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Purpose. Theoretical foundation and development of equipment for precision machining of objects in the
field condition.

Methodology. Mainly, the theoretical research methods which include the determination of the elastic system
stiffness matrix of the machine and the manipulator were applied. Circuit and structural solutions of mobile mul-
ticoordinate robotic machine were theoretically grounded. Mathematic simulation of the object processing with
the mobile robotic machine was conducted. On the basis of the mathematic simulation analysis, the peculiarities
of deformation characteristics of machine were defined through the determined stiffness matrices.

Findings. The concept of precision machining of objects in the field conditions with a mobile robotic machine
was substantiated. It is based on the application of equipment with low stiffness in conjunction with a special ma-
nipulator, which is tightly linked to the object and provides the necessary movement of a tool. The circuit of the
precision machining of objects with mobile robotic machine was grounded. This circuit fulfills the use of two dual
mechanisms-hexapods, one of which is the pivotal system of the machine and the other is the system of manipula-
tor. The means of machine working space increase by means of telescopic rods of the variable length with the
pneumatic drives were suggested. Conditions for the improvement of the accuracy of the robotic machine during
the process of machining with a rotary cutting tool were determined. They include accordance of the main axes of
the manipulator stiffness matrix and the movement direction of the rotary cutting tool. The type and nature of the
machining faults and their interrelation with the parameters of the machine stiffness and the manipulator stiffness
were determined.

Originality. For the first time the concept of precision machining with robotic machines that have low stiff-
ness of the carrying system is developed. The concept consists in the application of the manipulator that is rigidly
fixed to the processed object and associated with the final controlling element of the machine. The component of
stiffness matrix of the machine and the manipulator are brought into proper correlation, which provides the pos-
sibility of precision machining with mobile robotic machines. The fault calculation methods of the details process-
ing with a rotary cutting tool on machines with parallel kinematic structures have attained the further develop-
ment.

Practical value. The results of the research are the basis for the development of high-performance robotic
machines for machining the hazardous objects in the field conditions. On the basis of the obtained results the
working space of the mobile robotic machine increases by 3—5 times and precision of machining in the field con-
dition increases to 8—9 accuracy degree.
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Introduction. It is determined that there is a vast
scientific and technical problem of high-precision,
mechanical, engineering and physical machining of
hazardous facilities in field conditions. The range of
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such facilities includes mines, missiles, reservoirs with
toxic materials, over-pressed pipelines or reservoirs,
especially damaged reservoirs which are accompanied
with leakage of liquid or escape of gaseous substances,
etc. As a rule, such facilities spread pollution, are arbi-
trary orientated and cannot be moved. High-precision
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machining is necessary for the conduction of prepara-
tory operations of facility transportation, determina-
tion of its condition and hazardous level or for the
neutralization of facility on the spot. Development of
the complexes for hazardous facilities machining in
field conditions is of significant importance for the
promotion of defensive capacity and national security
of the country. Development of such equipment is di-
rected toward applied results of double utilization.

Mastering of mobile complexes for high-precision
machining of hazardous facilities production changes
the processes of organization and realization of opera-
tions of eliminating extraordinary situations, main-
taining military equipment, and utilizing explosive
objects and toxic or radioactive matters. It is of great
importance for organization of operations in extraor-
dinary situations. Machining of hazardous facilities in
field conditions saves lives of field engineers, liquida-
tors of emergency situation effects and other special-
ists who work with hazardous facilities. Therefore, de-
velopment of means for high-precision machining in
field conditions is extremely urgent.

The problem in its general aspect includes develop-
ment of mobile complexes that ensure high-precision
machining of facilities in field conditions.

In the latest research studies and publications the
range of designs of robotic machines for detail pro-
cessing is given [1]. They are implemented on the basis
of mechanisms with parallel kinematic structures [2].
These mechanisms have low energy and material ca-
pacity. Therefore, it is possible to use them for high-
precision machining of hazardous facilities in field
conditions. However, the stiffness of carrying systems
of these machines is insufficient.

The range of publications [3, 4] present devices of
aggregate-module type designed for details processing
in restrained areas. The research studies of a number
of authors are aimed at increasing the accuracy of ma-
chines with low stiffness. Here the special measure-
ment systems of tool location are used. Other range of
research studies [5, 7] presents the results of develop-
ment and study of separate machine systems which
considerably enhance their precision.

The analysis of informational sources shows that
nowadays there is a lack of mobile complexes for high-
speed machinery of hazardous facilities in field condi-
tions as well as the theoretical grounds for their devel-
opment and research on their creation.

Grounds for development of high-speed machin-
ery complexes for hazardous facilities in field condi-
tions are an unsolved part of the general problem.
Therefore, the aim of this study is to present a theo-
retical grounds and development of robotic machine
equipment for high-precision machining of facilities
in field conditions.

In order to achieve the aim of this study the follow-
ing objectives were set: to develop a concept of equip-
ment building and to synthesize rational circuit de-
sign, to present mathematical modeling of high-preci-
sion machining processes with a mobile robotic ma-
chine.
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Presentation of the main research. Circuit de-
sign of mobile robotic machine complex. It is suggest-
ed to solve a problem of machining hazardous facilities
in field conditions by means of a mobile robotic ma-
chine on the basis of mechanisms of parallel structures
(Fig. 1).

The complex is made for machining a hazardous
facility 7 which is located in an indefinite place and is
arbitrary orientated. A solid model of the facility is
built and the strategy of machining is developed by
means of laser radar 2. Machining is realized by ro-
botic machine 3 with parallel kinematic structures.
Machine has a final controlling element that looks like
a platform with a tool 4. Manipulator 5 is used for
placing the final controlling element on the facility.
The manipulator is attached to the hazardous facility
and moves the final controlling element.

The complex is mobile. The machine may be
switched in transportation position by means of hydro-
cylinder and fixed on the vehicle if necessary (Fig. 2).

Weight and size parameters of the mobile complex
meet the requirements for vehicles of general use. It is
possible to install the complex on two-wheeled trailer of
a car and to transport it even in the cross-country con-
ditions due to its small weight (approximately 1.5 kilos).

The robotic machine with parallel kinematic struc-
tures has six rods of changeable length that include
electromechanical gears and ball screw rolling drives
(Fig. 3).

Every rod has a roll drive that includes electric mo-
tor 7, which is connected with a belt gear drive 2 to the
rotating nut 3 that moves a screw 4. The roll drive is
installed on a framework 5, which is situated in univer-
sal joint with bearings 6 and 7and can rotate relative to
stationary base of the machine. Change of the screw
length 4 leads to the movement of the machine plat-
form &, where a movable sleeve with a motor-driven
spindle is placed.

Necessary tools can be automatically installed on
the machine platform from the automatic tool changer
magazine placed on the machine. Different tools for
identification and machining of the facility (in partic-
ular, tools for facility examination, such as video cam-
eras, laser scanners, feeler gages, tactile devices, ana-
lyzers of chemical composition, hardness and other
properties of the facility) are used. Moreover, devices
for facility cleaning (especially sand-blowing and high
pressure water cleaning devices) are proposed.

Precision mechanical machining is projected to be
the main method of the machining (6...9 accuracy de-
gree). Spindle heads with one or several spindles are
projected for the mechanical machining of the facility.
They are assigned to installation of various tools, e.g.
circular saws, milling tools, drilling tools, screwing
taps, etc. Besides, it is possible to use brushes for facil-
ity cleaning (such as a wipe brush).

Robotic devices such as automatic wrenches,
screwdrivers, rotary vises can be used as possible tools
for mechanical processing. It is also possible to use hy-
draulically operated compressing devices for extrud-
ing, bending, cutting, hole sewing, etc.
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Fig. 1. Mobile remote-controlled complex on the
basis of a robotic machine with parallel kine-
matic structures:

1 — hazardous facility; 2 — CCTV system and laser
radar; 3 — robotic machine with parallel kinematic
structures; 4 — final controlling element of the ma-
chine with machining attachment and a tool; 5 —
machine manipulator made for interaction between
the final controlling element and hazardous facility
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Fig. 2. Mobile robotic machine in transportation
position

Fig. 3. The solid model of a mobile robotic machine

ISSN 2071-2227, HaykoBui BicHuk HI'Y, 2016, N2 5

Various devices for implementation of engineering
and physical methods of machining are projected, e. g.
gas cutters, plasma cutters, laser cutters and/or weld-
ing machines for spot welding, gas welding, electric
welding.

All devices are parts of a set and can be automati-
cally interchanged. Device selection is correspondent
to the technological process of the machining.

The carrying system of the robotic machine con-
sists of rod-shaped spatial mechanisms. It changes its
configuration automatically (has a self-forming struc-
ture) and adapts to the facility under machining.

It is proposed to ensure substantial change of ma-
chine working space by introducing self-forming rod-
shaped spatial mechanisms. The base of such mecha-
nisms is made of telescopic rods with hydraulic or air-
powered drives (Fig. 4).

Telescopic rods enable discrete change of their
length on the cylinder travel dimension L, ..., L.
Additional rods can be installed between the platform
and pneumatic cylinder if necessary. Discrete changes
of the length of any rod are stored with working travel
ofrods Ly, ..., Ly This creates a possibility to change
working space of machine many times and implement
different locations of the final controlling element rel-
ative to immovable basis (Fig. 5).

Under conditions of retracted rod cylinders, the
working space of the machine, area R,, is determined
by travel of ball screw drive transmission of platform
movement. Under conditions of extended rod cylin-
ders and rated position of the machine, the working
space increases and covers area R,. Change of diamet-
rical-angular position of the machine by means of
hydro-cylinder G broadens the working space to area
R;. Change of working space reaches H/H, = 4...5;
B/B, = 2...3. The system of machine drives provides
overall dimension of minimal working space H, =
=~ 1.5 m, By = 1.2 m. Respectively, maximal overall di-
mension of mobile complex working space makes up
H=6m., B=3.6m.

Fig. 4. Kinematic scheme of the robotic machine
rod length change:
Ly,..., Ly — rod length changes by electric motor;
Loy, ..., Log — rod length changes by hydraulic cylin-
ders
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Fig. 5. General working space of the mobile ro-

botic machine and possible locations of the fi-
nal controlling element:
H,, By, — height and width of the robotic machine
operating space with the minimum length of hydrau-
lic cylinders; H, B — maximum height and width of
operating space; R, — operating space of the ma-
chine with a minimum length of hydraulic cylinders;
R, — operating space with a maximum length of hy-
draulic cylinders; Ry — the maximum possible oper-
ating space of the machine

Herewith, it is possible to machine facilities from
above, from below and from the sides. Machining of
the facilities located in holes or niches is admissible.
Proposed machining of facilities with mobile robotic
machine differs essentially from traditional machining
on work-benches in workshop conditions.

Precision machining of dangerous facilities re-
quires development of a special concept. It includes
gathering of information, description of facility shape
and location. Methods for laser radar location with fa-
cility scanning and its solid model development in de-
termined absolute coordinate system linked to the fa-
cility are provided. Firstly, dimension and location of
the facility in the initial coordinate system are deter-
mined. Reference points are established on the facility
and machine platform is fixed directly on the facility
by means of the manipulator. Thereafter, the transi-
tion to the basic coordinate system linked to the facil-
ity is made. Ulteriorly, the machining is done by pro-
grammed trajectories of manipulator numerical pro-
gram control (NPC) systems determined in the abso-
lute coordinate system.

The proposed concept of precision machining un-
der conditions of insufficient information on facility is
based on available experience of solid model construc-
tion and its usage for development of detail processing
strategies on work-benches with NPC. Considerable
distinctions of the proposed concept consist in usage
of the coordinate system that is linked to the facility,

46

rather than to the coordinate system of the machine, as
it usually is in traditional detail processing.

The proposed plan of precision machining of fa-
cilities by means of mobile robotic machines is new in
its essence and consists in usage of equipment that has
low stiffness with additional devices. Such devices in-
clude manipulators with high stiffness M, which are
installed directly on the facility.

Ends of manipulator rods M are connected with
machine platform P. A coordinative manipulator with
six rods constituting mechanism-hexapod is shown on
the scheme. The given manipulator provides spatial
movement of machine platform 8. Manipulator rods
have length change drives that are controlled with the
NPC system. Inferior ends of rods are fixed on the fa-
cility by means of special grippers G.

Grippers provide stiff connection of the machine
frame and machined facility. The robotic machine op-
erates the hazardous facility, its rotation or removing
of facility parts or foreign objects that hamper techno-
logical machining process if necessary or possibly.
When the length of manipulator rods M is changing
the tool implements limited movements in relation to
machined facility while machining it. The control of
the machining process is provided by video support of
the process.

Design of the manipulator is chosen on the condi-
tion of its most possible stiffness. In general, it is simi-
lar to machine scheme (Fig. 3), but the length of its
rods is minimal and travel of rods is limited. Addition-
ally, rotary joints are strengthened. Accordingly, stiff-
ness of the manipulator carrying system is much high-
er than stiffness of the mobile robotic machine. There-
fore, during the process of facility machining non-stiff
elastic pivotal system of robotic machine deforms and
has little influence on machining precision, which is
determined only by precision of the manipulator.

Mathematical modeling of the precision machin-
ing with a mobile robotic machine. The processes of
precision machining with mobile complex on the basis
of a robotic machine have peculiarities that are con-
nected with special features of its circuit design and
characteristics of actual loadings. The complex is a cir-
cuit design that interconnects two mechanisms-hexa-
pods with essentially different weight and stiffness pa-
rameters. Loadings on the tool that occur during the
process of machining are presented as equivalent force
vector F, and rotational moment M,. Loading data are
added to the gravitational force and other loadings
and, therefore, form general loadings on the machine

platform presented as resultant vector £ and principal
moment M (Fig. 6).

Loadings on the machine controlling element
cause deformations of the carrying system, which is

characterized by the vector of x-coordinates of the
platform

[x]1=[xy z ¢« @y ¢, (1
here x, y, z stand for movement of the platform center

P in the directions of x, y, z axes of the absolute coor-
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Fig. 6. Effect of power factors in mobile complex on
the basis of a robotic machine:
SN — axis of maximum stiffness; l,...l¢ — robotic ma-
chine rods of variable length; T,...T; — loading in
machine rods; L,...Ls — manipulator rods; R,...Rs—
loading in manipulator rods; ', M — effective
Jforce and moment that are acting upon the platform

dinate system linked to the machined facility; ¢,, ¢, @,
stand for angles of platform travel relative to axes of the
absolute coordinate system.

Force vector (f;) on the controlling element is con-
nected with its movement by way of stiffness matrix
[c;] relative to the functional connection

f1=1F F, F, M, M, M]"=[c;] [x], (2)
here F,, F,, F, stand for projections of the main force
vector that affect the platform on the axis of absolute
coordinate system; M,, M,, M, stand for projections
of principal moment.

General stiffness matrix of mobile complex, which
is included in (2) is a sum of stiffness matrices of the

] and the machine[c; :| Accord-

(e 1=[e)" J+e} 3

In the study [7] stiffness matrix of machine-hexa-
pod is determined, H/mkm

manipulator [cl;”
ingly,

83.9 0 0 0
0 7229 3.08 6828 0 0
1| O 3.08 443.81 3.17 0 0
[ ]_ 0
2
2

—75.25 -2.78

5 -10°,
i 0 6828 3.17 7081 0 “)

-7525 0 0 0
-2.78 0 0

0 2 5.

Components of manipulator stiffness matrix are
higher by several orders. Manipulator stiffness was de-
termined by ECM calculations and is the following,
H/mkm
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172 0 0 0 -074 —0.11
0 146 015062 0 0
0 015184 018 0 0
e 10°,
('] 0 062018115 0 0 )
074 0 0 0 93 02
011 0 0 0 02 125

Characteristic units in the shapes of square matri-
ces with size 3 are singled out of stiffness matrices.

. . . P .
Matrix units represent progressive (cij ), torsional

(c,.f ) and joining (c,f ) stiffness of systems

1) )
@) @)

Proper figures of progressive and torsional matrices
are half-axes of corresponding stiffness ellipsoids, and
proper vectors set their directions in space.

Maximal torsional stiffness relative to axis x is ob-
served when the fixed center of the movable platform
is placed under the center of the base joint which is
situated in yOz plane; maximal torsional stiffness in
relation to axis y is observed when the fixed center of
the movable platform is placed between two opposed
base joints.

The mobile complex is a compound mechanism
that combines two mechanisms-hexapods with a joint
movable platform that is built on the basis of dual cir-
cuit. Stiffness of separate mechanisms is substantially
different. It can be observed on the sizes and orienta-
tion of stiffness ellipsoids.

Stiffness matrices are presented as graphs (Fig. 7)
for the analysis of the stiffness of general mechanism
components.

Points of graphs determine component indexes of
stiffness matrices; edges of graphs determine compo-
nent value.

Comparison of graphs shows that components of
manipulator stiffness matrices considerably exceed
components of machine stiffness matrix (except com-

a b

Fig. 7. Matrices of mobile complex mechanism
components are presented as graphs:

a — manipulator stiffness matrix; b — machine stiff-
ness matrix
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ponent c33). Therefore, with sufficient accuracy for the
practice the following can be taken

00 0000
000000
00 ¢ 000

M 33

[d=l" 1o 0 0 00 0f  ©
00 0000
00 0 00 0

Accordingly, elastic strength of the machine system
will be insignificant in any direction during the plat-
form movement by the manipulator, except the direc-
tion that is in line with the direction of equable tension
and compression of machine rods (direction N-P-S in
Fig. 6). Therefore, axis of tools movable sleeve should
be located in this direction.

It is possible to determine tool movement under
the action of force factors from matrix-vector func-
tional connection (2)

[x:] = [E,ILA, (7)
here strain matrix is opposite to stiffness matrix.
[E;] = [cij]il-

Strain matrix is determined taking into account
functional connections (6, 4) and (5). It is detected
that system deformability in direction N-P-S is mini-
mal.

The given matrix-vector functional connections (7,
5, 6) are the base for calculating the tool movement
under different technical operations of facility ma-
chining. An important technological operation is ma-
chining with rotary cutting tools (drilling operation
and further machining with multi-flute drill and ream-
er). It can be assumed that in the course of machining
with rotary cutting tools the cutting resistance is di-
rected to the spindle axis; and the cutting torque M
coincides with direction of the force direction (Fig. 8).

The center of the absolute coordinate system is
placed on the force direction. The direction of force
and moment is determined by angles ¢, 6. The vector
of force factors which affect the machine platform is

Fig. 8. Force factors that affect machine platform
during rotary cutting tool machining:

F — loading vector; A — displacement vector of the
tool end
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determined from geometrical relationship and made
out as follows

FsinB-cos@
F'sin@-sin@
Fcoso
o0, F,M)=| " = .

M sin®-cos@

M sin®-sing

M cos¢

Displacement vector (x;) for the given force factor
is found using the formula (7). It depends on the ma-
chine and manipulator stiffness matrices (6).

Components of obtained displacement vector [x;]
are correspondent to formula (1) and determined pro-
gressive x, y, z, and diametrical-angular ¢,, ¢, ¢, plat-
form movement and, respectively, the rotary cutting
tool.

In order to implement rotary cutting tool machin-
ing, it is necessary to provide its free motion in the
hole. It occurs providing that the machine platform
moves in the force direction. General movement of
platform A is determined by movement vector sum

A=yx"+y*+7°.

Movement direction relative to axes z is determined
by directional cosine angle

z
©, =arccos—.
A

— —

Condition of force vectors F and movement A
collinearity is vector projection proportionality

xX_Y_X
FFCE

This condition is closely fulfilled in separate cases.

Displacement of a tool in relation to machined fa-
cility and tool skew (Fig. 9) take place in common
cases.

Progressive movement is characteristic to the pro-
cess of tool penetration and causes additional tool
jumping relative to machined surface. Tool displace-

Fig. 9. Rotary cutting tool displacement and skew
in a hole, which happened as a result of elastic
pivotal machine system deformation
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ment on angle ®, in the course of deep hole machining
leads up to machining of the hole inlet with the tool
side surface.

It is determined that in the section perpendicular to
axis the change of hole form occurs, which is connect-
ed with placement directions of main axes of progres-
sive and torsional manipulator stiffness ellipses. The
results of numerous experiments conducted show that
machine stiffness parameters have a little effect on
stative tool movements relative to machined facility.

Calculation results show that machined hole size
increases in diametrical direction that is correspon-
dent to the location of minimal manipulator stiffness
axes (Fig. 10).

The results of theoretical analysis show that defor-
mations of the machine carrying system lead to inac-
curate machining measure which is shown as a hole
“breaking”. Change of the hole diameter depends on
detail placement relative to progressive and torsional
stiffness axes. The biggest increase in the hole diame-
ter (d,,,,) happens in direction of the minimal progres-
sive stiffness axis under condition that the minimal
progressive stiffness axis is placed on the angle less
than 90° relative to the minimal progressive stiffness
axis.

If minimal progressive and torsional stiffness axes
are perpendicular or nearly perpendicular, then hole
out-of-roundness decreases (Fig. 10). In this case in-
creasing of the hole diameter d,,, is lesser than maximal
size (d,,,,) in previous case.

Conclusions.

1. Mobile remote-controlled robotic complex is
reasonable to implement on the basis of machine-
hexapod with parallel kinematic structures. It is rec-
ommended to use telescopic rods with a pneumatic
cylinder in order to increase working space of the ma-
chine. In this case, machine working space increases
by 1.5—2.5 times and mobile complex is able to ma-
chine hazardous facilities in holes or niches up to 2
and more meters.

2. Increase of robotic machine carrying system
stiffness is provided by a special coordinative manipu-
lator with six rods that is installed on the machine plat-
form and is stiffly connected to machined facility with
special grippers. Stiffness matrices of manipulator
have components which exceed the components of ro-
botic machine stiffness matrix in 15...25 times. There-

0<a<90° i

Fig. 10. Hole form that is stipulated by tool jump-
ing as a result of elastic system deformation
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fore, the low stiffness of the machine has almost no
effect on tool deformation movements relative to raw
part, which provides an opportunity for precision ma-
chining (7...9 accuracy degree) of hazardous facility.

3. The change of the hole form occurs during the
machining of holes of hazardous facilities. When min-
imal progressive and torsional stiffness axes of the ma-
nipulator are located at the angle of 0...45°, then the
hole form becomes similar to an oval; when the angle
between axis is close to 90° then the hole form becomes
similar to a circle. In both cases increase in hole sizes
is rather similar, and the maximal estimated diametri-
cal size is in control that is correspondent to 7—9 ac-
curacy degree.
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Merta. TeopeTuuHe oOTpyHTYBaHHSI Ta po3poOKa
o0JlaIHaHHS JJ1s1 BUCOKOTOYHOI 0OpOOKU 00’ €EKTIB y
MOJIbOBUX YMOBaX.

MeToauka. 3aCTOCOBaHi, B OCHOBHOMY, Teope-
TUYHI METOIM JOCHIIKEeHb, 1110 BKJIIOYAIOTh BU3HA-
YeHHS MaTPHIIb JKOPCTKOCTI TIPYKHOI CUCTEMU Bep-
crata Ta MaHinyjasgropa. TeopeTHuuHO OOrpyHTOBaHi
CXEMHI Ta KOHCTPYKTUBHI pillleHHsI MOOiIbHOIO 0a-
raToKoOpAMHATHOTO BepcraTa-pobora. IlpoBeneHe
MaTeMaTU4YHe MOMAECIIOBaHHS TIpolecy O0O0OpoOKUu
00’€eXTiB MOOiITLHUM BepcTaToM-poboToM. Ha ocHo-
Bi aHaJi3y pe3yJibTaTiB MaTeMaTUYHOTO MOJETIOBAaH-
Hsl BCTAHOBJIEHI OCOOJMBOCTI Je(OpPMATUBHUX Xa-
PaKTEepUCTUK BepcTaTa Ha OCHOBI BUM3HAUYEHUX Ma-
TPULb XKOPCTKOCTI.

PesynasraTii. O0rpyHTOBaHa KOHIIETLis 3abe3mne-
YEHHSI BUCOKOTOYHOI 0OPOOKM 00 ’€KTIB Y MOJIbOBUX
YMOBax MOOUIBHUM BepcTaToM-poOoToM. BoHa
OCHOBaHa Ha 3aCTOCYBaHHI MaJIOXKOPCTKOTO OO0JIam-
HAHHS B KOMIUIEKCI 3i CIIelliaIbHUM MaHIMYJISITOPOM,
1110 >KOPCTKO 3B’sI3aHUI 3 00p00OII0BaHUM 00’ EKTOM i
3a0e3reyye HeoOXigHe TIepeMillleHHsI iHCTPYMEHTY.
OO6rpyHTOBaHa CXeMa BUCOKOTOYHOI 0OpOOKM 00’ €K-
TiB MOOIJIBHUM BE€pPCTATOM-POOOTOM, 1110 BilIOBigae
BUKOPHCTAHHIO ABOX JIyaJlbHUX MeXaHi3MiB-rekcamno-
NiB, OIMH 3 SIKUX € CTPUKHEBOIO CUCTEMOIO BepcTaTta,
a IpyTUif — CUCTEMOIO MaHiIMmyasiTopa. 3anmpornoHOBa-
Hi 3aco0u 306i/blleHHS poOOYOro MPOCTOPY BepcTarta
[IJISTXOM BUKOPHMCTAHHS TEACCKOIMIYHUX IITAHT 3MiH-
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HOI TOBXWHU 3 MHEBMAaTUYHUMM NpUBogaMu. Bcra-
HOBJICHI YMOBHU TiJBUILIEHHS TOYHOCTi BepcTara-po-
0ota npu 0OpoOlli OCLOBUM iHCTpyMeHTOM. BoHU
BKJIIOYAIOTh BiAMOBIAHICTh TOJOBHUX Biceil MaTpuili
KOPCTKOCTiI MaHIIIyJISITOPA i1 HAIPSIMKY PyXy OCbOBO-
ro iHcTpymMeHTy. Bu3HaueHo Bu i XapakTep IMOXUO0OK
00pOoOKM Ta iX B3a€EMO3B’SI30K 3 MapaMeTpaMU KOp-
CTKOCTi BepcTara i MaHimyJasTopa.

HaykoBa HoBM3HA. Yriepilie po3po0jeHa KOH-
LIEM1is1 BAICOKOTOYHOI 0OpOOKM Ha BepcTax-podoTax,
1110 MAIOTh HU3bKY JKOPCTKICTh HECYUOi CUCTeMHU, siKa
MOJISITA€E B 3aCTOCYBAHHI MaHIIyJISITOpa, 110 XXOPCTKO
3aKpiruieHuid Ha 00poOIIoBaHOMY 00 €KTI Ta 3B’s13a-
HUI1 3 BUKOHABYNM OpTaHOM BepcTaTa. YIepIie BcTa-
HOBJIEHE HEOOXiIHe CITiBBIIHOMIEHHS KOMITOHEHT
MaTpPHUIb KOPCTKOCTI BepcTaTa Ta MaHIIMyIsITOpa, IO
320e3Meuyl0Th MOXKJIMBICTb BUCOKOTOYHOI OOpOOKU
Ha MOOiINBHUX BepcTaTtax-podorax. OnepxKaliu To-
JNaJbIIMK pO3BUTOK METOIU PO3PAXYHKY ITOXUOOK 00-
pOOKM JeTaneil OCbOBMM iHCTPYMEHTOM Ha BepcTaTrax
3 mapajieIbHUMU KiHEMaTUYHUMU CTPYKTypaMH.

IIpakTryHa 3HaYUMicTh. Pe3ynbsrati 1ocaigkeHb
€ OCHOBOIO PO3POOKHU BUCOKOE(EKTUBHUX BEPCTATiB-
PpOOOTIB 1J1s1 0OpOOKY HEOE3MEeUHUX 00’ EKTIB Y MOJAbO-
BUX ymoBax. Ha ocHOBi oiepxkaHuX pe3yabraTiB po0o-
YU TIPOCTip MOOITBHOTO BepcTaTa-podoTa 30UIbIITY-
€ThCcsT y 3—5 pasiB, a TOYHICTE OOPOOKU B ITOJTHOBUX
yMOBaXx ITiABUIIYETHCS 10 8—9 KBaITETIB.

KmouoBi cioBa: mobinsHuit éepcmam-pobom,
cxemu, mooeni, HcOpCMKIcms, 0CbO8ULl [HCMPY-
MeHm, MO4HiCMb, NOXUOKU

Ilenn. TeopeTnueckoe oOOCHOBaHUE U pa3pa-
00TKa 000pPyIOBaHUS JIs1 BBICOKOTOUHOU 00paboTKu
0OBEKTOB B ITOJICBBIX YCIOBHSIX.

Metoauka. [IpriMeHEeHBI, B OCHOBHOM, TEOPETH -
YeCcK1e METOIBI MCCIIEAOBAaHN, KOTOPhIE BKIIIOYAIOT
omnpeneieHre MaTPUII XKECTKOCTH YIIPYTOM CHUCTEMBI
cTaHKa M MaHUITYJIsITopa. TeopeTnaeckn 000CHOBA-
HBI CXeMHBIEC I KOHCTPYKTUBHBIC PEIICHUS] MOOWIIh-
HOT'O MHOTOKOOPIMHATHOTO cTaHKa-pabota. [IpoBe-
MEHO MaTeMaTHM4YecKoe MOISIMPOBAaHUE IIpoliecca
00paboTK! O0O0BEKTOB MOOMIBHBIM CTaHKOM-pPOOO-
ToM. Ha ocHOBe aHanu3a pe3ysbTaToB MaTeMaTuye-
CKOro MOJAEIMPOBaHUS YCTAHOBIEHbI OCOOEHHOCTHU
neopMaTUBHBIX XapaKTepPUCTUK CTaHKa Ha OCHOBE
OIIpeIeJICHHBIX MATPHIL JKECTKOCTH.

PesyasraTbl. O00CHOBaHA KOHLEMNLUS obecrne-
YEHUSI BBICOKOTOYHOU 00pabOTKM 0OOBEKTOB B MOJIE-
BBIX YCJIOBUSIX MOOUJIBHBIM CTaHKOM-poOboTtoM. OHa
OCHOBaHa Ha MIPUMEHEHUH MaJIOXKECTKOTO 000pymIO-
BaHUS B KOMIUIEKCE CO CICIMATbHBIM MaHUITYISITO-
POM, KOTOPBII XECTKO CBSI3aH C 0OpabaTbiBaeMbIM
00BEKTOM U oOecrneuyrBaeT HeoOXOAMMOe TepeMe-
leHue MHCTpymMeHTa. O00CHOBaHa cxeMa BbICOKO-
TOUHOI 00PaObOTKM 0OBEKTOB MOOMIBbHBIM CTAHKOM-
poOOTOM, YTO COOTBETCTBYET HCIIOJb30BAHUIO IBYX
IyaJIbHbIX MEXaHU3MOB-TE€KCaIloa0B, ONWH U3 KOTO-
PBIX SIBJISIETCST CTEPXKHEBOM CHUCTEMOM CTaHKa, a BTO-
poit — cucteMmoit MaHumyssitopa. [1pemIoxkeHbl cro-
COOBI yBEeIMUCHUS pabodero MpOCTPAHCTBA CTaHKa
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IyTeM KCITOJIb30BAHUS TEJIECKOTTMYECKNX IITAHT TIe-
PEMEHHOM IJIMHBI C ITHEBMAaTUIECKUMU TTPUBOIAMMU.
YcTaHOBICHBI YCIOBHS TTOBBIIIICHUST TOYHOCTU CTaH-
Ka-poboTta 1pu 00paboTKe OCEBBIM MHCTPYMEHTOM.
OHU BKJTIOYAIOT COOTBETCTBHUE INIABHBIX OCEil MaTpu-
IIBI XKECTKOCTH MaHMITYJISITOPA M HAIPaBJICHUIO IBU-
JKEHMST 0CeBOro MHcTpyMeHTa. OTipenesieH BUA 1 Xa-
pakTep omnb0K 00pabOTKM, U X B3aMOCBSI3b C Ma-
paMeTpaMM XKEeCTKOCTU CTaHKa U MaHUITYJISITOpa.
Hayunas HoBu3Ha. BriepBbie pa3zpaboTaHa KOH-
LIEMLMST BBICOKOTOUHOI 00pabOTKM Ha CTaHKaxX-po-
060Tax, KOTOpbIe UMEIOT HU3KYIO JKECTKOCTh HECYIIEH
CHCTEMBI, YTO 3aKJTIOYACTCS B IPUMEHEHUN MaHUITY-
JISTOpa, KOTOPBIN JKECTKO 3aKperjicH Ha o0pabaThl-
BaeMOM OOBEKTE U CBSI3aH C UCIIOJTHUTEIILHBIM OpTa-
HOM CTaHKa. BIiepBble yCTAaHOBJIEHO HEOOXOOMMOE
COOTHOIIICHNE KOMIIOHEHT MAaTPHUII JKECTKOCTU CTaH-
Ka ¥ MaHUIYyJIITOpa, KOTOPble 00eCIIeYnBaIOT BO3-
MOXXHOCTbh BBICOKOTOYHOI 00pabOTKM Ha MOOWIIb-

Chengxi Liu

HBIX cTaHKax-pooOoTtax. [Tonyuunu ganbHeliee pas3-
BUTHEC METONBI pacdeTa MOTPEITHOCTEl 00pabOTKU
nIetayeil OCeBBIM MHCTPYMEHTOM Ha CTaHKaX C Ia-
paJUIeIbHBIMU KUHEMAaTUIeCKUMHU CTPYKTYPaMH.

IIpakTuyeckass 3HAYMMOCTb. PesynbraThl McC-
CJIeOBaHUI SIBJISIIOTCS OCHOBOI pa3pabOTKU BBICO-
KO3((PEKTUBHBIX CTAHKOB-POOOTOB JJisI 0OpabOTKU
OMacHBIX 00BEKTOB B IMOJIEBBIX ycJIoBUIX. Ha ocHOBe
MOJIyYEHHBIX PE3yJbTaTOB pabouee MNPOCTPAHCTBO
MOOWJIbHOTO CTaHKa-poboTa yBEJIWYMBAETCSI B
3—5 pa3, a TOUHOCTh 0OPaOOTKU B ITOJIEBBIX YCIOBUSIX
MOBBILIAETCS A0 8—9 KBaJIUTETOB.

KiroueBblie ciioBa: MoOUAbHBLI CIMAHOK -POOOM,
cxXemsl, MOOenuU, HCeCMKOCMb, 0CeGOL UHCMpPY-
MEeHmM, MOYHOCMb, NOSPEeULHOCMU

Pexomendosarno 0o nybaikayii dokm. mexH.
nayk 10. /. Dinamosum. ama nadxodxncenns py-
xonucy 20.10.15.

College of Mathematics and Information Sciences, Neijiang
Normal University, Neijiang, China

VARIATION METHOD BASED ON THE INTERPOLATION
FOR NAVIER-STOKES SOLUTIONS FOR TRANSIENT
UNCOMPRESSIBLE FLOW

Konemx matematnku Ta iHdopmaTuku, HelnzsHcbKuMit
nenaroriyHuii yHisepcuret, Heiiizsan, Kurait

BAPIAIIIMHUM METOJI HA OCHOBI THTEPIIOJIAIIII
TJISI PINIEHHSA PIBHSAHD HAB’E-CTOKCA
IJISI HECTAIIIOHAPHOI HECTUCJMBOI TEYI

Yenci JIro

Purpose. Many studies have been devoted to using variational multiscale (VMS) methods to solve the incom-
pressible flows. The analysis differs when applying the so-called first or second fluctuation operator. On the other
hand, VMS methods are used to solve unsteady incompressible flows. Error estimates dependent on the reduced
Reynolds number are obtained. On the other hand, the error estimates not dependent on the Reynolds number
have already been obtained by using SD and CIP methods. Thus, we desire to obtain the same or similar results by
using VMS methods.

Methodology. We propose a fully discrete stabilized method for the unsteady NSEs at high Reynolds number.
We use Crank-Nicolson difference in time and use the SV elements in space to preserve the incompressibility. The
convective effects are stabilized by adding a new projection-based VMS term. The stability and convergence of the
approximation solution are proved. The error estimates hold irrespective of the Reynolds number, and hence also
for the incompressible Euler equations, provided the exact solution is smooth.

Findings. We prove the stability and convergence of the approximation solution. The error estimates hold ir-
respective of the Reynolds number, and hence also for the incompressible Euler equations, provided the exact
solution is smooth. This method has good stability. It preserves the incompressibility and it has error estimates not
dependent on the viscosity.

Originality. In this paper, we propose a new fully discrete VMS method using SV elements for the unsteady
Navier-Stokes at high Reynolds number. Incompressibility is preserved by using Scott-Vogelius elements and
convective effects are stabilized by adding a new projection-based variational multiscale (VMS) term.

Practical value. Numerical experiments demonstrate that our method is very effective for incompressible
flows at high Reynolds number. They also confirm that our method preserves the incompressibility strongly.

Keywords: Unsteady Navier-Stokes equations at high Reynolds number, Scott-Vogelius elements, incom-
pressibility, convective effects, Crank-Nicolson difference, varitational multiscale method
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