannot be obtained.

The case where for problem (1-2), without
taking into account the linear constraints, con-
dition (3) is not fulfilled is considered in [9]
forM(g)=0. Some compromise was found

between the bias value B and the value D(p).

The case where (2) is not fulfilled was consid-
ered by Aitken [10], who proposed the use of
the generalized least squares method, provided
that the matrix X is of complete rank. In this
work, Aitken's method extends to problem (1-
2), provided that there are linear constraints, as

well as that (6) is not fulfilled, but takes place
rangX =t <mand simultaneously

M(ee’) = D=<52vv’ (17)

where o is an unknown parameter, D W are

known symmetric positive definite order ma-
trices nxn. Then D makes it possible a repre-

sentation D = PPTwhere the matrix P is non-
degenerate positively defined. So, D=PP" so
thatP*'DP*=E and P*'P'=D". Let us

denote P'=B. The matrix D commutes
withB. From (17) it follows that

W*=D"¢* W*=BB=c"BB.
Hence the covariance matrix

2
G, 6,0,61, 616,61,
2
0.0,0 (¢} o,06,.06
.
M (ge) =| C102% 2 20n%an | _
2
6,0,0, ©,0,0,, - o,
= oW,

where o’ =M (g?)=D(y,)is the dispersion
c,0,p; =M(gg;)=covyy;, Wis the known
weight matrix.

In this article we consider the general case

of linear constraints for problem (1), (2) in the
form:

r=RB (18)

where ris a known vector column consisting
of g <melements, g—rangR

R js a known order matrix gxm.

It is important that the matrix R should
have the following property:

RK'K =R, RR, =R

where R =K'K -
K =XT"BBX.

orthoprojector,

niaBOAHI TEXHOMOCrIT ¢ 2020 Bun.10, 3-12
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It is necessary to find Y = Xp+emodel pa-

rameter estimates such that the constraints (18)
to be satisfied. To do this, it is necessary to
minimize the expression:

L = (Y = XB)" BB(Y — XB)+(RB—r)" 21

where L — is a vector column of g Lagrange
multipliers.

L =(Y - XB) BB(Y - XB)+(RB—1)" =

YTBBY —YTBBXB-p' X BBY + ' X BBXp+
(RB—r)" =Y"BBY —2Y"BBXB+B" X "BBXp+

(RB—r)" 22,
since YTEEX[:% - the number transposed to

[ETXTEE_SY , the second and third additions co-
incide.
Since

dL = —2Y" BBXdp + dp" X "BBXpB+
B"X"BBXdp+ 2\R"dp

(dp"X"BBXP)" =" X "BBXAB (1)
From (19) we have:
2(~XBBY + (X"BBX)B+R™A) =0

Let us denote L =(Y —XB)" BB(Y — Xp).
Then the condition of minimization will be

(X"BBX)B = X"BBY (20)
Then
B=(X"BBX)*X"BBY (21)

Using 4 Lagrange multipliers, let us con-
sider

L=LC+2(RB—r)"A
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We estimate the vector [:350 that the condi-
tion (R[E— r) =0 be satisfied. To do this, select
f&in such a way as to minimize L under con-
ditionRB = .

The condition min L will be

dL = 0= —2X"BBY +2(xTE‘sE‘;X);§—(22)

2R"A=0

From (20), (21), (22) we obtain:
R =K(B-P) (23)

where K = XBBX .
Multiply on the left on RK*

RK*R"2% = RK“K (B—P) = RK"Kf —
RK*KB
(24)

Solve (24) pertaining to, using the pseu-
dorandom matrix, we have:

%= (RK'R")" (RK'KB—RK*'KpB) (25)

Substitute the resulting expression for A
(25) into (23):

R"(RK*R")*(RK*KB - RK*Kp) =
K(p-P)
Solve for (B—p):

(B—BpfK+R%RKfRTr(RK+KB—(2®
RK*KB)

Since K'K =P, - orthoprojector [20] and
RK*KB=RPB=RB=r, then
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B=B—K'R"(RK'R")" (RK'Kp)+
K'R"(RK*R")'r=p—
K*R"(RK*R™)"(RB) + K*R" (RK*R")*r

(27)

The second supplement is independent of
B, therefore D(K*RT(RK*R")"r)=0.
Besides, it is known that [20]

DP)=K" (28)

Applying (28) and (27) we get

D(B)=K* —K*R" (RK*R")* RD(B)
(K*R"(RK*RT)*R)" =K* —K*R" (29)
(RK*RT)*RK*R" (RK*R")"RK*

Using the Moore-Penrose conditions (12) -
(15), we have:

K*RT(RK*R")" (RK*R")(RK*RT)*RK" =
K*RT(RK*RT)"RK*

So
D(B)=D(B)-K'R"(RK*R")"RK*
D()=K*-K'R"(RK*R")"RK"*

In addition

e'Dle=(Y — XB) D (Y — XB) =

YT BXT)D YUY —XB) =YD +

B'X D IXB-Y'DXB-B XD =YD +
2B"XTDY +BTX DXB=YTDY +

BT (X"DXB-2XTDY);

e’ Dle=Y"D? +p (X" DXB-
2XTD(XB+e)) =Y DY —BTKp.

Since (Y -Y,), (ﬁ—ﬁo) are values with

zero mathematical expectations, then the
residual sum of squares in the presence of
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additional conditions for the model parame-
ters have the form:

He =02 (€W e+ (B—B) (X W X)(3-))

Where

where H, is the residual sum of squares in the

absence of a relation between the parameters
and is equal.
We can prove that

Hp = (r—RB)" (RK'R")"(r —Rp)
He = (r—RB)" (R(X'WX)"R")"(r - RB)

Indeed, according to (25), (26)

K(B—-B) = R(RK"R")"(r — Rp)
(B—P)" = (r—RB)" (RK*RT)*RK"

He=(B-B) KB-B)=(r" —p'R")
(RK*R")"RK'RT(RK'R")*(r—-Rp) =
(r" =B"R")(RK*R")*(r —RB)

Hence we will be able to evaluate the hy-
pothesis of the relationship between the pa-

He —H,

N H
rameters [ by the criterion :H—R
0

0

where Hq distributed as —9— Font:
H, n-t =~

CONCLUSIONS FROM THIS STUDY
AND PROSPECTS FOR FURTHER EX-
PLORATION IN THIS AREA

The complexity of real economic processes
requires the continuous improvement of exist-
ing mathematical tools to enable the construc-
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tion of adequate mathematical models. It is
necessary to constantly search for new ap-
proaches in mathematical modeling, which
will allow expanding the possibilities of con-
structing models of real economic processes.
Known methods may have quite limited appli-
cations. Thus, a detailed method of estimating
the parameters of linear econometric models
may be unsuitable in some cases for its appli-
cation in modeling real economic processes.
The classical least-squares method gives stable
and effective evaluation only if the conditions
of the Gauss-Markov theorem are fulfilled,
whereas in most studies such conditions are
not fulfilled. Therefore, developments that al-
low the adaptation of existing mathematical
modeling approaches to a wider range of prob-
lems are important. In addition, the modern
dissemination of digital information necessi-
tates its automated processing. Machine learn-
ing technology to build mathematical models
is becoming more commonplace, and so ap-
proaches that can be used to solve common
problem classes are becoming more relevant.
The approach considered in this paper meets
these requirements. It extends the ability to
solve the problem of evaluating parameters of
linear econometric models for cases of a num-
ber of problematic issues that may arise in the
construction of models and can be convenient-
ly implemented in machine learning systems.
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OueHuBaHMe NapaMeTPOB IKOHOMETPUYECKHUX
MojieJieid ¢ JIUHeHHBIMU OTPAHUYEHUSAMH U
MaTpuieidl Ha0JI0AeHHii HEMOJIHOI0 PaHTa

Anna I'puwenro, Anexcanop Kymoeot,
Onez lllymosckuii

AnHoTamus. PaccMOTpeH moaxo]l OlleHUBaHUS
MapaMeTpoB JTMHEWHBIX AKOHOMETPUYIECKHUX 3aBH-
CHUMOCTEH IJIs ciydasi COBMEMICHHS PAga 0COOBIX
YCJIOBUH, BOSHUKAIOLINX B MPOLIECCE MOAEIHPOBa-
HUS. OTH YCIIOBHUSI KacaloTcsl HamOoJiee Ba)KHBIX
po0JieM, BOSHUKAIOIINX Ha MPAKTHUKE TIPU pean-
3aluM psAa KIAaCCOB MaTeMaTHYeCKUX MOJIENeH,
JUISL TIOCTPOCHUS KOTOPBIX MCIOJIB3YETCs MaTpuUIia
OOBSACHSIOMUX TIEPEeMEHHBIX. B  OONBIIMHCTBE
CllyyaeB BEKTOPBI, U3 KOTOPBIX COCTaBIISIETCS MaT-
pHIIa, HIMEIOT TECHYIO KOPPEJSLUOHHYIO CBSI3b, UTO
MIPUBOJUT K HEOOXOJMMOCTH BBITONHATH BBIYHC-
JIEHUS C WCIIOJIb30BAaHUEM MATPHUIBI HEMOJIHOTO
panra. Takxke UMEIOT MECTO HApYIICHHS YCIOBHUS
teopembl ['aycca-MapkoBa. B mepeuenb ykazaH-
HBIX OCOOBIX YCIOBWH J00aBIsSETCS HAUYHAE J0-
IIOJIHUTEJIBHBIX OTPAaHUYEHUN HA IapameTpbl MO-
JCIIH. K n3BecTHBIM YKOHOMHUYECKHUM ITOCTAHOBKAM
3a/1a4 JaHHOTO THITA OTHOCSITCS MTPONU3BOACTBEHHAS
¢yskius Ko66a-/lyrnaca u monens Conoy. B pa-
00Te HEOOXOIUMOCTh HAJIOKEHHS JIOTIOJIHUTEIIb-
HBIX OTPaHHYCHUN Ha TapaMeTphl MOJIEITH PacIpo-
CTpaHeHO Juist OoJjiee MIMPOKOTO CHEKTpa 3amad. B
o0IIeM Bujie MPHUBEIACHO SKOHOMHYECKYIO IMOCTa-
HOBKY 3a/1a4¥ ¢ yKa3aHHBIMU OCOOEHHOCTSIMHU.
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PaccMoTpeHBl W3BECTHBIE CIIOCOOBI PEIICHUS
Takux 3amad. lIpennokeH aBTOPCKUM TOAXO,
YUUTHIBAIOIIMI BECh IEPEUCHb YKa3aHHBIX OCO-
oennocreil. [lonxox OCHOBBIBaeTCS Ha NpUMEHeE-
HUM IICEBIOOOPATHBIX MATPHUILl M HCIIOIb30BAHUU
CHHTYJISIDHOTO pa3ioxeHust mMarpuu. llpumenenue
TaKOro MaTeMaTH4YeCKOr0 HMHCTPYMEHTapHs I03-
BOJISIET TOBBICUTH KaueCTBO OLIEHKH MapaMeTpoB
MoOJIeJIeH TIPH HCIIOJIb30BAHUM JAHHBIX PEabHBIX
9KOHOMHYECKHX MponeccoB. HaiineHo aHanuTuye-
CKO€ BBIpa)KEHHUE JIJIs1 BEKTOpA OLIEHOK NapaMeTpoB
JIMHEHHON 3KOHOMETPHYECKOH MOJEIN C y4ETOM
BCEX YyKa3aHHBIX OCOOCHHOCTEW. AHANIHM3 TMOIY-
YEHHOT'O BBIPA)KEHUS MO3BOJIMII ONPEAEIUTH yCIIO-
BHs, KOTOPBIM JOJDKHA YJIOBJIETBOPATh MAaTpHIIA,
OIMCBHIBAIOIIAS JOIOJIHUTEIbHBIE OIPAaHUYCHUS Ha
napaMeTpbl Mojient. Takke MoyuyeHO BhIpaKeHUE
AJI1 OLCHKH JUCIICPCUH BCKTOpa MapaMEeTpoOB JIU-
HEWUHON S5KOHOMETPUUYECKOU MOJEIH.

[lonmy4eHHble pe3yabTaThl MOTYT OBITH UCIIOJNb-
30BaHbl B CHCTEMaAX MAIIMHHOI'O O6y‘-ICHI/I$I npu
peanuzanMy 3agad I[OCTPOCHUS HKOHOMETpUYE-
CKUX 3aBHCHMOCTEH WJIM AUCKPUMUHAHTHBIX MO-
Jenei.

KuroueBble cJI0Ba: 5KOHOMETPHUUECKHE MOJIEe-
7, MaTpHULa HETOJIHOTO PaHra, MyJbTHKOIHHEap-
HHUCTh, ycioBusi ['aycca-MapkoBa, miceBnooOpart-
Has MaTpulia.
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Abstract. A lot of research in the field of ar-
tificial intelligence cannot be completed, or
carried out at all, due to the lack of at the mo-
ment a correct theory of the human brain func-
tioning associated with its intellectual activity,
at least at a conceptual level. So far, there are
no comprehensive proposals by researchers on
what principles should be based on models of
elementary and structured meanings processed
by the brain in the course of human life, not to
mention formal languages and their grammars,
or, especially, formal theories designed for
these purposes. The purpose of this article is to
fill the gap in scientific knowledge about the
human brain. Academician P.K. Anokhin in
1984 proposed the concept of a model for or-
ganizing and regulating a behavioral act, in
which there is a place for all basic processes
and conditions. It was called the functional
system model. With such a model, it becomes
possible in the same vein, using axiomatic
statements, to create a logical-dialectical mod-
el of the functioning process at the physiologi-
cal level of any of the higher mental functions.
The dialectical logic of controlling any human
body functional systems follows from the con-
ceptual knowledge of the vital functions of
these functional systems, obtained exclusively
by natural experimenting. Therefore, the con-
ceptual knowledge of the vital functions of
each studied functional system of a person
should precede the description of the logic es-
sence of its control. The human psyche is one
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of the most important functional systems of
the human body. The article presents the fun-
damental concepts of the vital functions of this
system, which allow revealing the essence of
the dialectical logic of life-supporting func-
tions control and a formal model of the dialec-
tic logic of the human psyche functional sys-
tem control.

Keywords: axiomatic modeling, artificial intel-
ligence, mathematical logic, thinking, formaliza-
tion.

INTRODUCTION

Relevance of the topic. The existence of a
living matter, including complexly organized
animals having nervous system (COAHNS)
[1,2,3,4], in a state of continuous and perpetual
motion, caused not only the appearance of the
psyche in the matter of these COAHNS, but
also the possibility of creating various mental
images based on this matter.

Mental images are used as reflections in the
minds of an interacting pair of COAHNS indi-
viduals.
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The psyche is defined as the feature of
highly organized matter of a particular subject
to reflect the objective reality of the universe
and, based on the mental image of this reality
formed at the same time, to carry out not only
operational, but also current and long-term
management of the activity of this subject and
its behavior. Reflection fixes in the memory of
its consciousness the mental image formed by
it (reflection) of the environmental impacts on
it, which certainly agrees (image) with the
worldview of the reflecting subject. The form
of reflection depends on the form of existence
of matter. In nature, there are three main forms
of reflection. The lower life organization level
corresponds to the physical form of reflection,
characteristic of the interaction of inanimate
nature objects.

Physiological form of reflection corre-
sponds to the living matter.

The highest level of reflection in living
matter takes the form of the most complex and
perfect reflection - mental reflection.

The consciousness of a particular person in-
tegrates the diverse phenomena of human real-
ity, transforming them into a truly holistic way
of life of this person.

Consciousness is an integrated complex
(system!) of higher mental functions (HMF)
[4, 5, 6, 7], in which there are no fundamental
and secondary functions. This is a set of 40-60
pcs equally important functions, implementing
the highest level of the human psyche. Psy-
chology professionals attribute them to artifi-
cial, instrumental, arbitrarily functions, con-
trolled by a person, that have a social for-
mation. But professionals in the area of neu-
rophysiology, neuropsychology and biochem-
istry argue that HMF are implemented:

 Either on the genetic foundation of the
neural networks fragments stereotypical archi-
tecture specifically designed for these purpos-
es.

* Or, the human brain has a genetic neural
structure loaded with the functions of a Uni-
versal Biological Architect, capable, in the
space of its own population of neural stem
cells by differentiating these cells, to create
arbitrary neural network architectures designed
to implement each of the HMFs.
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The last two statements have yet to be clari-
fied by natural scientists in the near future.

The vital activity of consciousness and
HMF ceases with the death of a person.

For newborns, the process of HMF for-
mation and consciousness begins from the
moment they are born.

The approximate HMF list is as follows:

= reflection

= physical reflection

= physiological reflection,

= mental reflection,

= perception,

»  presentation

= arbitrary attention,

= arbitrary memory,

= rational activity (extrapolation reflex),

= Speech,

= writing

» |ogical thinking,

* imagination

= consciousness

* nine gnostic functions,

= twenty to forty intellectual functions.

It should be noted that the given approxi-
mate HMF list of is very far from perfect, due
to the fact that so far psychologists, specialists
in normal physiology, neurophysiologists, neu-
ropsychologists, biochemists and cognitive
specialists have no consensus and, moreover, a
CONsensus:

* on the leading role of one of the HMF;

* on the classification of these functions and
the algorithm of their interactions;

« about the tasks solved by each of them;

« about physiological processes that realize
them;

* on the cerebral globe of the brain and spi-
nal cord, fragments of which realize the func-
tion of the substrates of each of the HMF;

* on the unity of the mental, material and
information functions in each of the substrates
of living matter.

We will consider this phenomenon tempo-
rary, and that very soon it will be qualified by
natural scientists. In the meantime, all profes-
sionals mentioned in the context attribute the
leading role to consciousness, in spite of the
HMF of logical thinking, not being embar-
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rassed by the fact that consciousness combines
dozens of HMF.

If, yet, adhere to the rules of the protocol of
agreements already reached in the field of re-
flection of knowledge about living matter in
textbooks for biological and medical universi-
ties, then logical thinking, both of a mentor
and a student, suggests the need to recognize
the leading role of the HMF rational activity of
a person. Although if only because it has, by
universal admission of natural scientists, a ge-
netic beginning and was first discovered ex-
perimentally as a sign of a psychic beginning
in a person.

The discussions activity on the topics men-
tioned above has not subsided for at least the
last three decades, but no noticeable progress
in cognition of the human psyche has been ob-
served.

The purpose of the article is to focus the
attention of natural biologists on the lack of
necessary knowledge in the field of dialectic
logic of controlling the functional system of
the human psyche, which, due to their funda-
mental nature, inhibits the knowledge of the
neurophysiological processes secrets that real-
ize his (person's) mental life. In particular, the
knowledge formalization process in the field
of theoretical medicine concerning the life of
the functional system of the human psyche
suffers to the maximum extent. It is these spe-
cialists who, like no one better, can see what
knowledge and in what way can be obtained in
a minimum amount of time. The article is de-
voted to the coverage of these problems.

The dialectical logic of controlling any
functional systems of the human body follows
from the conceptual knowledge of the vital
functions of these functional systems, obtained
exclusively through field experimentation.
Therefore, the conceptual knowledge of the
vital functions of each studied functional sys-
tem of a person should precede the description
of the essence of the management logic.

The problem formulation. The human
psyche is one of the most important functional
systems of the body, therefore, we will present
the fundamental concepts of the vital activity
of this system, which will allow us to identify
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the essence of the dialectical managing of life-
supporting functions logic [8 — 11].

Human psyche life concepts

Concept No 1. The psyche essence and the
HMF role in human life.

The psyche (mental (from Greek)) is a ge-
netically determined property of highly orga-
nized matter of the human body, consisting in
its (matter) ability to reflect (subjectively re-
produce!) using its own sensory organs and to
fix a mental image in the memory of its nerv-
ous system (scene + scenario)), interacting
with it the objective reality of the environment.
The adjective “mental” focuses on the fact that
the image (scene + script) is formed in the per-
ception environment, due to the complex of
knowledge about this environment, called the
worldview of the reflector.

The mental images accumulated by the sub-
ject about the life of the universe are used
throughout his life, both for the operational
and for the current and long-term management
of his own life and his behavior.

The HMF control algorithm as a part of a
functional system called the psyche is not yet
known to natural scientists. And according to
my ideas, no one has yet studied this topic in
the international scientific community, since
publications on it have not yet been encoun-
tered in international scientific journals.

As well as the list of HMF specific func-
tional capabilities of human rational activity is
thoroughly known to no one. Although for the
leading role among all HMF, it is objectively
the number one contender.

It remains nothing but hope that this publi-
cation will arouse interest in the announced
research topics and the results will not be long
in coming.

In the meantime, in addition to the HMF
presented above, it is possible to reveal gener-
alized names of Gnostic and intellectual func-
tions.

Gnostic (underlying) functions of natural
phenomena cognition:

* purpose of functioning;

* motivation for functioning;
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» morphology of a cognizable phenomenon;

» assessment of operation accuracy and reli-
ability;

« identification of energy sources necessary
for functioning;

+ assessment of energy required for opera-
tion;

* physical forces that ensure the functioning
process;

* types of movements of matter on which
functioning is based,;

« relation between physical variables that
are functionally fully characterizing the func-
tioning of the phenomenon under study.

Smart features

Intelligence (from the Latin intellectus —
understanding, cognition) is the main form of
human cognition of reality. In a broad sense,
this is the totality of all individual cognitive
mental functions: from sensation and percep-
tion to thinking and imagination; in a narrower
sense, it is thinking. This definition of intelli-
gence is accepted in modern national psychol-
ogy.

The basic HMF list (higher mental func-
tions) that make up the intellect is as follows:

° consciousness;

* perception;

¢ memory;,

* thinking;

* speech;

* writing;

¢ SCOrc;

» arbitrary movements;

» understanding of relative movements;

 understanding of rhythms in movement
and in sensory perceptions;

* imagination;

* recognition of familiar sensory images;

* recognition of familiar compositions
(scenes) of sensory images;

* understanding the structure of sign sys-
tems (solving the problems of semiology);

* solving logical problems;

» solving problems of spatial geometric
constructions;

* solving game problems with the antago-
nistic warring goals;
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» reproduction of graphic or pictorial copies
of the observed phenomena;

» fine art, literary and musical creativity;

* scientific creativity;

* substantial evidence of predictive logical
statements;

» control and management of the autonomic
nervous system.

However, you must admit that without the
HMF control algorithm, which is part of the
human body psyche functional system
(HBPFS), known only through HBPFS full-
scale experimentation, it is fundamentally im-
possible to understand the control logic of it
(the psyche) by life-supporting functions.

Therefore, based on the knowledge of the
human psyche set forth in this concept, we
formulate the following axiom:

Axiom No.1. The human psyche as a
whole, with all its HMF, from the point of
view of a natural scientist-neurophysiologist,
is a script generator, reflected in the format
of the second signal system symbols, all ad-
missible states of its nervous system, and, at
the same time, the director of the implementa-
tion of these scenarios, guided by: environ-
mental influences, interactions with the envi-
ronment and a mental imitation of the “self”
interaction with its own psyche.

This generator and director provides the so-
lution to the following human life support
tasks:

* active, but at the same time subjective re-
flection by this real universe individual;

« adaptive regulation of the one's own body
state in accordance with the current environ-
mental influences and current interactions;

+ adaptive operational behavior manage-
ment and reactions in accordance with the cur-
rent environmental impacts and current inter-
actions;

« the possibility of a mental imitation of the
“self” interaction with his own psyche.

Guided by the ultimate goal of knowing the
human psyche, and knowing the real state of
this knowledge from the point of view of the
psyche integrity as a functional system of the
human body, | believe that we stay without
answers to two questions:
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= constructing (on the basis of the facts of
full-scale experimentation with the func-
tional system of the psyche) a HMF net-
work management model of this system
when solving the tasks just listed for the life
support of the human body;

» on the basis of the HMF network model of
management to identify the dialectic logic
of its management (psyche) of life-
supporting functions;

the psyche cognition cannot be considered

successful. Such a level of cognition cannot be

called failure otherwise. And, of course, there
is a need for its urgent completion, but accord-
ing to the program proposed in the article.

Such actions determine the purpose of publish-

ing the article. However, we must not forget

that the psyche functional system, of course,
being the most important in the environment
of many other functional systems of the human
body, continuously interacts with these other

systems, and the quality of its functioning di-

rectly depends on this interaction. This will be

discussed in the following concepts about
some related HMF functional systems and the

features [12, 13-18].

Concept No 2. The HMF leading role of ra-
tional activity in the sphere of the functional
system action of the human psyche can be rec-
ognized only after exhaustive scientific
knowledge of the biological tools that imple-
ment it. Including its functional capabilities, an
algorithm for implementing these capabilities,
plus the architecture of fragments of a neural
network in the brain globe of the brain and
spinal cord, which implement the full HMF
functionality of rational activity. We identify
this concept as Axiom No.2.

Concept No.3. Human evolution of the
second signal system (speech, writing, read-
ing) in addition to the first signal system (sen-
sory), led to the generation in the body of the
psyche as a separate body functional system,
the material carrier (substrate) of which is the
central nervous system (CNS). The psyche
provides:

* interpretation of the universe phenomena
reflected by it in human memory, in the format
of functional information about this phenome-
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non, but not related to the substrate and its
properties;

« interpretation of any functionality of the
human body in the format of a controlled in-
formation process of movement and pro-
cessing of the following types of information:
1) stored in its memory; 2) outgoing from the
external environment (sensory); 3) coming
from the analytical and associative centers of
the cerebral cortex and its centers of motiva-
tion, will and emotions; 4) as well as coming
from all feedback sources.

We identify this concept as Axiom No 3.

Concept No 4. The basis of the human
body vital functions are the unconditioned re-
flex reactions of the organism to disturbances
in the living environment, or disturbances in
the internal environment of the organism. We
identify this concept as Axiom No 4.

Concept No 5. The conditioned human
body reflex activity is based on unconditioned
reflex activity. We identify this concept as Ax-
iom No 5.

Concept No 6. The human cerebral cortex
activity has the most developed ability to ana-
lyze and synthesize signals from the surround-
ing and internal environment of the body. The
analytical activity of the cortex is: a subtle dis-
tinction (differentiation) in the nature and in-
tensity of the action of many stimuli acting on
the body and reaching in the form of nerve
impulses to the cerebral cortex. Due to internal
inhibition in the cortex, differentiation of
stimuli by the degree of their biological signif-
icance is carried out. This differentiation is
analogous to the logical summation operation
performed by the processor of the analytical
zone.

The synthetic cortex activity is manifested
in the binding, association of excitations that
arise in different zones of the cortex, which
forms complex forms of human behavior. This
binding is an analogue of the logical multipli-
cation operation, which is performed by the
processor of the associative zone in the cere-
bral cortex. The neurons of the associative
zone are not connected with the sensory or-
gans or muscles, they communicate between
different areas of the cortex, integrating, com-
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bining all the impulses entering the cortex into
integral acts of learning (reading, speech, writ-
ing), logical thinking, memory and providing
the possibility of appropriate behavior reac-
tions. We identify this concept as Axiom No.6.

Concept No 7. All anatomical components
of the human body, external and internal, are
permeated with various types of receptors,
which are designed to control and regulate the
permissible states of these components. We
identify this concept as Axiom No 7.

Concept No 8. Conscious human activity is
realized solely by the functional system of the
human psyche, which includes the central and
peripheral nervous system of a person. In this
case, it is carried out:

» coding of processed information (en-
grams);

» associative information retrieval (en-
gram);

* addressing of engrams during writing and
reading;

 synchronization of writing and reading
engrams;

 transformation of complex multimodal
perceptions formats (unconscious memory)
into conscious information formats (glosses,
meanings);

* logical analysis of engrams performed in
the analytical zone of the cortex;

* logical synthesis of engrams performed in
the associative zone of the cortex.

We identify this concept as Axiom No 8.

Concept No 9. HMF of consciousness im-
plements the list of functional capabilities
identified in the process of exclusively full-
scale experimentation [19 — 22]:

Model (in the form of sensory, speech, writ-
ten, graphic, and engineering-graphic images)
of subjective reflection in a person’s memory
of his interaction with environmental realities,
which are the components of the universe.

Model subjective reflection in human
memory of the accumulative knowledge re-
sults of the universe new fragments.

Providing the generating based on the ac-
cumulated knowledge of behavioral functions
that allow a person to:

adequately navigate in space and time of
the universe;
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adequately assess the personal status in the
environment;

adequately be guided by the laws of life in
the environment;

ensure in time the systematic and integrity
of the laws of life;

make the work socially useful, associated
with the production of goods necessary for the
life of society;

carry out an internal mental dialogue, which
is the basis of the fruitful thinking of this per-
son.

We identify this concept as Axiom No 9.

Axiom No 10. The spiritual life of a person
is mediated by the dialectical logic of control-
ling his psyche functional system.

A formal model of the human psyche life-
supporting functions dialectic logic control.

If axioms Al — A9 and their causal rela-
tions between themselves and axiom A0,
which reflects one of the psyche modeling
goals, are described in the formal language of
first-order predicate logic, then we get the de-
sired model of the dialectic logic of controlling
the psyche functional system.

We proceed to the process of describing the
first-order predicate logic the dialectic logic of
controlling the functional system of the psy-
che, reflected in the context of the article using
the axiomatic text A1 — A10.

Replace the axiom A; with a logical func-
tion called the predicate:

Al = pl1(X), in which the predicate symbol
pl is loaded with the meaning of the axiom
Al, and the object variable X identifies the
person in question.

A10 = p10(X), in which the predicate sym-
bol p10 is loaded with the meaning of the axi-
om A10, and the objective variable X identi-
fies the person concerning the psyche.

Based on the axioms Al — A10, one can
formulate the following target theorem:

The logical product of the axiom premises
Al - A9 provides an adequate spiritual life of a
person.

This theorem formally looks like this:
A1IAA2A...AA9=>A10.

What is reflected in the predicate form:
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(v X) (p1(X) A p2(X)A ... A p9(X)) =>
p10(X)) (1)

Understanding the physiological meaning
of logical operations used to reflect physiolog-
ical phenomena, for example, in formula (1), is
achieved by combining this formula with the
help of an implication operation with one of its
interpretations [6-8], but obtained by natural
experimentation, always with the knowledge
of the person for whom the formula is applied
Q).

As a result, the formal model of the dialec-
tic logic of controlling the psyche functional
system will have the following form:

(v X) (P1(X) A p2(X) A ... A p9(X)) =>
p10(X))) => (B@X) (PIX) Ap2(X) A ... A
pI(X))=>pl0(X))) (2)

Transformation of the model of the theorem
to the canonical form
If in the formula (2) the expression:

(P1X) A p2(X) A ... A p9(X)) = FL(X)

will be replaced by the formula F1 (X), then
the formula (2) will take the following form:

(v X) (FL(X) => p10(X)) =>
(3X) (F1(X)=>p10(X)) (3)

In the theory of theorems automatic proof,
in order to reduce logical formulas to a canon-
ical format containing only axioms and three
logical operations (conjunctions, disjunctions,
and negations), 27 formal rules of equivalent
transformations of first-order predicate logic
formulas are defined and proved.

Two of them look like this:

(FL(X) => F2(X)) = (IF1(X) V F2(X))
(FL(X) => F2(X)) = (F1(X) A TF2(X))

One of the rules sets
H=V
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One of the rules prescribes to free a formula
from all quantifiers of generality if there are no
other quantifiers in the formula.

If you use these four last rules, then the
formula (3) in the first step will take the fol-
lowing form:

(v X) (TF1(X) V p10(X))=>(3X)
(TF1(X)V pl0(X)). (4)

And at the next step (4) it is converted to:
(IF1(X) VplO0(X)A T(IF1(X)Vp10(X)) (5)

Proof of the theorem

Formula (5) is a conjunction of only two
counter-components.

This indicates its inconsistency, but also
testifies to the truth of the theorem as a whole,
since the methodology for the automatic proof
of theorems is based on the conclusion that the
formula of the theorem as a whole is incon-
sistent.

Therefore, the theorem is successfully
proved.

CONCLUSION

The created model can be transformed, de-
pending on the set goal of the human psyche
cognition, it can be considered as an example
of modeling and a demonstration of the model-
ing methodology used. As researchers gain
new knowledge in various fields of science
about the psyche functioning, the model can be
supplemented with concepts, axioms, refined,
etc. It is important that the resulting model
preserves the knowledge heritability of the
human psyche and, in the case of formal
proofs, the truth of the statement of the theo-
rem will be proved analytically and mathemat-
ically accurately.
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dopmanbHas MOAe/b THATEKTUYECKOM JIOTUKH
yHpaBJeHHs KU3Heo0eceYnBaAIOIIIMHA (PyHK-
UMM ICUXHKH YeJI0BEeKa

Buxmopus Konopamenxo

AHHOTAnUA. MHOXXECTBO HCCIIEIOBAaHUNI B 00-
JIACTH UCKYCCTBEHHOTO MHTEJUIEKTa HE MOTYT OBIThH
3aBepILICHbI, WIK HPOBEICHbI BOOOINE, HM3-33 OT-
CYTCTBUSl Ha TEKYIIMH MOMEHT KOPPEKTHOH Te€o-
puH  (QYHKIMOHHPOBAHUS YEIOBEYECKOTO MO3Ta,
CBA3aHHOTO C €r0 MHTEJUICKTYaJIbHOM JEeSATENBHO-
CTBIO, XOTs OBl Ha KOHIIENTyaJbHOM ypoBHE. Her
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[I0OKa KOMIUIEKCHBIX MNpPENIOXKEHUN HccaenoBaTe-
JIel, Ha KaKuX MPUHIMIAX JOJKHBI OCHOBBIBATHCS
MOJEJIN 3JEMEHTAPHBIX M CTPYKTYPHUPOBAHHBIX
CMBICIIOB, 00padaThiBaéMBIX MO3TOM B MpoIlecce
KHU3HEICSATEINbHOCTH YEJIOBEKa, HE TOBOPS YXKE O
(hopManbHBIX A3bIKaX U UX TPAMMAaTHKAX, UM, TEM
Oonee, 0 (opManbHBIX TEOpUSX, MpeAHA3HAYCH-
HBIX IS 9TUX neneil. Llens craTeu 3aximoyaeTcs B
BOCIIOJIHEHMH OTMEYEHHOI'O Npodena B HAayYHBIX
3HaHWIAX O 4enoBedeckoM mosre. Axkanemux [1.K.
AnoxuH B 1984 rogy nmpenioKui KOHIICTIIHIO MO-
JieNTd OpraHU3allMy U PeryJMpoBaHUs IOBeIeHYe-
CKOr'0 aKTa, B KOTOPOH €CTh MECTO Ul BCEX OC-
HOBHBIX IPOLIECCOB U cocTosAHUM. OHa moxy4uia
Ha3BaHHE MOJCIH (QYHKIHMOHAIBHOH CHCTEMBI.
[Ipyn HanMuMy TakoW MOAENTH MOSIBIAETCSA BO3MOXK-
HOCTh B TOM JK€ KJIOY€, C IMOMOUIbI0 aKCHOMAaTH-
YEeCKUX YTBEP)KICHH, cO37aTh JIOTMKO-IHAIeKTH-
YEeCKyI0 MOAENb npolecca QyHKIMOHUPOBAaHUS Ha
(hM3HoNOTHYECKOM YpOBHE JIOO0OH W3 BBICHIMX
ncuxudeckux (QyHKuui. JunamexkTuueckasi JIOTHKA
yhOpaBiieHUs JTIOOBIMH (YHKIIMOHAJIBHBIMH CHCTE-
MaMH OpPraHM3Ma YeJIOBEeKa BBITEKACT M3 KOHIEI-
TyaJIbHBIX 3HAaHUM O JKU3HENEATENbHOCTH 3THX
(YHKIMOHANBHBIX CHUCTEM, JOOBITBIX HCKJIIOYH-
TENBHO MYTEM HATYPHOTO SKCIEPUMEHTHUPOBAHUS
¢ HuMH. [lo3TOMy KOHLENTyanbHbIE 3HAHHUS O
KHU3HEIESITEIBHOCTH KaXKIOU HCCleayeMoi QyHK-
LUOHAIILHON CUCTEMBI YeJIOBEKA JTOJDKHBI Mpeie-
CTBOBaTh ONHMCAHHUIO CYIIHOCTH JIOTMKH YIIpaBiie-
Hus ero. Ilcuxuka dvenmoBeka SBISETCS ONHOM U3
BaXHEHIINX (DYHKLIMOHAIBHBIX CUCTEM OpraHu3Ma
4yeJoBeka. B cTarhe mpencTaBieHbl OCHOBOIIOJIA-
raromye KOHILENTH! KU3HEAEeSTeIbHOCTH 3TOW CH-
CTeMBI, KOTOpBIE MO3BOJISIOT BBISBUTH CYIIHOCTb
IMAJIeKTUYECKON JIOTMKH YIpaBJieHUs e€ >KHu3He-
obecnieunBaromUMN  QYHKIIUSAMH, W (QopMallbHas
MOJIETIb  TUAJIEKTUYECKOW JIOTUKHM  YIIpaBJICHUS
(YHKLIMOHAIBHOW CHCTEMOH IICUXUKH YeJIOBEKa.
KiroueBble cj10Ba: aKCHOMaTHYECKOE MOJAEIH-
pOBaHME, MCKYCCTBEHHBIH HMHTEIIEKT, MaTeMaTH-
YecKas JIOTHKa, MbIIIUIEHHE, (OpMaTH3aiusl.
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LLleneBoe pe3aHue rpyHTa
CO CBOOOAHbLIM OOKOBbLIM OTTOKOM

Muxaun Cykay

KneBckuin HauMoOHanNbHbIN YHUBEPCUTET CTPOUTENLCTBA N apXUTEKTYPbI
Bosgyxodnotckun npocnekt 31, Kues, YkpanHa, 03037
msukach@ukr.net, orcid.org/0000-0003-0485-4073

lMony4eHo 05.12.2019, npuHamo nocne npocmompa 09.02.2020
https://doi.org/10.32347/uwt2020.10.1301

AHHOTauus. B ycrnoBusix pesaHus TpyHTa B
riyOMHE MaccuBa IIPHU OIPaHUYEHUHN OTTOKA IPYH-
Ta 10 OOKOBBIM CTOPOHAM ITUPOKOT0 HOXA SII0pa
JaBJICHUH Ha €ro MEepeiHIO IPaHb MMEET MpH-
ONMMKEHHO TpeyronbHyo ¢opmy. [Ipun mampix yr-
nax pesaHusi AeGopMUpOBaHWE U BBHIAABIUBAHUE
TpyHTa MPOUCXOIUT, B OCHOBHOM, B CBOJIBI LIETIH B
BEPTUKAIbHOM HampanieHuH. Panee aBTopoM Obl-
JU TIOJTy4YeHBbl aHAINTHYECKHE 3aBHCUMOCTH JIaB-
JIEHWsT TpaHTa Ha BEPXHIOI0 KPOMKY MPSIMOTO
wiockoro Hoxa. Ilpu oOpa3zoBaHuu wenu Mmupo-
KUM OCTPBIM HOXOM, YCTAHOBJIEHHBIM IIOJ HEKO-
TOPBIM YIJIOM B IUIAHE OTHOCHTENBHO HaIpaBie-
HUSL €ro JBIDKEHHS (B ClIydae OTCYTCTBHs OOKOBO-
IO BBINOPA), ONPEAEICHBI 3aBUCUMOCTH CHJI pe3a-
HUS TPYHTa OT BEJIMYMHBI €0 TIOPUCTOCTH M 30HEI
nehopMari.,

Lenpto uccienoBaHus SIBISETCS YCTAHOBJICHUE
CHJIOBBIX 3aBHCHUMOCTEH LIEJIEBOI0 PE3aHus TPyH-
Ta MIUPOKHM KOCOYTOJILHBIM HOXOM HPU GO3MONC-
HOCmU c80000H020 8bIX00A 2pYHMA 8 0O0KO8ble
mexHonocuveckue npopesu. B paccmatpuBaemoit
pabote, Kak W B MOJECNH, MPEIINOJIAraeTcs, YTO
mpolecc pe3aHusi TPyHTa — KBa3HUCTATHYCCKHU.
OcymecTBiasieTcs OH KOCOYTOJbHBIM IIHPOKHM
TUIOCKUM HOXKOM C JIOCTATOYHO MaJbIM YTJIOM pe-
3aHHA, KaK MpaBwiIo, He npesplimaromeM 20°. Cuu-
TaeM, 4TO BeCh 00BEM TPYHTa PacXOJyeTcsl Ha ero
NepeMeIleHne B/I0JIb TIOBEPXHOCTH HOXa 0e3 00-
pa3oBaHus sAApa YIUIOTHEHHS WM IUIACTHYECKON
30HBI Ha JIOOOBOW TpaHU.

OTnuuueM HACTOSIIEH MOJENU SBISETCS TO,
YTO TPYHT, JIBUTASCh 1O HOXY, MOXET CBOOOIHO
nepeMeInaTbesi B 00KOBbBIE Mpope3u (KaKk MHHUMYM
paBHBIC €ro BBICOTE), 0Opa30BaHHBIC TEXHOJIOIHU-
YEeCKOH OCHACTKOM MpeaBapUTEIbHO MPOOYPEHHBIX
CKBa)XMH, BJIOJIb KOTOPBIX JBMXKETCSI HOXK. TO eCTb,
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Muxann Cyka4
npodpeccop kadeapsbl
CTPOUTENBHBIX MaLUVH
A.T.H., Npod.

OOKOBBIC CTOPOHBI HOXa CBOOOIHBI JIJISl TPOITYCKa
M30BITOYHOTO TPYHTA, MEPEMEIIAIOIETOCS BJIOJb
€r0 TIOBEPXHOCTH.

KuroueBble ciioBa: 1melieBoe pe3aHue, 0yibao-
3€pHBINA OTBaJI, F€OCTATUUECKOE JIaBjcHHE, aedop-
Malus TPyHTa, CBOOOIHBIN OOKOBOW OTTOK.

MOJIEJIb PE3AHUS I'PYHTA
ITocranoBka 3axaun

PaccMOTpHM CXeMy KOCOYTOJIBHOTO pe3a-
HUSI TPYHTa IMUPOKHM IUIOCKMM HOXoM [1, 3,
5, 9, 16] (Puc.1). 3necr mosoca A'K AK'
OTKpBITass OOKOBasi MOBEPXHOCTh TPYHTA Ha
HepeiHel TpaHd HOXa, Yyepe3 KOTOPYIO OyaeT
YXOIHUTH CTpykKa. OTCyTCTBHE HapocTa (sapa
VIUIOTHEHHUS) U BBIMPAIOIIETO BIEpPE] 3a JIU-

mmo BB' mmacrmueckoit sombl IIPUBOAUT K
TOMY, UTO CTpYXKa OyAeT yXOAUTb B POPE3b

B 007acTH TpeyroJbHUKA A'B'B [2, 11, 12].

W3yunm nupamudy cosuea epynma A'B'BD!
(Haiimem yriIBI, pa3Mephl, IaBJICHHS). 3aru-
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1IEM yCJIOBHE, KOTJa A'D' <A'Cc' —10ects
[IMPHHA HOKa D HE MeHbIe TOW IpaHHMYHON
BEJIMYUHBI, TIPU KOTOPOH BEChb TPYHT MeEpen
HOXXOM YXOJUT B IPOpe3b, 0€3 YIUIOTHCHHS
BBepX [4, 6, 17]. U B aTOM cityuae HaiijieM Bce
COCTABJISIONIUE CHJIBI, ICHCTBYIONIME HA HOX.

CuJibl, 1eCTBYIOIIHE HA IUPAMMILY
CIBHra

CKOJIBXKEHHE I10 IOBCPXHOCTU HOKaA IPoO-

UCXOJUT TapajljIebHO D'A' /IDA  nns

cTpykku. CaBur rpyHtra (FpyHT MO TPYHTY)
MIPOUCXOJUT IO/ YIIOM, 0003HAYEHHBIM [}, K

cBOOOTHOM IIOBEPXHOCTH, TO €CTh
B=,D'B'A" (capur //B'D' //BD). Brico-
Ta NUpPaMUbl B MPOEKIUHU HA TUIOCKOCTh ABC

(Puc.2) papaa H, = DD — Bricote CTPYXKHU

[7, 8, 13 — 15]. Boruucnsisi AB, MOXXHO HaIH-
cath

H, (tgy +ctgB)=1cosd (1)

ITomaau rpaHei TMpaMuIbl CABHra IPYyH-
ta (cMm. Puc.1, 2):

2

S :llsinSI cosS:I—sinZS (2)
2 4

A'Bg'

— 3TO OCHOBaHUE MUPAMUJIBI;

1
SBAD:EICOSSHH (3)

— TUIOUIA/b, paBHAs IUIOMIAAU OOKOBOW TpaHH
MHPAMUBI SB' Alp! + Ha KOTOPOM IMPOUCXOIUT
CIBHI TPYHTA IO TPYHTY;

1, .
Sgaip :?smSB'D' =
(4)
:llsinSBD:EIsinS H“
2 2 sin

— IUIOIIAb TPAHU CIIBUra IPYHTA IO TPYHTY.

Amnanornuno 3aBucumoctu (19), B3saroit u3
[10], Haxoaum TuTOMIA b KOHTAKTA HHPAMHUIBI
C HOXKOM:

— SABD —
A'BD' " gg é,
1 f 1., H ©)
=—lcosoH, =—If —,
2 COSOCOSy 2 COSy
rae@, — yYrojid HOpMaJIn (Hal‘IpaBJ‘IeHI/I}I CO-

CTaBIAIOIIEH OOILEro JaBl€HUs TPyHTa Ha

HOXK) ¢ ochto OZ; f :\/1—sin2y00328; Y —

yTOJI IOBOPOTA HOXA B IUIaHE; O — yroJ pes3a-
HHUSL.

c!
A2 Y |
| I C
D Dy 4 D
| 7~
(N
|
X 7’//D b
/
A Ly /B)1/ ¥ K
Y- B {/’ll
-7 % / K' X
A(O) B DII

Puc.1. Cxema KOCOYTroIbHOTO pe3aHusl IPyHTa B IIyOMHE MaccuBa
IIPY OTKPBITON OOKOBOW OBEPXHOCTH HOXa

Fig. 1. Diagram of oblique cutting of soil in the depths of the array
with the open side surface of the knife
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C
D/
) Z
HH
Y
A B

Puc.2. [Ipoexnyst mpu3Mbl TPyHTA
Ha IJIOCKOCTh PE3aHUA

Fig. 2. Soil prism projection to the
cutting plane

JlaBnenne B Touke D' MakcumansHO, 060-
3HA4YUM €ro GB’ AHAJIOTUYHO BCPXHEMY OaB-

nenuto B padore [10]. Ha cBoGoaHOM moBepX-

HocTH (rpaHu BB' A') o =0; cuuraem, 4To B
npeenax MUPaMH/Ibl JaBICHHE MEHSCTCS JIH-
HelHOo oT 0 10 G, . Ilpu Beruucnenusax cun F,

JNEUCTBYIOIMX Ha TPEYrOJbHUKU NUPaMUIb,
OCHOBBIBASICh Ha JJUHEMHOCTH U MHTETPATIbHOM
¢dbopmyne CuMIICOHA, CUMTaeM, 4TO CpelHee
JaBIICHUC

_01+0p+03,

Cep = 3 ; F=0¢,54, (6)

rac o1...01 — AABJICHUA B BEPIIMHAX MUpaMU-
TIbL.

Haxonum kacarenbHble CHIIBI BJIOJIb OOKO-
BbIX IpaHel NHMpamMHIbl CIOBUTA, HCHOIb3Ys
dopmyisl (3 - 5).

st rpanun A'BD! CpeHee J1aBIICHUE

0+0+oc c
ch= 3 B=?B’

a KacaTCJibHasdA CuJjia TpCHUA

c H, o f
F=—2tguSpgp =—L2tgu——:. (7
1= 0SB = 7 QMCOSY (7
s rpanu BB'D' rtoxe Cep =G—;, a Ka-

carenpHas cwia 1o 3akony Kynona-Mopa
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Fz = (C + G—BBtQGJS BB'D’ =

: (8)
G, IH, sind
=lc+-—21tgO |1 —
3 2sinf3
Jlnst rpanun B' A' D ananoruuno
R = (c + %tg@) ";“ C0Sd. 9)

VYuuTeiBas HaNpaBJICHUE CABUIOB, OMMCAH-
HO€ B Hayaje CTaTbH, HAXOJUM CYMMApPHYIO
COCTaBIMIOLLYI0 3TUX CuUl D), TNEPIEHIUKY-

JSIPHYIO OCHOBAHUIO A'BB! (Boons ocu OY,
kak B padore [10]):

@, =Fycosy+(F, + F3)sinp =

3
x (sin & + cos 3sin B)

_IHy Os ﬂgu+(c+%tg®jx (10)

HaxoauM cymMMapHYO COCTaBIISIIOLIYIO CHII
nasiaeHuss Ny Ha OOKOBBIC IPaHH MUPAMHUJIBI

caBura (toxe Baonb ocu QOY). Jlnst Tpeyrosb-
HHKa 3TO Oyzaer

SAOp COSPy = S;,0¢p

I7ie ¢y — yroia HopManu (COCTaBISIOMICH faB-

nenust) ¢ oceto OY; Snp — IJIOIIA/Ib TPOEKIUU

TPEYroJIbHUKA Ha MJIOCKOCTh A'B'B.
Anrebpanueckass cCymMMa MpOEKIMH OOKo-

BBIX T'paHel MUpaMubl CABUTa (C y4eTOM 3Ha-

KOB HAIpaBJISIONMX KOCHHYCOB HOpMAJIEi)

c
maer ocuoanme A'B'B, a Ocp = ?B LS
1106011 00KOBOI rpaHu. 3HAYUT
c o, I?
B B H
Ny :?SA'B'B :?23"128. (11)
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YpaBHeHus 11 reOMeTpHYeCKHX
napaMeTpoB MUPAMHU/IbI CIBUTA

U3 ycnosust pasercta Ny = @y nonydaem

ypaBHEHHUs Ul BBICOTBHI NMPHU3MBI H u yria
C/IBUTA IpyHTa [3:

2

B
Y
=——sm 20.
3 4

C, .
Jlens 3TO paBEHCTBO Ha —“?Bsm 20 ¢

y4eToM 3aBUCUMOCTH (1) moayyum ypaBHEHHE
TSt B:

M; +C;sinf=ctgB+tgy, (12)

rac
3c ftg®
M + 190 +
1o G, T sind’
C = ctgé{2 + tg@J : (13)
GB

Haiinem ontumanbHOE MPHUOIMKEHHOE pe-
trenue s ypasuenus (12). Tpu =55° pa-
BeHCTBO (12) mpeBpamiaercs B pPaBEHCTBO
(c TOYHOCTBIO JI0 COTHIX)

0,82C; +M; =0,7+tgy

ITpu vy <35° u 55° <P <125° Mo)HO npH-
HaTh SINP~0,9 (c ommbkoit < 10 %), a yron

B He MoOXer mNpUHUMATH

B>125°=90+7 (Puc.2).
Urak, 3anummem ycnosue (12) B Buae

3HA4YCHUA

0,82C; +M; =0,7 +tgy. (14)

W3 MOHOTOHHOCTH MO [} JIeBOW M MpaBoOi
yacTeil paBeHcTBa (12) ciiemyer, 4To HET KOp-
Heil ypaBuenust (12) [ <55°. U3 Beime cka-

3aHHOI'O MoJrydyacMm, 410
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H_HG_;{ ftogu + (E + tg@J(sin &+ cos 8sin B)} =

ctgB +tgy =0,9C; + My, (15)

rae SinP =~ 0,9 (¢ Tounocteo 10 10 %).
Torma BbicoTa MpU3MBI OyIeT

. | cos & (16)
0,9C, + M,

rae M1 u C1 onpezaenstorcst u3 paBeHcTs (13).
Ecmu ycnoBue (14) He BBIMOJHAETCS, TO
KopeHb 3 <55° u Torga

lcosd < lcosd
ctgp+tgy 0,7 +tgy

I

To ects, BbICOTA IpU3MBI [ CpaBHHMA 110
BEJINYMHE C AB M 10 NMPEINOI0KEHNUIO O CPaB-
HHUTENBHBIX pa3Mepax AB u BC (1OCKOIBKY
IIUPUHA HOXa ropa3fgo OOJbIIE €ro JUIHHBI)
BEJIMYMHOMN Hy MOXKHO IIpeHeOpeyb.

Wrak, npu ycnosuu (14) mapamerps! nupa-
MUJIBI CJIBUTA UIlleM U3 paBeHCTB (15) u (16), a
OpU HapyUIeHHH €ro — HUpaMUA0M caBura
npereoperaeM. OTMETHM, YTO YTOJ CIBHTa
TpyHTa 3 MOXHO BBIYMCIATH W Tpu Yy < 35°,
UCKJIIOYasi TPU OSTOM TIOCTOPOHHHE KOPHHU
ypaBHenust (12).

Kak ckazano BHavane, mpu3Ma HeE Iepe-
KPBIBACT B IPOJOJIBHOM HaHpaBJ‘IeHI/II/I BECh

HOX (TO €CTh A'D'zAlC! ): Mo <b wmm,
cosy
9TO CieayeT u3 cootHoreHus (16),
I cos & < bcosy(0,9C, + M, ), (17)

rae M1 u C1 BerUuCIsitoTes 1o popmynam (13).

Onpenenenue cuil, 1eHCTBYIOIINX
HA HOXK

Haiinem 6okosyro cocmasnaiowyio @y cym-
MapHOW CHIIBI pe3aHusi Ha TepeaHed TpaHu
HOXa.

B pa6ote [10] »Ta GokoBas cocTaBisOIIast
JUTSL 3aKPBITOTO pe3aHusi (MMPU OTCYTCTBUHU BBI-
X0Jla TpyHTa B OOKOBBIE TIPOPE3U) OMPEIEIIsi-
eTCS KaK
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L
Fy =Ibsindsin }/7. (18)

Tenepb MBI JOJDKHBI BBIYCCTH YacCThb Fy

BJIOJIb TPEYTOJbHUKA A'BD! (cm. Puc.1), co-

OTBETCTBYIOIIYIO TAJCHUIO IaBJICHUS Gcp OT
c c

BEJIMUUHBI —2 —£

10 Ha 3TOM TPEYTOJIbHU-

K€ ¥ JOOABUTH MOSBUBIIYIOCS COCTABIISIONIYIO
CHJIBI TPEHHS (ITOCKOJIBKY TEIeph MPHUCYTCTBY-
€T MUpPaMUJia, CMEIAIONIAsCS B CTOPOHY). DTa
nepBasi 4acTh paBHA

H, . .
o, =1—- sméismy&.
cosy 6

31ech BMECTO 3HaueHus b= Alc! Oyner

A'D!' = —: nogpnsercs
coSy

HUE JJaBJICHUS IPOUCXOAUT Ha TPEYTOJIbHUKE.
Bropas yacts (110 TpeHHI0) paBHa

1. H 20
o, = =1—-= —2 |tgucosy.
Y2 (2 cosy j( 3 jgu !

B ckobOkax 34€Ch COOTBCTCTBCHHO ILIOIIAJb

—, TaK Kak Imajie-

A'BD! u CpeHee HANPSKEHHUE Gcp, 3HAUCHHE
(—COSy) COOTBETCTBYET HANPABJICHUIO CHJIBI

TpeHust otHocuTenbHo ocu OY.
B pesynbrare nmeem

1
®,=F,-®, +®, ==lo,
(19)

x{sin osin 7£3b _ A, j— 2 fHHtgy}.
cosy

HaxonuMm eepmukanvhyio cocmasisiiouio
(HanpaBIiIeHHYIO BHU3) @, :

D, =F, _@zl _CDZZ’
rze (cMm. padoty [10]):

F, :Ibcossc—zBT

26

— 3HaYCHHE COCTaBIISAIONICH 3aKpBITOro pei3a-

HUg  0e3  mupamMuasl  caBura  (37ech
T =cosy— f tgutgd).
AHaJI0ornvHo:
IH
o, =—" cosSG—BCOSy
1 cosy

— YMEHBIIEHHUE Gcp HA A'BD' Ges ydera Tpe-

HUA,
D, =-— [ H, ij(z%jtgysiné
2 cosy 2 3

— 4acCTb COCTaBJIHIOH_IeI;'I TPCHUS B FZ’ COOT-

BETCTBYIOIIAsA TPEYrOJbHUKY A'BD', xoro-

poit Teneps (I TpeyroJbHUKA A'BD') me
oyner. Cocrasisiromast mo ocu OZ st TpeHus
IIPH BO3HUKIIIEM OOKOBOM CJIBUTE OyJIeT paBHa

HYJIIO.
Hraxk,
cosd(3bcosy—H,, )—
(e)
@, =21 . (20
‘6 —fsin6tgp(3b—2H—“j (20)
cosy

Haxomum eopuzonmanvnyto  cocmaensio-
wyr @, (HampaBiieHa MPOTHUBOIOJIOKHO OCU

OX), paBHYIO cHJIe pe3aHus:

D, =Fy— D, — Dy +Dy (21)

rae Fy = G—;Ib[f cos Stgu +sin 5 cos y] — takas

K€ COCTaBJISIOIIAs IS 3aKPBITOTO PE3aHHs
(cM. padoty [10]). AHaIOrHYHO TIPEIBIIYIIAM
pacCyKICHHSIM:

IH .
D, :—H&SIHSCOSY
1 cosy 6

— aHayor CDy , TOJIBKO BJIOJIb TOpu30HTAIH OX;
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c. IH
&, =—L 1 tgucosd
23 cosy H

— O3TO CHJla TpE€HHA I'PyYHTa BAOJIb IINIOCKOCTHU

A'BD', KOTOpasi €CTh B COCTAaBIAIOLIECH 3a-
KpBITOro pe3anust F,, HO OTCYTCTByeT mnpu

OTKPBITOM pe3aHuu  (CBOOOTHOM
rpyHTa B OOKOBBIC MPOPE3H);

BBIXOJEC

o, IH, :
=—2_ T ftgusin
s~ 3 cosy gusiny

— cocrapsitomas mo ocu OX cuitbl TpeHus 0o-

KOBOI'O CIBMIa Ha A'BD' , BO3HUKIIAS TIPH
OTKPBITOM PE3aHHUH.

[ToxcraBnsisi Bce 3T claraeMble B paBeH-
cTBO (21), MoJy4YrM TOPU3OHTAIBHYIO COCTaB-
JSIOINYIO (cuny pezanusi 2pynma):

ol HH(Zf tgu(tgy—@j—sin 8J+

D, = oSy

+3b(sindcosy + f tgucosd)
(22)

re f =+1-sin2ycos?s;

b - Icosd
0,9ctgé$[3C + tg@} + 3 + 19O + @
s s sinod
— u3 popmy (16) u (13);

o 1,8tgdtg®(1 + mg )cos y . \/ 3,2tg8(1+ g )
5 aT aT

— u3 popmysl (26) padotsr [10];

T =cosy— f tgutgd.

BbIBO/IbI

1. Pa3paborana maTemaTHuyeckas MOIECIb
nporecca KOCOYroJIbHOTO pe3aHus B TIIyOHHE
MaccuBa MIMPOKUM OCTPBIM HOKOM IIPH JIBU-
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KEHUU TPyHTA 110 JOOOBOM I'paHU NMPHU OTKPHI-
TOM OOKOBOM IOBEPXHOCTHU (BO3MOYKHOCTHU
BBIXOJla TPYHTa B TEXHOJOIMUYECKHE IPOpPE3U
110 CTOPOHAM HOXa).

2. Mogenps MO3BOJIAET ONPENETUTh COMPO-
TUBJICHUE PE3aHUIO U TATOBOE YCHIIME Ha pa-
0o4eM opraHe B 3aBUCUMOCTH OT FeOMeTpuye-
CKUX @apaMeTpoB mpolecca, yriaa TPEeHUs
IpyHTa 10 HOXY U NMPOYHOCTHBIX XapaKTepH-
CTHK I'PYHTA.
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Crevice cutting soil with free
lateral outflow

Mykhailo Sukach

Abstract. Under conditions of cutting the soil
in the depths of the array, with limited soil outflow
on the sides of the wide knife, the pressure plot on
its front face has an approximately triangular
shape. At small cutting angles, deformation and
extrusion of soil occurs mainly in the crevices of
the slit in the vertical direction. Earlier, the author
obtained analytical dependencies of the grant pres-
sure on the upper edge of a straight flat knife have
been established. With the formation of a slit with
a wide sharp knife installed at a certain angle in the
plane relative to the direction of its movement (in
the absence of lateral outflow), dependences of the
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cutting forces of the soil on the magnitude of its
porosity and deformation zone were obtained.

The aim of the study is to establish the force
dependences of slotted soil cutting with a wide
oblique knife with the possibility of free exit of
soil into the side technological slots.

In this work, as in the model, it is assumed that
the process of cutting the soil is quasistatic. It is
carried out by an oblique wide flat knife with a
sufficiently small cutting angle, usually not ex-
ceeding 20. We assume that the entire volume of
soil is spent on its movement along the surface of
the knife without forming a compaction core or a
plastic zone on the frontal face.

The difference of this model is that the soil,
moving along the knife, can freely move into the
side slots (at least equal to its height), formed by
the technological equipment of pre-drilled wells
along which the knife moves. That is, the sides of
the knife are free to pass excess soil moving along
its surface.

Keywords: slot cutting, dozer blade, geostatic
pressure, soil deformation, free lateral outburst.
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Control weld geometric parameters when wet underwater welding*
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Abstract. The aquatic environment has a sig-
nificant impact on the efficiency of heat input to
the base metal, significantly reducing the effi-
ciency of the arc. As a result, in wet underwater
welding, the penetration of the base metal is re-
duced compared to welding in the air with the
same mode parameters. The purpose of the re-
search was to determine the effectiveness of the
influence of the parameters of the process of un-
derwater wet welding with rutile-type flux-cored
wire on the geometric parameters of the weld
metal — its width and penetration depth of the
base metal. In this case, the shape coefficient of
the weld was determined - the ratio of width to
penetration depth (W/P). It was found that the
welding speed, wire feed speed and the amplitude
of the welding torch oscillations have a signifi-
cant impact on the ratio of the width to the pene-
tration depth of the welds. The W/P ratio of welds
decreases significantly with increasing welding
speed without oscillation of the welding torch. So,
when welding with transverse oscillations of the
welding torch with an increase in the wire feed
speed, it decreased from 7.14 to 3.85. And it line-
arly increased with increasing amplitude

Yanfei Han

MOE Key Lab for Liquid-Solid
Structure Evolution and Materials
Processing, Institute of Materials
Joining, Shandong  University,

Jinan

Ning Guo
Harbin Institute of Technology at
Weihai, PhD

Jicai Feng

National Key Laboratory of Ad-
vanced Welding Production Tech-
nology. Harbin Institute of Tech-
nology. PhD, Prof.

of the torch oscillations. It was found that the os-
cillation velocity, elongation of the flux-cored
wire, and arc voltage have an insignificant effect
on the W/P ratio.
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INTRODUCTION

Underwater welding can be divided into
three categories according to the operating
environment, namely, wet, dry, and local dry
welding [1, 2]. Wet welding is the simplest
one in the three methods and has the most
widely engineering adaptability [3]. It can
work directly in the water without any special
drainage facilities. The advantages of wet
welding are simple equipment, low cost,
flexible operation, and strong adaptability
and so on [4, 5]. At present the most com-
monly used method is underwater shielded
metal arc welding (SMAW) [6]. However, it
needs divers to dive for welding. The time of
each dive welder working in the water is very
limited and it decreases with the increase of
water depth. In addition, restricted by the
length of the electrode, it needs to replace
electrode frequently in the welding process,
which extends the underwater construction
time and leads to low production efficiency.
And the quality is also difficult to guarantee
[7]. The arc will be unstable when working in
the water more than 80 m with solid wire gas
shielded welding such as GMAW [8]. The
main problems of this method are arc break-
ing and metal particles splashing [9]. Com-
pared with solid wire, the metal and powder
in flux-cored wire can interact more effec-
tively in the heat distribution. And it can im-
prove the arc ionization conditions efficiently
and promote the stability of the transition
metal thanks to the addition of the solder flux
[10]. So the advantages of flux-cored wire
are more prominent when used for welding in
the deep water [11, 12]. Of course, the weld-

ing efficiency of flux-cored wire is signifi-
cantly improved compared with SMAW. The
emergence of flux-cored wire will promote
the underwater welding production to the
development of high-efficiency, low-cost,
high-quality, automation, and intelligence
[13].

The basic research of flux-cored wire
underwater wet welding involves a large
number of objects. There is no special
flux-cored wire for underwater wet welding
in China. So this paper mainly studied the
effects of process parameters on the W/P ra-
tio of rutile type flux-cored wire underwater
wet welding with a flux-cored wire manu-
factured in the Institute of Oceanographic
Instrumentation, Shandong Academy of Sci-
ences, Qingdao. Due to the penetration and
melting width are important parameters for
weld formation, the W/P ratio of welds can
reflect to some extent the characteristics of
the method and the qualified degree of weld
size.

EXPERIMENTAL METHODS
AND MATERIALS

The base metal used in this paper is ship-
building steel plate CCSE40 (cT = 390 MITIa)
and the size of specimen is 200x100x14 mm.
Its chemical composition is given in Table 1.

The diameter of flux-cored wire is 1.6 mm.
The wire is made with low carbon steel strip
of which the size is 8x0.3 mm. The welding
type used in this paper is D.C. plate welding.
The torch is designed for reciprocating oscil-
lating in the perpendicular direction of the
forward

Table 1. Chemical composition of CCSE40 steel plate (wt. %)

C Mn Si S Mo Ni Cr Vv
<0.18 1.2 <0.5 <0.035 <0.035 <0.08 <0.4 <0.20 0.06
nmAaBoAdHI TEXHONOTNIT « 2020 Bun.10, 30-38 31

npPoMUCIIOBa Ta UMBiNIbHA iHXeHepis




MexaHiuHa Ta eAeKTpPHYHA iHXKeHepisa

direction. There is no dwell time on both
sides of the torch oscillating. The amplitude
and speed of oscillating can be changed indi-
vidually. The test is carried out in a glass tank,
of which the size is 900x450x400 mm. And
the tank is filled with fresh water, the depth
of which is 0.3 m. The temperature of water
used in this paper is 20°C and the main

equipment’s are showed in Fig.1. It needs to
remove the rust on the specimen with the
method of mechanical grinding before weld-
ing. Vernier caliper is used to measure the
penetration and width of welds to research
the effect of different parameters on the W/P
ratio after cutting the specimens transversely.

a

Fig.2. Formation and macro morphology of welds appear quite visible:
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RESULT AND DISCUSSION

Formation and macro morphology
of welds

Fig.2a shows the formation of weld that
welded with the homemade flux-cored wire.
As seen in the figure, it exhibits an excellent
appearance on the specimen. There are no
obvious defects on the surface of welds, ex-
cept a little spatter. Fig.2b shows the macro
morphology of cross section surface on the
weld. As shown in the figure, there is no slag
or crack in the weld. The welding material
combines closely with the base metal and the
boundaries of each area.

The effect of welding speed on the
WI/P ratio of welds

In this paper, W1 and P1 stands for the
width and penetration depth of welds that
welded without torch oscillating, meanwhile,
W?2 and P2 stands for the width and penetra-
tion depth of welds that welded with torch
oscillating.

The effect of welding speed on the W/P
ratio of welds is showed in Fig.3a. And the
experimental result is obtained with welding
voltage of 31 V, wire feeding speed of 3.3

~l

(@)
T

N
T

W/P

(%]
T

2+  ——Without oscillating
| With oscillating

0 I 1 1 1 1
100 150 200 250 300 350
Welding speed, mm/min

a

m/min, wire extension of 20 mm and without
torch oscillating. As showed in Fig.3a, the
W/P ratio of welds decreases with the in-
creasing of welding speed. The W/P ratio of
weld increases significantly with the increas-
ing of welding speed when the welding speed
increases from 125 mm/min to 250 mm/min.
It also decreases with the increase of the
welding speed when the welding speed in-
creases from 250 mm/min to 350 mm/min,
but the trend of decreasing slows down ap-
parently. This is because the width of welds
decreases rapidly with the increase of weld-
ing speed, while the penetration depth of
welds maintains within a small range of
fluctuation. This trend is showed clearly in
Fig.3b.

Another line in Fig.3a shows the effect of
welding speed on the W/P ratio of welds
when the oscillating amplitude is 5 mm and
the oscillating speed is 1000 mm/min. It
changes within a small range when the weld-
ing speed increases from 125 mm/min to 350
mm/min. The trend is not as obvious as that
without the torch oscillating. It can accelerate
the heat dissipating to the water when the
torch oscillates actively, resulting in reducing
the heat input to the base material. So the
W/P ratio of welds is larger than that when
the torch does not oscillate.

20
18 ——WI1—~—P1

14}

Value, mm
e
o N

N B~ OO

i 1 1 ‘? 1
100 150 200 250 300 350
Welding speed, mm/min

b

4

Fig.3. Effect of welding speed on W/P ratio: a — D/W ratio of welds,
b — penetration depth and width of welds
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Fig.4. Effect of torch oscillating amplitude on W/P ratio: a— W/P ratio of welds;
b — Penetration depth and width of welds

The effect of torch oscillating amplitude
on the W/P ratio of welds

The effect of torch oscillating amplitude
on the penetration depth-to-width ratio of
welds is showed in Fig.4a. The experimental
conditions of this part are as follows. The
welding voltage is 31V, the wire feeding
speed is 3.3 m/min, the wire extension is
20mm, the welding speed is 175 mm/min and
the torch oscillating speed is 1000 mm/min.
It can be seen from Fig.4a that the W/P ratio
of welds increases linearly with the increase

of torch oscillating amplitude. It is obvious
that the width of welds would increase with
the increase of torch oscillating amplitude,
just as shown in Fig.4b. In the case of other
parameters remains unchanged and the heat
input remains all the same, the depth of pen-
etration would not change apparently, how-
ever, the width of welds would increase,
which could cause the increase of W/P ratio
of welds.

The effect of torch oscillating speed
on the W/P ratio of welds

7 - 20
18 —=—W2
6F
./ \././I 6l —p2
51 14} _/-\./-/.
o 4+ g 12+
= 3l < 10t
>
s 8
2r > 6l
1r 4t
ol - - - - 2p e
200 400 600 800 1000 200 400 600 800 1000
Oscillating speed, mm/min Oscillating speed, mm/min
a b
Fig.5. Effect of torch oscillating speed on W/P ratio: a — W/P ratio of welds;
b — penetration depth and width of welds
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The effect of torch oscillating speed on the
WI/P ratio of welds is showed in Fig.5a. The
experimental conditions of this part are as
follows. The welding voltage is 31 V, the
wire feeding speed is 3.3 m/min, the wire ex-
tension is 20 mm, the welding speed is 175
mm/min and the torch oscillating amplitude
is 5 mm. As can be seen from the figure,
there is no clear trend for the W/P ratio in
pace with the increase of the torch oscillating
speed. The W/P ratio is maintained within a
small range (5.26 — 6.67) of fluctuation. In
other words, the effect of the torch oscillating
speed to W/P is not obvious and the changing
of the torch oscillating speed could not cause
bad weld formation. Fig.5b shows that the
depth and width of welds also maintains
within a small range.

Effect of wire extension on the
W/P ratio of welds

The effect of wire extension on the W/P
ratio of welds without torch oscillating is
conditions of this part are as follows. The
welding voltage is 31 V, the wire feeding
speed is 3.3 m/min and the welding speed is
175 mm/min. As can be seen from the figure,
the W/P ratio first decreases with the increase

R "

I —=— Without oscillating
—— With oscillating

W/P
O L N W A~ O O

10 15 20 25
Wire extension, mm

a

of wire extension (from 10 mm to 20 mm)
and then increases showed in Fig.6a. And the
experimental with the increase of wire exten-
sion (from 20 mm to 25 mm). But the varia-
tion range of the W/P ratio is not great.
Namely, the minimum value is 4,76, and the
maximum value is only 5,56. The penetration
depth and the width of welds change in a
small range with the increase of wire exten-
sion, just as been showed in Fig.6b.

The effect of wire extension on the W/P
ratio of welds with torch oscillating is
showed in Fig.6a. All the other parameters of
this part are the same as above except the
followings. The torch oscillating amplitude is
5 mm and its oscillating speed is 1000
mm/min. As been showed in Fig.6a, the W/P
ratio of welds changes in a small range (from
5,26 to 5,88) with the increase of wire exten-
sion. Thus, regardless of whether the welding
torch oscillates, the effect of wire extension
on the penetration depth-to-width ratio of
welds is not significant.

Effect of welding voltage
on the W/P ratio of welds

The effect of welding voltage on the W/P
ratio of welds without torch oscillating is

20
18+

P g —

e L
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8 10 12 14 16 18 20 22 24 26
Wire extension, mm

b

Fig.6. Effect of wire extension on W/P ratio: a — W/P ratio of welds;
b— depth and width of welds
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Fig.7. Effect of welding voltage on W/P ratio: a — W/P ratio of welds;
b— Penetration depth and width of welds

showed in Fig.7a. The parameters of this part
are as follows. The wire feeding speed is 3.3
m/min and the welding speed is 175 mm/min.
As can be seen from Fig.7a, the W/P ratio of
welds decreases smoothly with the increase
of welding voltage and its changing range is
not large, only from 5,56 to 7,14. This is be-
cause the penetration depth and width of
welds changed smoothly with the increase of
welding voltage, just as been showed in
Fig.7b.

The effect of welding voltage on the W/P
ratio of welds with torch oscillating is also

showed in Fig.7a. All the other parameters of
this part are the same as above except the
followings. The torch oscillating amplitude is
5 mm and its oscillating speed is 1000
mm/min. It is showed in Fig.7a that the W/P
ratio of

welds first decreases and then increases with
the increase of welding voltage. However, the
changing range of the W/P ratio of welds is
not large. Namely, the minimum value is 6,25
and the maximum is just 8,33. In a word, no
matter whether the welding torch oscillate,
the effect of welding voltage on the penetra-

8 20
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16 B il
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Fig.8. Effect of wire feeding speed on W/P ratio: a — W/P ratio of welds;
b— Penetration depth and width of welds
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tion depth-to-width ratio of welds is not great.

The WI/P ratio of welds is not sensitive to the
change of welding voltage within the scope
of this paper.

The effect of wire feeding speed
on the W/P ratio of welds

The effect of wire feeding speed on the
WI/P ratio of welds is showed in Fig.8a. The
parameters of this part are as follows. The
welding voltage is 31 V, the wire extension is
20 mm, the welding speed is 175 mm/min,
the torch oscillating amplitude is 5 mm and
its oscillating speed is 1000 mm/min. As seen
from Fig.8a, the W/P ratio of welds decreases
(from 3,85 to 7,14) with the increase of wire
feeding speed.

The reasons for this phenomenon are as
follows. In the flux-cored wire welding, in-
creasing the wire feeding speed will cause
increasing the welding current. In the case of
other conditions remain unchanged, the in-
creasing of welding current means that the
increasing of heat input to the base metal,
which will lead to the increasing of penetra-
tion depth and width of welds, Fig.8b.
Therefore, the W/P ratio of welds decreases
with the increase of wire feeding speed. It is
obviously showed in Fig.8a. But if increase
the wire feeding speed continually, the weld-
ing process would not be stable and a bad
formation of welds can be got. So the W/P
ratio of welds is not showed in this paper
when the wire feeding speed increased great-
er than 6m/min.

CONCLUSIONS

1. Under the condition that without weld-
ing torch oscillating, the W/P ratio of welds
increases significantly with the increase of
welding speed. And it increases (from 3,85 to
7,14) with the increase of wire feeding speed.

MiABOOHI TEXHONOTI 2020 Bun.10, 30-38
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2. The WI/P ratio of welds changes within
a small range in pace with the increase of
welding speed while the welding torch oscil-
lating. It increases linearly with the increase
of torch oscillating amplitude. But the effect
of torch oscillating speed to the W/P ratio of
welds is not obvious and the changing of the
torch oscillating speed would not cause bad
weld formation.

3. Regardless of whether the welding torch
oscillating, the effect of wire extension on the
W/P ratio of welds is not significant. And the
W/P ratio of welds is not sensitive to the
changing of welding voltage within the scope
of this paper.
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KOHTpOJIL TreOMETPUICCKUX MapaMeTpoB
CBaApHOro miBa nmpu MOKpOﬁ HO)]BO}]HOﬁ CBapke

Xan Aangpenr, I'vo Hune, ®ene Yicaii
AnHoTtamus. BogHas cpena oka3biBaeT 3Ha-

YHUTeNbHOE BIMsSHUE Ha 3()(EKTHBHOCTH TEILIO-

BIOXKCHHS B OCHOBHOM METaJlJI, 3HAYUTCIBHO

CHIDKAsE KOO(PMHUIMEHT TOJIS3HOTO JACHCTBUS TYTH.

B pesynbrare, npu MnoaBOJHOW MOKpPOM CBapke
MIPOIUIABJIEHUE OCHOBHOI'O METajla YMEHbUIAET-
Cs M0 CPAaBHEHMIO CO CBApKOM Ha BO3JyXE IpPHU
OJIMHAKOBBIX MapameTrpax pexuma. Llenbto mpo-

38

BEACHHBIX HCCIECIOBAHUH OBLIO OMpPEAETHTh 3¢-
(DeKTHUBHOCTD BIMSHHS TapamMeTpoB Mpolecca
IIOJBOAHON MOKPOM CBapKu IOPOILIKOBOM IIPOBO-
JIOKOH PYTHIJIOBOTO TUIIA HA TEOMETPHUYECKHE Ma-
paMeTpsl MeTajula [IBa — €r0 MIMPHHY U TIyOHHY
MpOIUIaBIeHHs] OCHOBHOTO MeTaita. [lpu stom
ompenensii Ko3QHUIeHT GopMbl IBa — OTHO-
HICHHE IUPUHBI K TiTyouHe nporutaBienus (W/P).
YCTaHOBJIEHO, YTO CKOPOCTh CBapKd, CKOPOCTb
MoAa4d TPOBOJIOKM MW aMIUTUTyAa KoyieObaHuii
CBapOYHOI TOPENKH OKa3bIBAIOT CYIIECTBEHHOE
BIMSHUE HA OTHOLICHHWE IIUPUHBI K [IyOuHE
NpoIUIaBieHus cBapHbIX mBoB. OTHOeHne W/P
CBapHBIX IIBOB 3HAYUTENFHO YMEHBINACTCS C
yBEJIMUEHHEM CKOPOCTH CBapku 0Oe3 KoneOaHui
cBapouHOU ropenku. Tak, mpu cBapke C moIe-
pEYHBIMH KOJICOAHUSIMU CBAapOYHOW TOPENIKH C
YBEIMUEHHEM CKOPOCTH IMOJa4YH MPOBOJIIOKH OHO
ymenpumiiocs ¢ 7,14 mo 3,85. M1 oHo nuHeiHO
BO3pacTajio ¢ yBEJIMUYECHHUEM aMIUIUTYIbl KoJeba-
HUHN TOPENIKU. YCTAaHOBIEHO, YTO CKOPOCTH KOJIE-
OaHMii, YIUIMHCHUE BBLICTA MOPOIIKOBON IPOBO-
JIOKA W HampspKeHWe JOYTH OKa3bIBalOT Hecylle-
CTBEHHOE BiMsiHUE Ha oTHOIeHue W/P.
KiroueBble cj10Ba: MOpoOIIKOBasi MPOBOJIOKA,
MO/IBOJTHAsE MOKpasi CBapKa, OTHOIICHHE HIMPHHBI

K IyOMHE TIPOIUIABICHUSCHUS.
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Abstract. Creation of a radio communication
device for underwater objects for the exchange of
voice messages and for the transmission of digital
data. The relevance of this problem is determined
by the fact that the currently existing samples of
equipment for underwater radio communications
are excessively powerful, dimensional and with
low bandwidth. An analysis of developments in
this area showed that underwater radio communi-
cations can be organized on longitudinal electro-
magnetic waves or by using only the magnetic
component of the electromagnetic wave.

The principle of operation of the device is
based on the use of only the magnetic component
of the electromagnetic wave. It is known that an
electromagnetic wave consists of two components:
electrical and magnetic. Water is an electrically
conductive medium where the skin effect acts,
according to which the deeper, the weaker the sig-
nal. But this is for the electrical component. Water
has weak magnetic properties, so water is not a
hindrance to the magnetic component of an elec-
tromagnetic wave.

Such a device, depending on its power, can be
used both for individual communication of swim-
mers, and for the organization of radio communi-
cation between beacons and even for communica-
tion with submarines. It is possible to isolate the
magnetic component of an electromagnetic wave
according to two principles: to strengthen the mag-
netic component or to weaken the electrical com-
ponent.

The separation of the magnetic component of
the electromagnetic wave is carried out in the so-
called magnetic antennas, which can be built in the
form of coils with a ferrite core, can be of a frame
type of a certain size or in the form of a coil in a
screen made of non-magnetic metal.
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When upgrading conventional radio communi-
cation devices to the underwater version of their
use, only the antenna-feeder path is subject to
change, while other components of the communi-
cation channel remain unchanged. Application of
such principles of radio communication organiza-
tion will allow building submarine communication
systems for an almost unlimited distance.

Keywords: radio communication, antenna,
electromagnetic wave, electromagnetic field, mag-
netic component, electromotive force, submarine.

INTRODUCTION

It is known that the water of the oceans and
seas has conductivity and significantly absorbs
radio waves. In this environment, the radio
wave almost attenuates in the thickness of the
skin layer. In addition, the absorption coeffi-
cient increases with increasing frequency.
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Therefore, long and ultra-long waves are
commonly used to organize underwater radio
communication, and optical [1] and acoustic
[21, 22] waves can also be used. Specific fea-
tures of the aquatic environment for the propa-
gation of electromagnetic waves [3] are bias
currents are much smaller compared to con-
duction currents, at the skin-layer distance the
resistive and inductive properties of the medi-
um are comparable, and capacitive are not
affected, there is no wave zone: at any distance
from the radiation source the pointing point is
much less than Joule losses, impossible for-
mation of narrow radiation patterns, etc.
Therefore, to organize long-distance commu-
nication requires powerful equipment with
antennas [6], the length of which is several
kilometers, and this connection is quite slow,
the bandwidth of such a communication chan-
nel reaches hundreds of bits per second. Obvi-
ously, other principles, one of which is sug-
gested in this article, need to be used to organ-
ize a high-speed communication channel and
over long distances underwater.

ANALYSIS OF RECENT RESEARCH
AND PUBLICATIONS

The history of communication with subma-
rines [1] defines the basic principles that have
guided the last 100 years. Long and ultra-long
waves for long-distance communication (kil-
ometers) are commonly used for underwater
radio communication, and optical and acoustic
waves can be used for short-distance commu-
nication (meters). According to the results of
research of underground and underwater radio
communication [3], the peculiarities of the
aquatic environment for the propagation of the
electromagnetic wave are clarified and it is
determined that it is not effective to use Hertz
radio waves in the aquatic environment. The
article [4] discusses the issue of still insuffi-
ciently studied radiation of a rotating magnet,
which can penetrate through the aqueous me-
dium. Article [6] states that the existing system
of communication with submarines involves
high-power equipment, which also has large
dimensions for almost submarines. Such
equipment may not be used for individual
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communication of scuba divers. In [9] the
connection between the longitudinal electro-
magnetic wave and the known system of
Maxwell's equations is proved, where the vec-
tor of the longitudinal wave component of the
electric field strength is found as an exact solu-
tion of Maxwell's standard equation with a
specific case of gradient type of electric cur-
rent and charge density. That is, it is possible
to use longitudinal electromagnetic waves for
underwater radio communication, which prop-
agate under water almost without restrictions.

THE AIM OF THE STUDY

The urgency of this problem is determined
by the fact that the current models of underwa-
ter radio equipment are excessively powerful,
large and with low bandwidth. The results of
the analysis are: alternative types of underwa-
ter radio communication are longitudinal elec-
tromagnetic waves and radio communication
using the magnetic component of the electro-
magnetic wave. The purpose of the study,
which is conducted in this article, is to deter-
mine the design features of equipment for the
organization of radio communication using the
magnetic component of the electromagnetic
wave. The tasks that will be solved: to deter-
mine the principles of separation of the mag-
netic component from the electromagnetic
wave and to determine the features of the con-
struction of the communication channel for
underwater radio devices.

RESULTS OF THE RESEARCH

Of course, the electromagnetic wave con-
sists of two components: electric and magnet-
ic. Water is a conducive medium where the
skin effect acts, which is deeper, the weaker.
But this is for the electrical component. For
the magnetic component, water is not an ob-
stacle. It is possible to distinguish the magnetic
component of an electromagnetic wave ac-
cording to two principles:

- amplify the magnetic component (the so-
called magnetic antenna);

- weaken the electrical component (so-
called HZ-antenna).
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The type of antennas that respond to the
magnetic component of the electromagnetic
field (EMF) has been widely used in any in-
dustry due to its small size and transceiver
properties. The main advantage of magnetic
antennas — immunity to electrical interference
[11]. The latter fact allows them to be used in
any city where there is a high concentration of
electrical signals [12, 13]. Their design is often
really very simple. The magnetic antenna is
made in the form of a closed coil, frame or coil
(Fig.1). The simplest magnetic antenna con-
sists of: a core; inductor; coil frame. A frame
is provided on the core, and an inductor is
wound on the frame. The core of such an an-
tenna is made of magnetic material. Most often
made of ferrite, which has good magnetic
properties. The core can be made of a longitu-
dinal piece of ferromagnetic, but it is more
effective to give this material the shape of a
frame. In such a design, the magnetic field will
also create an electromotive force (EMF), but
variable.

The antenna will turn into an inductor,
which converts the energy of the EMF into
electrical energy (this is the main task of the
antenna). The magnitude of the induced EMF
in the frame depends on the position of the
structure relative to the plane of the field. The

Fig.1. The magnetic antenna

Fig.2. Frame antenna
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EMF is maximum if the plane of the turns of
the structure is directed to the transmitting
station. If you rotate the antenna around the
vertical axis (top view), then for one revolu-
tion it will have two highs and two lows (zero
values) EMF.

EMF in it is given in accordance with the
law of electromagnetic induction of M. Fara-
day [18]:

oD

EAN=—-N—,
ot

where N - the number of turns,
® - the magnetic flux that permeates the
turns and is equal, in turn,

q):I‘JUO/-B!

where H — the magnetic field strength of
the wave;

S — cross-sectional area of the coil, frame
or coil;

W — current (effective) magnetic permeabil-
ity of the core. For ferrite antennas p is de-
termined by the size and magnetic permeabil-
ity of the core. Its approximate values for
widespread ferrite rods are in the range from
160 (ferrite 2000HH) to 130 (ferrite 400HH);

M, — mMmagnetic permeability of vacuum
(Mp = 41107 H/m).

Just like an electric, a magnetic antenna is
characterized by an active height. Given the

relationship between E and H, we can deduce
[19]:

2TTUSN
h, = .

Now the EMF developed by the antenna is
determined by the formula:

e=E-h,.

Magnetic antennas also include frame-type
antennas. In addition to the Hertz electric di-
pole, there is a Hertz magnetic dipole, some-
times called a "frame antenna”. The basis of
the design of such antennas is a loop of cable
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connected to a capacitor of variable capacity
[20]. The perimeter of the loop is usually in
the range from to and has the shape of a circle.
A circle-shaped antenna is considered a classic
loop antenna. Such an antenna can work with
many frequency bands, including with
shortwave (HF) — band.

This range is interesting because the waves
of this range are still propagating in the water.
The larger the area of the loop (better if it is
round), the greater the signal coverage. Also in
the circuit sometimes include a matching
transformer. But a frame antenna with a frame
perimeter less than 0.1 wavelength is called a
"magnetic loop™. To further reduce its sensitiv-
ity to the electrical component and make a
minimum of the pattern deeper and sharper,
the frame itself is also shielded (Fig.2).

The pattern of such an antenna will have
the shape of infinity or figure eight (Fig.3).

Radio communication on the so-called EH-
antennas [2] is a new unknown direction. This
radio communication was born by the efforts
of radio amateurs relatively recently (decades
ago), but it seems promising, in particular,
because this radio communication can work
underwater. The prospect of research (both
theoretical and experimental) work in this area
is quite broad, as the principle of operation and
theoretical foundations of communication on
EH-antennas have not yet been established [8].
The reason is that EH-antennas operate on a
new, virtually unknown electromagnetic prin-
ciple, using a previously unknown type of
electromagnetic radiation [15 — 16]. The de-
sign of EH-antennas consists of two cylinders

-
t’? Pattern (F4)
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=)

Horizontal plane

magloop14.out
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magloop28. out 195
Elev.= 25

135
14 < dBi< -7.4
66<dBi<-0.2
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Fig.3. Azimuth Radiation Patterns for Magnetic Loop Antenna modeled for 14, 21 and 28 MHz at 5 feet
above Average Ground [14]. As the radiation frequency increases, the antenna efficiency (Fig.4)
and the gain (Fig.5) increase, but, unfortunately, the resistance of the aqueous medium increases
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Magnetic Loop Antenna Efficiency vs. Frequency
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made of non-magnetic material and is made in
such a way that the electric charges in its cyl-
inder have a dominant rotational (spin) mo-
tion. High voltage is created by a resonant
tuning coil, which ends with cylinders (Fig.6).
This creates an intense field E between the
cylinders. And this, in turn, creates a very
large voltage between the ends of each cylin-
der, which creates a linear movement of
charge on the surface of the cylinders, as in a
conventional antenna. These streams allow the
EH-antenna to generate the same type of radia-
tion as any conventional Hertz antenna, even
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though the antenna is very small compared to
the wavelength (less than 2% of the wave-
length) [17].

The differential voltage across each cylin-
der creates a large current and, as a result, a
magnetic field. The differential voltage on
each cylinder is high, the resistance of the cyl-
inders is low, and therefore the current is large
and creates a large magnetic field, despite the
small size of the antenna. The ratio of the am-
plitude between the fields E and H is set auto-
matically, forming a very high resistance to
radiation. Here is the fundamental difference
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between EH-antennas and all conventional
antennas. Thus, conventional antennas operate
on the translational motion of electric charges,
and the EH-antenna is assumed to operate on
the rotational (spin) motion of electric charges.
In the radio communication line, the EH-
antenna works much better with the EH-
antenna than with the usual one.

Fig.6. EH-frame antenna

In the study [2] it was determined that the
motion of dynamic electrons can have two
components — translational and rotational. If
so, the resulting electromagnetic field from the
motion of these dynamic electrons consists of
two complex components, i.e. two Separate
and distinct electromagnetic fields. The prop-
erties of these two electromagnetic fields are
very different from each other. In ordinary
Hertz antennas there is a translational motion
of electrons that form a known electromagnet-
ic field. The peculiarity of En-antennas is that
in the cylinders there is also a translational
(linear) motion of electrons, but the rotational
motions of electrons are dominant.

This situation is created by magnetic fluxes
in the tuning coils of the EH-antennas. The
magnetic field from the tuning coil penetrates
through the cylinders in antiphase to the field
caused by currents in the antenna from the
phasing coil. Six equations are the result of the
application of Maxwell's main two equations,
which determine electric and magnetic fields,
and supplemented with the assumption of rota-
tion, their application in three dimensions, in
comparison with the rectilinear motion of elec-
trons used by Maxwell:
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YA, . TIX . N
H, = X.H, -sin—-expliwt—Vy'z);
- Hy -sin-=-ep(iwt -y'z)

X

= H cos ™ oot -v2);

E =0;

X

E, _ 1QHHA, H, -sin?-exp(iwt—y’z);
™

X

£ -0,

From these equations we see that even in
the simplest wave representation there are two
orthogonal magnetic vectors, one of which
describes Hertz waves and the other the others.
In the general case, it can be represented as

y=a+if3,

where a characterizes the wave attenuation
along the Oz axis and can be is called the
damping coefficient;

B characterizes the phase change along ax-

is Oz and can be called the phase coefficient.
From the relation

2 2
mTT nTT ,
][] cm

X y
we obtain for the region A, , A, :
2 2
(v’)z=[mJ +(n—“j — W HpEEy . (1)

A A

X y

For

2
mm 2 4| > WHHEE
A, A, 0o
we obtain (y')’ >0 and y' — is a real number,

i.e. y=a and B=0. This case corresponds to
a damped wave.
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For

2 2
uTT VIT )
— | 4| — | <WHMEE
NENE

we obtain (y')’<0 and y' — is a imaginary
number, i.e. y'=i and a=0. In this case,

we obtain a wave propagating along the axis
Oz without attenuation. Wherein in the re-
gion A,, A, created by the electron (mass-

charge) corresponds to the critical frequency,
determined from the condition y'=0 expres-

sion:
2 2
g (i
° UHOEEO )\x )\y

At frequencies below w, the waves are

damped. At frequencies above w, the waves

are undamped.

The distance over which an electromagnetic
wave propagates during one period of its
change, as you know, is called the wavelength

A=VvT,

Where

v=—— = T=%",

VHHoEE w

Therefore, the critical frequency w, corre-
sponds to the critical wavelength A, in space:

21 2

O_wO\/UHOEEO - m 2 n 2
P + .
A, A,

The quantities w, and A, are interrelated
with the numbers m and n, which determine
the nature of the wave. In our case A, >A,,
therefore the smallest critical frequency is ob-

tained for m=1 and n=0. It turns out to be
equal to:

A
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1

11}
VHHGEE, A

and, therefore, the longest critical wavelength
is Ay =2A,. Since for w>w, we have

y' =if and

Wy =

ei(.ut—v'z — eiwt—Bz

to obtain expressions for real instantaneous
values of H,, H,, H,, E, and E, it is nec-
essary in expressions for their complexes, re-
place the factor e"'~Y* with sin(wt —Bz) .

The quantity

is the phase velocity of the wave.
The wavelength A along the Oz axis is ob-
tained from the relation
BA =21T.
Replacing in the relation (1) (y')° by

2
W HH,EE, through (ZTWJ we find:

o (- ()

Then we have

or
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This shows that the wavelength A along
the Oz axis is greater than the wavelength A in
the Oxy plane at the same frequency. This
difference is the greater, the more A ap-
proaches the critical wavelength A,, and for

A=A, we get A=o0. Phase velocity can be
represented as:

!

V =

W oA
21

w
B

Therefore, the phase velocity v' of the elec-
tromagnetic waves along the Oz axis is greater
than the speed of electromagnetic waves in the
Oxy plane. This, of course, does not mean that
the electromagnetic field changes with a speed
of 10 greater than v, since v’ is the speed with
which the steady-state phase distribution along
the Oz axis changes. In the physical sense this
means, that for any violation of the existing
mass distribution of the charge the coefficients
m and n change, which change the phase
distribution along the Oz axis with a speed v'.
In other words, with this speed, the coeffi-
cients m and n change, which determine the
frequency filling of the mass-charge wave, i.e.
spectrum, which can also be represented by the
trigonometric Fourier series whose member
numbers correspond to the coefficients m and
n.

In this case, along the Oz axis there is a
non-zero component of only the magnetic field
strength. In this connection, it is of interest that

VB =0

always (the absence of magnetic charges,
and the lines of the magnetic field are closed)
and magnetic induction is a complex quantity.
The magnetic component along the Oz axis of
the critical electron wave (mass charge) is
closed at infinity. According to this magnetic
wave, the electron (mass-charge) considered in
a particular place can be controlled instantly
everywhere in the Universe. He constitutes
with her one whole, infinitely closed space,
where any changes in the phase distribution of
his waves are realized instantly in the entire
Universe.
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The considered properties of the electron
component H, (mass-charge) fully corre-

spond to the same component of our Earth
(mass-charge). It is tempting to influence in-

formation on a component H, near the Earth.

This is the instant passage of information on
the universe! Of course, the usual techniques
used in conventional radio communications
are not applicable here.

The obtained complex expressions of the
instantaneous values of the components of the
strengths of the magnetic and electric fields

H,, H,, H,, E,, E, and E, electron (mass-

charge) are fully applicable to electrons in the
shell of an atom. It also follows from the fore-
going that the orbit of an electron (mass
charge) in an atom is an epicycloid, and not a
distorted circle-ellipse. These complex expres-
sions already in finished form are a kind of
periodic wave function of the electron shell of
the hydrogen atom H,. The region A,,A, de-

termines the external dimensions of the hydro-
gen atom H,. The periodic wave function for

electrons in an atom may turn out to be more
convenient than transformations of the Schro-
dinger equation, from which the probability of
an electron being at a given point in time at a
given point in the orbit is obtained.

EH-antennas are already sufficiently tested
in the world and are produced almost industri-
ally [7]. The design of the antenna for this
principle is almost patented [10].

A special case of EH-antennas are the so-
called HZ-antennas. The device of the HZ-
antenna is quite simple (Fig.7). The antenna
consists of two coils arranged coaxially at

Fig.7. HZ-antenna [7]
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some distance from each other. The coils are
included so that their magnetic fields are di-
rected opposite to each other, in other words,
there is an anti-phase inclusion of these induc-
tors. To increase the sensitivity, the capacitor
is included, which together with the inductors
forms a circuit.

This circuit is tuned to the frequency of the
received signal. The coils are placed in a cop-
per cylinder or in a copper screen. The mag-
netic fields of the frame are directed in oppo-
site directions. The field in the far radiation
zone, when the distance from the antenna sig-
nificantly exceeds the diameter of the loop
antennas and the distance between them, can
be defined as the sum of the fields from each
of the loop antennas. This type of antenna is
called Hz antennas and belongs to the class of
EH-antennas. Particular attention is drawn to
the fact of shielding the antenna. For conven-
tional antennas, such a screen does not allow
the antenna to receive a signal from the sur-
rounding space or emit it into space. However,
in this case, as studies have shown, the screen
not only does not suppress, but also improves
the performance of the antenna. Between the
same coils, included in antiphase, there is a
space of some thickness in which the electric
and magnetic fields are zero. The wires that
are connected to the coil are also placed in the
screen and there is no radiation from them.

Another feature of the HZ-antenna, which
was predicted by theory and confirmed in
practice, is the high penetrating power of the
vector [2]. The field emitted by the HZ-
antenna can penetrate water. This was experi-
mentally established when a small transmitter
and an EH antenna enclosed in a plastic sealed
housing were placed under water. Both con-
ventional antenna and EH-antenna were used
as receiving antennas. Only the EH-antenna
was able to receive a signal from a transmitter
located under water.

DISCUSSION OF THE RESULTS
OF THE STUDY

Thus, there is a theoretical possibility of or-
ganizing underwater radio communication on
the principle of using only one component of
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the electromagnetic wave (magnetic). The use
of such radio communication will allow to
build communication systems for almost un-
limited distance. Issues of energy supply of
such systems are subject to further study.

In 2018, a message appeared on the Internet
[5] that the Russian Federation has developed
technology for the transmission of information
and voice data in sea and fresh water, as well
as across the border of the environment (wa-
ter-air). The device provides uninterrupted
communication between underwater and sur-
face subscribers. The solution is based on the
magnetic component. According to Fig.8, this
is a frame magnetic antenna of the HF band,
which is described above.

In order to test and develop the theory, it is
necessary to conduct further theoretical and
experimental research in the following areas: it
IS necessary to make sure that we are not deal-
ing with an instantaneous, but with a wave
process; it is necessary to determine the speed
of propagation of the emitted wave. This speed
can differ significantly from the speed of light
in vacuum and does not depend on p and ¢, but
on other parameters of the medium. This is
qualitatively evidenced by experiments on the
good passage of a new type of waves through
water and reinforced concrete buildings in
comparison with electromagnetic waves; it is
necessary to study the polarization of these
waves. Personal experience (especially the
pattern) identifies the moments that indicate
the longitudinal nature of these waves; it is
also necessary to study the phenomena of re-
flection from different media, interference of
these waves and diffraction.

CONCLUSIONS

Thus, the following conclusions are possi-
ble from the above:

- underwater radio communication can be
organized on the principle of separation of the
magnetic component of the electromagnetic
wave;

- the release of the magnetic component of
the electromagnetic wave is carried out in the
so-called magnetic antennas;
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Fig.8. Mobile radio complex of wireless
underwater communication IVA S/W

- the magnetic antenna can be built frame,
for example [5], or according to the patent
[10];

- for the organization of underwater com-
munication, only the antenna-feeder path is
subject to change, and other components of the
communication channel remain unchanged.
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YcTpoiicTBO NOABOIHOM PAaMOCBA3U
FOpuii Xnanonun, Anexcanop Cenroxog

AnHorauus. Co3aHue yCTpONCTBA PajHOCBsI-
3W ISl IOABOAHBIX OOBEKTOB I OOMEHa ToJI0Co-
BBIMH COOOIICHUSAMHU M JUIS Mepeadu IU(pPOBBIX
JMaHHBIX. AKTYalIbHOCTh 3TOW TPOOIIEMBI Ompee-
JIEHa TeM, YTO CYIIECTBYIOIIME HA CETOAHS 00pa3-
1Bl 000pYOBaHUSI TTOJBOIHOTO PAIHOCBSI3M SIBIISI-
€TCSl Ype3MEPHO MOIIHBIMHU, Ta0apUTHBIMH U C
HU3KOI0 TPOIMYCKHOW CIIOCOOHOCTHIO. AHANU3
pa3paboTOK B ATOW 00JIaCTH MMOKAa3ajl, YTO MOJIBOJ-
HYI0 PaJuOCBSI3b MOYKHO OpraHM30BaTh Ha IIPO-
JONMBHBIX 3JEKTPOMATHUTHBIX BOJIHAX WU C TIO-
MOILIbIO HCIOJIB30BAaHUSI TOJIBKO MAarHUTHOW CO-
CTaBJIAIONIEH 3JIEKTPOMArHUTHON BOJTHBI.

[Ipuanmn paboTel yCTpoiicTBA OCHOBAaH Ha HC-
MIOJIb30BAaHUU TOJIBKO MarHWTHOW COCTaBJISIONIEH
3JIEKTPOMArHUTHOW BOJHBI. M3BECTHO, YTO 3J€K-
TPOMAarHWTHAsl BOJHA COCTOWUT W3 JIBYX COCTaBIISI-
IOIKX: 3JIEKTPUUYECKON W MarHuTHOU. Boga - 31O
3NEKTPONPOBOJAIIAS Cpefa, TAe NEHCTBYET CKHH-
3peKT, Mo KOTOpPOMY HYeM TIyOike, TeM CHUTHa
cmabee. Ho 3TO IS DIIEKTPUYECKO COCTaBIISIO-
meii. Boga mMeer cinaOble MarHWTHBIE CBOMCTBA,
[IOATOMY JUIsi MAarHUTHOM COCTaBISIIOLIEH 3JeK-
TPOMArHUTHOW BOJIHBI BOJIA - HE TIOMEXa.

MIABOAHI TEXHONOTrIi e 2020 Bun.10, 39-49
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Takoe ycTpOHWCTBO B 3aBUCHMOCTH OT €TO
MOIIIHOCTH MOXXET OBITh WCIOJB30BAaHO KaK s
WHJIWBHyaJIbHOM CBSI3H IUIOBLIOB, TaK U ISl Opra-
HU3AIUN PAJUOCBI3U MEXIY PaguoOysMH U Jaxe
JUIsl CBSI3W C TOJBOJHBIMHU JIOAKaMU. Bplnenuts
MAarHUTHYHO COCTAaBJISIFOLLYHO 3JEKTPOMATHUTHOM
BOJIHBI BO3MOYHO 32 ABYMS MPUHLIUIIAMH: YCUIUTh
MarHUTHYIO COCTaBJISIFOIYI0 WJIM OCIa0HUTh DIIEK-
TPUUECKYIO COCTABJISIOLLYIO.

Brigenenue MarHUTHOM COCTABIIAIOIICH SJIEK-
TPOMarHUTHOW BOJHBI OCYIIECTBISETCS B Tak
Ha3bIBAEMBIX MATrHUTHBIX AHTEHHAX, KOTOPBIE MO-
T'yT OBITh TOCTPOCHHI B BUIE KaTyIiek ¢ hepputo-
BBIM CEpACYHHKOM, MOTYT OBITH PAMOYHOIO THIA
OINPEENCHHOI0 pa3Mepa WIH B BHUJE KAaTyIIKHU B
SKpaHe U3 HEMArHUTHOTO MeTaJlja.

[lpu moaepHU3aLMU YCTPOWCTB OOBIYHOW pa-
JIMOCBSI3U B MOABOAHBIN BapUaHT UX HCIIOJIb30Ba-
HHS W3MEHEHUSM MOMJEKUT TONBKO AHTEHHO-
(bunepHsIid TPaKT, a APYTHE COCTABIIAIONINE KaHaa
CBSI3W oOcTaroTcss Oe3 wm3menenuil. Ilpumenenue
TaKUX IOPUHLMIIOB OpraHU3alyy paJuOCBsI3H IMO3-
BOJIUT CTPOUTHh CUCTEMBbI MOJBOAHOW CBS3M ISt
MIPAKTHYECKH HEOIPAaHUUYEHHOTO PacCTOSHHUSL.

KiroueBble cJjioBa: paavocBsi3b, aHTEHHA,
3JEKTPOMATHUTHASL  BOJIHA, 3JEKTPOMArHUTHOE
1ojle, MarHUTHAsl COCTABJIAIONIAS, IEKTPOJIBUXKY-
I1ast cujia, NoJIBO/IHAS JIOKA.
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Abstract. The basic provisions for the analyti-
cal calculation of vertical cylindrical capacities are
provided in this article. The submitted data is the
result of a global study accomplished by the au-
thors in recent years. The simplified procedure of
mathematical calculations, which is used in the
formulation of these dependencies, can character-
ize the outlined aspects in line with the engineering
method and be recommended for practical applica-
tion. In the given research the problem of the influ-
ence of profiling of the wall of the vessel on the
radial movements of the case under the action of
axially asymmetric and asymmetric loading is ana-
lyzed. The basic calculation formulas are given for
determination of internal forces (ring normal
stresses, running bending moments and running
transverse forces) and displacements of the no-
gauge storage capacity under load, which is de-
scribed by the exponential law characteristic of the
pressure of the loose material. A brief description
of the influence of vertical ribs on the rigidity
characteristics of silo tanks, as well as the expres-
sions for estimating longitudinal forces in the ribs
at a certain altitude level is given. Particular atten-
tion is given to the calculation of cylindrical capac-
ities under conditions of asymmetrical radial load-
ing.
In this case, the problem is considered for two
variants of the simplified procedure, in accordance
with the instantaneous theory and a more precise
analytical solution in applying the equilibrium
equations of the moment theory, which allows tak-
ing into account the effect of internal bending mo-
ments in the sections. In both cases, the simplifica-
tion of the computational procedure is accom-
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plished by decomposing an asymmetric load into a
finite trigonometric series and conducting a calcu-
lation for each component separately. The internal
forces arising in the edges of the conical roofs
from the action of the most probable loads own
weight, weight of technological equipment, wind
pressure and snow load are also calculated. In this
case, only the simplest construction of the roof was
considered, characteristic of small diameter con-
tainers, which consist exclusively of the main radi-
al edges. The article provides the formulas for
finding the internal forces in this element and the
maximum compressive force and maximum bend-
ing moment in a dangerous section.

Keywords: cylindrical shell, displacements,
corrugated wall, exponential law, deflection func-
tions, stress state, vertical stiffeners, axisymmetric
load, radial deflection.
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INTRODUCTION

Our country is one of the key players in the
sector of production and export of grain crops.
In this process, the most important technologi-
cal operation is the processing and storage of
grain, requiring the availability of appropriate
complexes, which should provide the neces-
sary conditions for the quality maintenance of
seeds. The advantage in this segment is given
to industrial metal capacities of different struc-
tural form (Fig.1). The basic requirements for
this type of structures are based on general
technical characteristics of strength, rigidity
and stability, as well as economic feasibility.

Fig. 1. General view of the vertical steel cylindri-
cal containers of "Lubnymash”
(https://lubnymash.com/)

Modern steel containers for storage of grain
crops have taken leading positions in the ele-
vator market. Despite a rather long period of
production and operation of buildings of this
type, the calculation of their supporting struc-
tural elements and a comprehensive study of
their general characteristics have not received
sufficient development till now.

MATERIALS AND METHODS

The analysis of the stress-strain state of
steel in cylindrical silos tanks is a complex en-
gineering task that requires significant scien-
tific effort and knowledge; it is based on the
use of special software groups and complicat-
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ed mathematical apparatus for computing
[1 — 5]. The purpose of the calculation is the
unambiguous definition of the stress-strain
state of the container from the action of the
most probable loads the vertical and horizontal
pressures of the loose material, which causes
the axially symmetric loading and the pressure
of the wind pressure, which applies asymmet-
ric loads [6, 7] .This is the most accurate
method for determining the full range of inter-
nal efforts and displacements is the finite ele-
ment method, which is recommended for use
in practical calculations. However, there is of-
ten a need for an analytical calculation, which
allows not only to quickly evaluate some pro-
ject decisions, but also to formulate conditions
for related tasks, weakly dependent on inaccu-
racies of formulas. For example, we can give
the task of calculating the minimum weight or
maximum reliability. In addition, the results
obtained are a guide for the designer, which
will allow to avoid technical errors or possible
inaccuracies in the construction of FEM com-
puter model in the future.

RESULTS AND DISCUSSION

Steel vertical cylindrical container is a rota-
tion shell, which is supported by vertical ribs
of stiffness. The thickness of the plates, from
which the body of the container is tiled, varies
in height, and the texture of the plates can be
both smooth and wavy.

A comparative analysis of the resistance to
deformation of profiled sheets [8 — 10] showed
that with increasing thickness of the sheets,
their rigidity characteristics deteriorate. With
the classic bend of thin plates that work as
membranes, the use of profiled sheets is more
effective. However, with axially symmetric
loading of the cylindrical shell of rotation with
evenly distributed loads, which causes both
tensile strength and compression forces, sheet
profiling does not affect the radial displace-
ment of the construction.

With asymmetric loading, sheet profiling
reduces radial movements of the shell. This
phenomenon is most pronounced for thin
sheets with more "frequent™ wave steps.

51


https://lubnymash.com/

BHPOOHHIITBO Ta TE€XHOAOTII

Determination of internal forces and dis-
placements of a cylindrical thin-walled shell at
various boundary conditions is given in many
scientific and reference sources, but the practi-
cal analytical calculation is complicated by the
search for a solution in loaded state, which is
described by the exponential law, characteris-
tic for the pressure of the loose material.

Dependences for internal forces and dis-
placements for small-diameter capacities that
do not have edges under load adopted by the
Jansen-Kenen formula are expressed in terms
of equation

W(X) = Wyoie™ {1— e kX

1)

x[sin(k,,x) +cos(k,X)] ,

where w(x)is the function of moving of the
shell; w, is the entered designation for this ex-

pression; k,, is the ratio that can be defined by
the formula

k\;‘\{/:Etef,r/(szvDr)v (2)

where ty . =t, (/¢ is the thickness of the
sheets (the rigidity of which is equivalent to
the rigidity of the corrugated profile by thick-
ness ty); ¢,,is the length of the scanning of
the corrugation in the waveform of the corru-
gated sheet of the shell /,; E is the module of
elasticity of the material; D, is the cylindrical

rigidity of the shell on the bend in the circular
direction; D, is the diameter of the shell.

Assessment of internal forces (circular
normal stresses o, geared bending moments

M,(x)and running transverse forces Q(x))
Can be made by classical ratios [11 — 14]

o) ‘X)=2W(X)D£W’ @)
_ 4 dAwx)
M, (x) =D, vt 4)
3
Q=M _p M )
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The impact of vertical ribs on the rigidity
characteristics of silo storage for grain depends
on many factors [15 — 18].

With asymmetric loading and a small num-
ber of vertical edges, the value of the deflec-
tions is much smaller than that of non-rebound
containers. In profiled shells it is more pro-
nounced than flat ones (Fig. 2).

Fig. 2. Character of deformation of capacities
from profiled sheets with different de-
grees of vertical stiff ribs and axisym-
metric loading

Under the influence of an asymmetric load,
the efficiency of vertical edges increases, es-
pecially with a sufficiently large number of
them.

To evaluate the longitudinal force N in

each edge at the level z from the top of a cy-
lindrical container, with axial-symmetric load-
ing we can use the expression

D2
p.z zﬁ[gm +3n +7q Hw\Vy,l(y):' )
P (6)

o).
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where g,, is the proper weight of the roof; n,
is the number of vertical edges; S, is the
snow load; A, =4A,A,fyy is the dimension-
less parameter determined by dimensionless
height y=z/H,, which has an area of values
0<y<l.

If you analyze the value of the ratio of lat-
eral pressure 1, and the ratio of friction f,
then you can see that the values %, f, are in a

fairly narrow range from 0,18 ... to 0,19. Ac-
cordingly, it allows to adopt a unified value
Ao fy ~0,2 and essentially simplify the expres-

sion A, ~0,8A,y.

Vertical pressure pr; on the wall of the tank
at the level y from friction material

P¢.= 0, 2Yg DWWy,Z(y) =
:szngw[y_\Vy,l(y):Iv (7)
vy () =1 25(1—e‘Av).

The value of the functions wv,,(y) and
vy2(y) for capacities of different elongation

were calculated in [19].
Procedure for estimating the bending mo-
ment M in the vertical edges of the stiffness

of the silo tank can be performed using condi-
tional eccentricity e, which determines the

position of the center of gravity of the reduced
cross section of the vertical rigidity edge

€per =NpKy /(L+0y,), -
Oy = ANy 1 (nDL,)

where o, = A;n, / (nD,t,) is the ratio of the

cross-sectional areas of all vertical stiffening
ribs and the wall of the vessel.

Calculation of cylindrical capacitances un-
der conditions of asymmetric radial loading, as
in the case of axisymmetric loading, can be
carried out in a simplified procedure, in ac-
cordance with the no-moment theory. A more
precise analytical solution can be obtained in
the case of equilibrium equations of moment
theory, which allows taking into account the
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effect of internal bending moments in cross-
sections. The task of calculating cylindrical
capacitance in both cases is reduced to the ex-
pansion of an asymmetric load into a finite
trigonometric series and the calculation for
each component separately. For wind load w,
this will be a cosine-series of aerodynamic ra-

tios C_., (¢)

C.er (9) =385 + 8, cos(p) + a, cos(2¢p) +...
...+ 8y cos(kp) +...+a,, cos(me),

9)

where 4, is the amplitude value k component;
¢ Is the angle of attack that takes into account
the direction of the wind; a, is the ratio of ex-

pansion.

In accordance with the momentary theory,
the full efforts of the wind load will manifest
themselves, depending on the number of
m members in the trigonometric series

Sk (X, 9) = kA xsin(ko)
Npk (%, @) =k*Ax’costkg) /D, (10)
Nk (¢) = A.D,, cos(kop) / 2.

And the displacement of the capacity from
the load W, is determined on condition

au(x,0)  k2x? 1
X Et,, Dy (L+o0,)

A cos(ko),

N9 | yix,0) =0, (11)
e

2 auxe)  v(Xe) g
D, ©0¢ OX

where u, v and w is the longitudinal, circular
and radial movement of the body.

For maximum displacement values (at
¢=0) we can use the formulas

Urmax :O’SGHFﬁp/AW Wy max = 0,756 &y

m (12)
w= kia, -
€ é K
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where Gy, =2w,H2AL /[ 30+0,,)EL, | is the

conditional deflection; w

value of the wind load.
Applying the moment theory, it is necessary

to outline the basic variables of the method,
which will include normal tensions o, in the

0 is the estimated

section of the capacity, tangent <, in the lon-

gitudinal and three basic displacements, longi-
tudinal u,, radial w, and the ring v, . Lower-
ing complex calculations, studied in detail in
[20], we note the expressions for loads in
cross-sections o, (y,@) and <, (v, )

E Wo‘,k(y) 2
Sk (Y, 0)= A—EVAW mxn,kak cos(ke)
E W'r,k (y)

Tok (Y, 9) = A_3AW mki,k ay sin(ke) (13)

Wik (¥) =My chs(yA, i ) +Cos(yA,, ) x
><[Mz,k exp(=y4, ) + Mgy eXp(yiﬂ,k)],

where My, M,, i M;, is the dimensionless
capacitance reaction function; &, , is the pro-
portionality factor, which has the dimension of
the function &, (y) and takes into account the
nature of harmonious loading W, ; %, is the

response factor.
And also radial w,(y,¢), ring v, (y,p) and
longitudinal u, (y,¢) moving

[1_\Vm,k (y)]
(k? —1)?
[1_\|Jm,k (y)]
k(k? -1)°

D, Yk (Y)
U (¥,0) =—"Ay 55—
k(y (P) AW w kz(kg _1)2

W, (Y,¢) = 2D, A,, a, cos(ko)

Vic(y, @) = 2Dy Ay, g sin(kg), (14)

Mk cos(ko)

where A, is the ratio of capacity compliance.

Functions w, (¥), v, (y) and . (y) are
similar in their mathematical nature to
Wik (¥). Their formula representation depends
on the variation of the boundary conditions of
fixing each edge (Fig.3).

The total state is defined as the sum of
stress-strain states influence, and it depends on
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Fig. 3. Isometric representation of functions
¥mx (¥) and v, (y) for capacities

with free end (top) and absolutely rig-
id ring (below)

the number of ratios of the layout laid down in
the calculation

Ro(Y,0) = > &R (y,9) (15)
k=0

where R is the generalized reaction parameter

chpvervVvu.

One of the essential steps in the calculation
of vertical cylindrical tanks is the study of in-
ternal forces that arise in the edges of the coni-
cal roofs by the action of the most probable
loads — own gravity, weight of process equip-
ment, wind pressure and snow load (Fig. 4).

The construction of a conical roof of a cy-
lindrical storage tank consists of rectilinear
edges installed radially and connected by a se-
ries of rings that form a compatible spatial sys-
tem. With relatively small diameters of capaci-
ties, radial ribs are made from beams, while
large ones are in the form of trusses. In the
case when the main radial edge is made in the

MABOAHI TEXHONOTrTIi ¢ 2020 Bun.10, 50-57
npomMucnoBa Ta UUBIiNbHa iHXeHepifa



BHPOOHHIITBO Ta TE€XHOAOTII

form of trusses, the forces in its rods are calcu-
lated on the basis of beam effort. According to
the principle of operation, radial edges can be
divided into main and secondary. The main
ribs, on one end, rely on the wall of the tank,
reinforced by an elastic lining, and the other
on the central rigid ring. Secondary ribs are
placed between the main ones and are support-
ed by one or both ends on the ring edges,
hinged to the main radial beams.

Fig. 4. Conical roofing of MSVU silo with a
diameter of 33m "Lubnymash"

The simplest construction of the roof con-
sists of only the main radial edges. A similar
roof is characteristic for capacities of small di-
ameter (approximately up to 7000 mm) Inter-
nal forces in the main ribs can be calculated by
the formulas.

. H
N r (y) =-sin B[@Jf Fn +0alm Y X

(16)
(Aq+0,5y(1-Aq))+AN |,
Qqr (Y) =0aly COSP[yAq—
11 y2 . (17)
§[§+qu+7(l AQ)+AQ,
Mg (¥) =0,170,4 ycosB(L—y) x 18)

x[1+ y(1—AQ) + 2Aq] + AM .

where y is the coordinate; g, is the actual
weight of the roof structures, F, is the force,
from the weight of the thermopadders, T, is

the reference pressure on the central ring of ri-
gidity from the superstructure gallery, S, is

the snow load; W,, is the wind load; n,, is the
number of main beams; g is the angle of the
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slope of the roof to the horizon; 4, is the ratio
of the diameter of the central rigidity ring d,
to the diameter of the tank D, ; ¢,, is the
length of the main radial beams; EA EJ is the

longitudinal and flexural stiffness respectively;
AN, AQ, AM is the arithmetical supplements
of internal forces when placing a thermo-
paddings in the flight of a beam

The maximum compressive force acts on
the left beam support, and the maximum bend-
ing moment in the section located at a distance
Ym.max from the right support.

Ny =6F, +q £y (1+2Aq)/(6sinp),

Mo - Qalsy cosp( 2f3 —3f3 +1
q.max = 2
18 f2 —Aq

J’ (19)

fy, =\/(1+Aq+Aq2)/3—Af .

In the circular ribs there are only longitudi-
nal compressive forces that can be estimated
by the formula

N, =(N, —Ny)ny, /(27). (20)

where N, and N, are the longitudinal forces

in the main radial edge below and above the
annular rib of rigidity.

CONCLUSIONS

1. In the article the basic provisions of the
analytical calculation of vertical cylindrical
capacities were provided.

2. The issues of influence of profiling of the
walls of the container on the radial movements
of the case under the action of axially symmet-
ric and asymmetric loading were analyzed.

3. The basic calculation formulas for the
determination of internal forces and displace-
ments of the ribless capacities under load,
were described by the exponential law, charac-
teristic for the pressure of the loose material.

4. The brief description of the influence of
vertical ribs on the rigidity characteristics of
silos capacities was given..
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5. The calculation of cylindrical capacities
in conditions of asymmetrical radial loading
was solved in accordance with the instantane-
ous theory and has a more precise analytical
solution in applying the equations of moment
theory.

6. The formulas for finding internal forces
in the edges of the conical roofs were indicated.
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K pacuery onTHMAJIBLHOTO YPOBHSI
HAJIeKHOCTH U3 IKOHOMUYECKUX
coodpaxxkeHmit

Anexcandp Jlanenxo, Hamanua Maxurvio

AnHoTanusa [IpuBeneHBl OCHOBHBIE TOJIOXKE-
HUSl aHAJIMTUYECKOTO pacyeTa BEPTHUKAIbHBIX IIH-
JUHAPUYECKUX eMKocTel. [IpencraBieHHbIE CBe-
JICHHsI SBISIIOTCS PE3yJIbTaTOM IJIOOAIBHOTO WC-
CJIEZIOBAHMSI, BBIIIOJIHEHHOTO aBTOPaMH B IOCIEN-
HUE ToJpl. YIIPOIIEHHas MpOoLEeaypa MaTeMaTHye-
CKUX BBIKJIQJIOK, KOTOpas MpUMeHsieTcst pu (dop-
MYJIMPOBAaHUU YKA3aHHBIX 3aBUCUMOCTEH, MOXKET
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XapaKTepH30BaTh yKa3aHHBIE acleKThl B pycie
WHXCHEPHOW METOIWKH W OBITh TMpPUMEHEeHa s
MPaKTUYECKUX pekoMeHaaui. B mpeacTaBieHHOM
UCCIIEIOBAHNN aHATM3UPYETCs BIHMSIHUE MPOQUIHU-
pPOBaHMS JIMCTOB CTEHKH €MKOCTH Ha pagualibHbIC
MepeMeIeHnsT KOpIyca TpW BO3AEWCTBUU OCe-
CUMMETPUYHOTO M AaCHMMETPHUYHOIO 3arpys3Ku.
[IpuBonsATCSI OCHOBHBIE pacueTHbIE (OPMYIBI IS
OTIpeieTIeHNsT BHYTPEHHUX YCHWIHHA (KOJBIIEBBIX
HOPMAJTbHBIX HANpSOKEHHWH, MMOTOHHBIX H3rHbaro-
IIMX MOMEHTOB M MOTOHHBIX MONEPEYHBIX CHJI) U
TepeMeIeHut  0e3peOepHOll eMKOCTH XpaHCHHS.
[IpenocraBneHa KpaTkasi XapaKTEpUCTHKA BIASHUS
BEPTUKAIBHBIX pebep Ha >KeCTKOCTHBIX XapakTe-
PUCTHKH CHJIOCHBIX €MKOCTEM, a Tak)Ke BbIpaxe-
HUS JUTA OIEHKH TIPOIONBHBIX YCHIIUIT B pedpax Ha
OTIpe/IeICHHOM BBICOTHOM YPOBHE.

Ocoboe BHUMaHWE YIENEHO pacueTy LWINH-
JIPUYECKUX E€MKOCTEH B yCIOBHSIX HECHMMETPHUY-
HOTO paauanbHOTO 3arpy3kd. llpm sToM 3amada
paccMOTpeHa [0 YIPOIIEHHOW MpoLeaype, co-
TJIacHO 0€3MOMEHTHOW TEOpUH M TOIy4YeHO Oolree
TOYHOE aHATUTHYECKOE pEIIeHHe IMPH TpUMeHe-
HUU ypaBHEHUM PAaBHOBECHS MOMEHTHOH TEOpuH,

MIABOAHI TEXHONOCrIi e 2020 Bun.10, 50-57
npomMucrioBa Ta LUUBINbHa iHXeHepia

KOTOpasi MO3BOJISCT YUECTh ACHCTBUE BHYTPEHHUX
M3ru0aIX MOMEHTOB B CeueHusX. B olomx
CIIy4asiX BBITIOJHEHO YIPOIIEHHUS BBIYUCINATENb-
HOW MPONEAYPHI MyTeM Pa3IoKCHHUS aCUMMETPHY-
HOH HAarpy3Kd B KOHEYHBI TPUTOHOMETPUYECKUIA
PSA W MIPOBENSHHUH pacydera i KaKIO0W cOoCTaB-
JISIOIIEH B OTACIHHOCTH. BBIMONHEHBI Takke HC-
CJIeIOBaHMsI BHYTPEHHUX YCHINH, BOSHUKAIOIINUX B
pebpax KOHYCHBIX KpOBEJb OT JEHCTBUS Hamboee
BEpOATHBIX Harpy3ok. [Ipm sTom Obla paccMoTpe-
Ha JIMIIb MPOCTEHINAas KOHCTPYKIIMS KPOBIH, Xa-
pakTepHas Il eMKOCTEH MaJloro AWaMeTpa, KOTo-
pasi COCTOMT HCKIIIOYHTEIHHO W3 TJIABHBIX paiu-
anpHBIX pedep. Yka3aHHbIC QOPMYIIbI I HAXO0XK-
JICHUS. BHYTPCHHUX YCWIMHA B JaHHOM JJIEMCHTE,
MaKCHMalbHasg CKMMAIOIasi Cuja W MaKCHUMallb-
HBIA U3rn0aroIuii MOMEHT B OIIACHOM CEYEHHH.

KiroueBble cjoBa: HUIMHIpHYECKas 000JI0Y-
Ka, TIepeMelIeHns, TohpupoBaHHAs CTeHKa, (PyHK-
MU TPOTu0Oa, HAMPSHKEHHOE COCTOSHUE, BEPTH-
KaJlbHBIC pebpa JKECTKOCTH, aCHUMMETPHYHAs
Harpyska, panaabHOe OTKIIOHECHHE.
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Abstract. Investigations are aimed at revealing
the conditions for the generation of a Splash wave
phenomenon by a submerged breakwater, as hav-
ing a particularly effective form of wave energy
dissipation. On the basis of a wide range of well-
known theoretical studies of wave transformation
over bottom inhomogeneities, the expediency of
laboratory experiments on physical models is
shown as a method that allows taking into account
the peculiarities of the influence of targeted turbo-
lization of the water flow. Numerous experiments
on physical models have shown the possibility of
the occurrence of such a phenomenon over a sys-
tem of bottom inhomogeneities and the rationality
of further scientific search. However, the effect is
achieved when certain parameters of many inde-
pendent variables (significant and represented in a
wide range of factors) are combined. This circum-
stance makes a positive solution of the problem
rare in nature.

In view of the multifactority of the hydrody-
namic process under investigation, an analysis of
the theoretical premises was carried out, which
allowed us to concentrate on a new variant of the
solution of the problem posed — a single breakwa-
ter with a special crest design. The version of a
"box" type breakwater was taken.as a basis But
part of the wave energy quenched in it is directed
to quenching another part of the energy of the
wave flow passing over the top of the breakwater.
The task was to find the location, shape and size of
the opening in the top. Two versions were investi-
gated: in the form of a perforation and in the form
of a slit located along the breakwater. The last
version showed its superiority and this result al-
lowed to proceed to the solution of the next prob-
lem, the search for the most effective of the of the
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breakwater cavity cross-section.shape. The obvi-
ous direction of the search was the effect of a cur-
vilinear wave-breaking wall of the embankment.
Instead of the vertical face under the "visor" (that
is, under the horizontal plane of the top surface)
previously accepted in the studies, two schemes
for calculating the surface curves, differing from
each other in radius and length, are studied. The
size of the slit in the "visor" varied. The conditions
and prospects for the development of Recommen-
dations for the design of the submerged breakwater
of this type are described.

The urgency of the solution of the problem lies
in the broad perspective of the use of submerged
breakwaters in recreational zones.

Keywords: recreational zone, breakwater,
wave transformation, energy dissipation, physical
modeling, hydrodynamic bench.

INTRODUCTION

Among the structures of coastal hydraulic
engineering, submerged submerged breakwa-
ter is of particular importance as an object of
environmental nature. If the full-profile
breakwater is designed to completely Among
the structures of coastal hydraulic engineering

naBoaH! TEXHONOCrI « 2020 Bun.10, 58-65
NpPOMUCIIOBa Ta UMBINbHa iHXeHepia


mailto:gorbatenko.eg@gmail.com
https://doi.org/10.32347/uwt2020.10.1802

BHPOOGHHIITBO Ta TEXHOAOTII

submerged breakwater is of particular im-
portance as an object of environmental nature.
The full-profile breakwater is designed to
completely dampen the wave, for example,
allowing ships to be directly at the pier, but the
submerged breakwater is used mainly to pro-
tect the beach from erosion. Namely, the
beach of recreational areas, where it allows to
provide water exchange in the closed water
area [1 — 3]. This obvious requirement was
underestimated until recently, which led to
serious sanitary and epidemic problems [4].
An example of this is the existing system of
coast protection of famous resort areas, where
quarantine measures are systemic in nature.the
wave, for example, allowing ships to be direct-
ly at the pier, the flooded breakwater is used
mainly to protect the beach from erosion. It is
the beach of recreational areas, where it allows
to provide water exchange in the closed water
area. This obvious requirement was underes-
timated until recently, which led to serious
sanitary and epidemic problems. An example
of this is the existing system of coast protec-
tion of famous resort areas, where quarantine
measures are systemic in nature.

There are many types of designs of sub-
merged breakwaters, both in the form of pro-
jects and built, and even more developments in
the form of inventions, information about
which abounds in the Internet. The matter
boils down to the choice of compatibility of
performance and cost of construction [5 — 7].

The experimental studies previously con-
ducted in the laboratory Of the Institute of
hydromechanics of NAS of Ukraine were
aimed at identifying the possibility of certain
designs of submerged breakwater to give the
structure the function of not only passive but
also active wave annihilation. That is, by
means of a certain design solution, to turbolize
the wave flow over the structure. Mainly,
combinations of free-standing breakwaters
with a large variation of the parameters of the
structural elements and the planned location
relative to each other were studied. Special
attention was paid to the systems of two and
three breakwaters. The search for the compati-
bility of the studied parameters led to the pos-
sibility of production of the Splash phenome-
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non in the interference of the incoming and
reflected waves.

The functional dependence of the degree of
wave annihilation on the parameters of local
conditions, the dimensions of structures and
their location at this stage of research was pre-
sented in a simplified form:

Kep = f(d 1, Ry 4,2, 1), D)

where: K., is wave transformation coefficient,

d is water depth at the breakwater (Const), i is
slope of the bottom surface of the water area
(Const), hy is wave height (“before”, "above"
or "behind" the breakwater), 4, is relative

wavelength (steep — 10 and somewhat gentle —
15), Z is deepening of the top of the breakwa-
ter (in 3 values for each option), L is distance
between the individual breakwaters in the sys-
tem (in 3 values).

Considering the theoretical assumptions,
the solution of the problem can be based on
the known provisions [8]. Thus, wave annihi-
lation and wave reflection are studied by the
extremal values of the wave surface shape on
the approaches to the structure, directly at the
structure and behind the structure. The shape
of the traveling wave can be described by the
following relation:

ka’®
&=-acos(kx—ot) —7005[2(kx - ot)]- @
3k*a’

cos| 3(kx—at)],

where: ais wave amplitude, g is acceleration

of gravity, « is wave circular frequency,
k is wave number, A is wave length,
d is water depth at the structure: ¥ and Z are
point coordinates, t is time coordinate, & is
profile shape.

Numerical evaluation of the importance of
the members of the right part of the present
relation shows that the refinements made to
the first member by the second one do not
exceed 5%, and by the third one do not exceed
1%. This allows us to exclude them from con-
sideration as not essential for engineering
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practice. Using the theory of plane potential
waves of finite amplitude at finite depth, we
have a relation for the potential velocities of
the initial wave:

:Msin(kx_wt) (3)
wchkd

Interaction with the structure modifies the
waveform and its velocity potential. The ratio
of the amplitudes of the original and reflected
waves has a physical meaning of the reflection
coefficient "Ko". Due to the configuration of
its profile, the structure can reflect waves par-
tially to a certain extent. The magnitude of the
initial wave amplitude is denoted by "q¢", di-
rectly at the structure by "q1", behind the first
obstacle (breakwater) by "g2".

The velocity potential of such a wave is
equal to:

~ageh| k(d -z)]
T wchkd
x| sin (kx - ot) + Ky sin (kx + ot) | (4)

The structure of an incomplete profile passes
part of the wave energy through itself, due to
which a residual wave with an amplitude of ¢.2
is formed behind the structure. In this case, the
velocity potential is equal to:

~ a,gch| k(d-z)]
2 wchkd

sin(kx—awt)  (5)

The ratio g2/ characterizes the permeabil-
ity, and 1-¢2/q is called the annihilation coef-
ficient Ka.

Further consideration of the process should
be conducted according to the scheme, which
shows that the residual wave with amplitude

a, is the initial wave for the second underwa-

ter obstacle and repeats the effect of the first
obstacle.

The velocity potential of the interfered wave
between the obstacles will take the form:
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Jgch| kl d—
4 = a, gc [ ,I",a, z.]:l
(6)

Using the energy approach to the consid-
eration of the process of interaction of waves
with the studied system of structures, we state
that a part of the wave energy is reflected (Eo),
a part is extinguished due to friction and is
spent on turbulence (Et), but a part passes
behind the structure (Eost). The balance equa-
tion is as follows:

[sin[ﬁcr—a;rr] + % sin (foc+ ot ]—!

E=E, +E +E,_, (7)

The energy of the components of the equa-
tion is proportional to the corresponding am-
plitudes:

E=05pgla’, E,=05pgia’, E=05pgia’
(8)

This is how the proportion of wave energy
extinguished by the structure is quantified.

The idea of spectral representation of a
complex excited surface is known, which was
first expressed by Peterson [9] and found its
expression in the works of Longue-Higgins
[10]. Phillips [11] showed that in the high-
frequency range of the wind wave spectrum
there is an equilibrium region where the spec-
trum does not depend on wave-forming factors
and is determined by physical parameters reg-
ulating the continuity of the wave surface.
Such simplification would help to solve the
problem, but there are many assumptions. The
specificity of this work and the lack of neces-
sary technical capabilities determined a sim-
plified approach to the development of re-
search methods.

The study of the wave surface transfor-
mation process was carried out under the in-
fluence of bottom inhomogeneities in the form
of cylinders lying on the bottom of the reser-
voir. This was in line with the question of the
use of mobile structures, which in practice are
soft synthetic shells. The designs of such
structures are developed at the level of inven-
tions [12, 13]. Numerous series of experiments
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in the wave basin and tank showed the excep-
tional complexity of the studied hydrodynamic
processes. The pattern of interference between
the shells is complex, since the wave with en-
ergy losses (and a decrease in amplitude corre-
spondingly) is repeatedly reflected from the
next and previous shell. As it is predetermined
by the theory, at distance between shells mul-
tiple to a half of wavelength the resonance of
oscillations, and at non-multiple distances the
crush is observed. The phenomenon of crush
does not allow us to obtain a numerical solu-
tion of the problem.

With a certain combination of parameters
of independent variables, that is: the depth of
water before the first submerged breakwater;
the height of the initial incoming wave and its
relative length; the size and ratio of the diame-
ters of the shells, that is, the depth of the top of
the breakwaters, as well as their mutual dis-
tance from each other, the Splash effect was
obtained — the phenomenon of high dissipation
of wave energy.

However, in practice, a small probability of
a certain combination of wave parameters and
multicomponent structure is obvious [14].

The aim of this work was to find a design
of a single submerged breakwater that has the
ability to generate a Splash effect, which in
practice is more likely in a wider range of
wave parameters than for a system of sub-
merged breakwaters [15].

The solution of the problem was carried out
on the basis of the design of a single breakwa-
ter with a top resembling a box-type breakwa-
ter [16]. On an intuitive level, it is quite natu-
ral to solve the problem by means of a "visor"
on the top of the breakwater, which would
dissect the wave flow at the top of the break-
water. In this case, the crest of the wave will
pass over the breakwater, and the trough of the
wave will be under the "visor", where the
pressure will increase and the flow as a whole
can be turbolized.

The design of the upper part of the break-
water was presented in different versions. So,
the box-type chamber can vary in size, shape
of the back wall, and the upper plane with a
"visor" can have different lengths and perfora-
tions. It was adopted a gravitational type base
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of the breakwater with parameters in some
accordance with the current norms [17]. Thus,
a clear feature is the strtucture crowning the
top of the breakwater. In Fig.1 the initial ver-
sion (Scheme No.3) and the version having the
desired properties (Scheme No.2) are present-
ed.

In contrast to the previous stage of re-
search, the efficiency of the structure depends
mainly on the depth of the top of the breakwa-
ter, and practically — on the water level in the
reservoir.
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Fig. 1. The original and the desired version of the
construction of the top of the submerged
breakwater with a perforated visor

It should be assumed that the sea level may
change due to wave positive or negative surge
as well as a very real increase in the level of
the world ocean. The latter circumstance is
particularly important for the designs of tradi-
tional monolithic structures. The mode of the
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wave flow is less significant and this may be
considered as an advantage of the considered
design [18].

Since the studies were exploratory in nature,
the basic law of modeling was the inverse rela-
tionship between the wave period and the
square root of the scale of modeling [19, 20].
Thus, the wave produced on the hydrodynamic
stand in 0.8 s, 1.0 s and 1.2 s corresponded in
nature to the storm wave and two values of
slightly more gentle waves (Ao = 10 and 15).
The studies were carried out in a hydrodynam-
ic tank equipped with a shield-type wavepro-
ductor and a wave suppressor in the form of a
gentle slope. Video recording and capacitive
sensors with the output of information to the
PC [21] were used as sensors.

In Fig.2, a photo of a Splash above the top
of a single breakwater is presented, which is
achieved through a successful choice of shape
and location of the perforation.

Fig. 2. Splash effect over the top of a single
submerged breakwater with perforated
visor

Comparing the waveforms recorded in the
ports in front of the breakwater and behind the
breakwater, we clearly have the fact of signifi-
cant damping of the incoming wave, where the
transformation coefficient reaches 0,8. As
shown by a series of experiments, in the
framework of the studied parameters of the
wave and the structure, the studied design with
a perforated visor is the most effective one.

The search for the design of the top for the
Splash effect was based on versions of perfo-
ration of the upper plane of the top of the
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breakwater in combination with a certain wa-
ter level and wave parameters. Special atten-
tion was paid to the cavity under the visor. The
name of the breakwater type "box" suggests
the shape of a rectangular parallelepiped.
However, the principle of design of the
breakwater wall should be considered in the
present design.

The main feature of the study is the testing
of models with a curved wall. Two versions
are accepted for the test: with a radius of 3.8
hy (Fig.3) and 4.9 h;, (Fig.4). At the same time,

the version of perforation in the top in the
form of a transverse slit was studied.

Fig. 3. A version of the design of the submerged
breakwater with a steeply curved back
wall of chamber that blocks the wave

Fig. 4. A version of the design of the submerged
breakwater with a gently curved rear wall
of the chamber that blocks the wave

MABOOHI TEXHONOCIi 2020 Bun.10, 58-65
NPOMMKCNOBA Ta UUBINIbHA iHXeHepiA



BHPOOHHIITBO Ta TE€XHOAOTII

Fig.5. Splash of the significant magnitude over
the submerged breakwater with a steeply
curved wall

Fig.6. Splash of the less significant magnitude
over the submerged breakwater with a
gently curved wall

Fig. 7. An example of fixing the height of the
wave by the method of photography
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According to the results of the experiments, the
steep curvature of the wall and the small size of
the slit were found to be more effective. (Figs.5
and 6).

Fixing the height of the transformed wave by
the method of photography (as an example) is
shown in Fig.7.

The numerical value of the damping energy
of the incoming wave, as well as its trans-
formed height, can be accurately determined
through a large series of time-consuming ex-
periments with proper technical support of the
instrumentation, which will allow to develop
Recommendations for design and implementa-
tion in practice [22, 23].

The author expresses gratitude for the assis-
tance in the preparation and conduct of exper-
iments, processing of research materials and
participation in the design of the article to the
members of staff of the Institute: Abramova
L.P., Bratasyuk I.P., Kudybin I.B., Nikitin
ILA., Tereshchenko L.N., Khomitsky V.V.,
Khizha LA,

RESULT OF WORK

It is confirmed that in conditions were
complex hydrodynamic processes cannot be
subject to accurate theoretical assessment, a
physical simulation allows us to assess the
performance of the studied design of the sub-
merged breakwater.

It is shown that it is possible to effectively
turbolize the wave flow over the top of the
breakwater in the form of a Splash phenome-
non, which corresponds to a high dissipation
of wave energy.

A single submerged breakwater with a per-
forated visor, unlike a system of submerged
breakwaters, is able to work effectively in a
wider range of wave flow parameters.

To develop Recommendations for the de-
sign and use of the studied structure of the
submerged breakwater, it is necessary to con-
duct a series of experiments with additional
proper equipment of the hydrostand and the
use of more modern instrumentation.
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BHPOOHHIITBO Ta TE€XHOAOTII

IIpoayuupoBaHue siBJIeHUsI BCIJIECKA,
KAaK CN0Cc00 JUCCUIIALINY IHEPTUM
rPABUTAIMOHHON BOJIHBI

Yevhen Horbatenko

Abstract. MccrenoBanusi UMEIOT CBOEH IEJIBIO
BBISIBUTH YCJIOBHS T€HEPAlMU MOIBOJHBIM BOIHO-
JoMoM sBIeHUs Bceruecka, Kak 00Jazaromero
0c000 3¢ dexTuBHON (HOpPMON aUMCCUNAIIMKA SHEP-
run BoiHBL. Ha 6a3e mmpokoro Kpyra M3BECTHBIX
TEOPETUYECKUX HCCIeN0BaHU TpaHchopmanmn
BOJIHBI HaJl JOHHBIMUA HEOJHOPOJHOCTSIMH HOKa3a-
Ha I1e7eCO00pa3HOCTh POBEICHHUS Ta00PATOPHBIX
OMBITOB Ha (PM3MUECKUX MOJIENISIX, KaKk METOJa,
MO3BOJIAIOIIETO yYECTh OCOOCHHOCTH BIHSHUS
LeJICHANPABICHHON  TypOoyie3alliil  BOJIHOBOTO
MoToka. MHOTOYHCIIEHHBIE OTBITH Ha (PU3MYECKUX
MOJIEJISIX TIOKA3aId BO3MOYKHOCTh BO3SHUKHOBEHUS
TaKoI'o sBJICHHA Hal CHUCTEMON JOHHBIX HEOIHO-
POAHOCTEH W PALUOHAIBHOCTh AATBHEUIIETrO
HaygHoro momcka. OmHako 3QQeKT mocTuraercs
nmpu COYCTAaHUH OHpeILeJ'IéHHBIX napamMeTpoB MHO-
TUX HE3aBUCUMBIX TIEPEMEHHBIX (3HAYUMBIX H
MIPENICTABICHHBIX B IITUPOKOM CHEKTpe (PaKTOPOB).
3TO 00CTOSATENHCTBO JeNaeT MOJOKHUTEIBLHOE pe-
LIEHHE 3aJla4¥ PEAKUM B HaType.

B Bugy MHOTO(axkTOPHOCTH HCCIETyEMOTO
THJIPOANHAMUYECKOTO Mpoliecca MPOBEAEH aHaH3
TEOPETUYECKUX TPEANOChIIOK, YTO MO3BOJIMIO
COCPEeIOTOYNTHCS Ha HOBOM BapHaHTE pEIICHUs
MTOCTABJICHHOH 3a/1a4il — OJUHOYHOM BOJHOJIOME C
0Cc000H KOHCTpYyKIIMei TpeOHs. 3a OCHOBY OBbLI
B3ST BapUaHT BOJHOJIOMA «SIIEYHOTO» Thma. Ho
rorarraeMasi B HEM 4acTh SHEPTHH BOJIHBI HAIIPAB-
JIeHa Ha TallleHUe APYrod 4acTh SHEPTUU BOJIHO-
BOT0 TIOTOKA, MPOXOJAIIEro Haj rpeOHEM BOIHO-
JoMa.

niaBOAHI TEXHOJOCrIN ¢ 2020 Bun.10, 58-65
npomMucnoBa Ta UuBiNbHa iHXeHepif

3amaya cocTosiyia B TIOMCKE MECTa PacroyioiKe-
HUs, GOpMBI M pa3Mepa MpoéMa Ha TOBEPXHOCTH
rpebHs. MccnenoBaHo JBa BapuaHTa: B BUJAE Iep-
(hopatnu u B BHJIE IIETH, PACTIONOKEHHON BIOIH
BoJiHOJIoMa. IlocienHuil BapuaHT MoKazal CBOE
MPEBOCXOJICTBO M 3TOT PE3YNbTAT IMO3BOJWI IIe-
PEUTH K PELICHHUIO OYEpPEAHON 3aJ4auyd — IOUCKY
Hanbosee AGOEKTUBHON (GOPMBI  IMOTIEPEUIHOTO
CEUYCHHUSI IUIOCKOCTH BOJHOJOMA. (OUYeBHIHBIM
HalpaBJICHUEM TIOMCKa TMpencTaBwics 3¢ GhekT
KPHUBOJIMHEHHOW BOJHOOTOOIHOW CTeHKH Habe-
pexHoi. BMecTo paHee npUHATON B UCCIEN0BAHU-
SIX BEPTUKAJIBHON TPaHU TOJ «KO3BIPHKOMY» (TO
€CTh IOJI TOPU3OHTAIBHOU IIOCKOCTBIO IOBEPX-
HOCTH TpeOHs) MCCIICIOBAHO NIBE CXEMBI pacuéra
KPUBBIX MOBEPXHOCTH, OTIMYAIOIIMECS IPYT OT
Jpyra pagnycoM U MPOTHKEHHOCTHIO.

IIpu sTOoM BappupoBajics pa3Mep LIEIH B KO-
3BIpEKE. B cTaThe M3JI0KEHBI YCIOBUS U MEPCIICK-
THBa pa3paboTku PexkomeHmanuii mo MpoeKTHPO-
BAHMIO MOJBOJHOrO BOJIHOJIOMA paccMaTpUBAEMO-
ro Tuma. AKTYaJbHOCTb PELICHUSI BOIIPOCA COCTO-
UT B HIUPOKOU MEPCIEKTUBE HCIOIB30BAHUS TIOI-
BOJHBIX BOJIHOJIOMOB B PEKPEALlMOHHBIX 30HAX.

KuroueBble cj10Ba: pekpealoHHast 30Ha, BOJI-
HOJIOM, TpaHC(OpMalus BOJHBI, JTUCCHUITALIUS
3HEepruu, Gpu3nuecKoe MOACTUPOBAHHUE, THIPOIH-
HaMHYECKUM CTEHJ.
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