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THYYKOTO B’SI3KOIIPYKHOTO ITO3MOBXHBOTO PYXOMOTO
maca BM3HAY€Hi MOTro NUHAMIiYHi XapaKTepUCTUKM TIif
4yac MOMEPEeYHUX KOJIMBAaHb i TOCHIIXKEHO BIUIMB MeXa-
HIYHMX BJIACTUBOCTEN MaTepially Ha 1ii XapaKTEpUCTUKU.

IIpakTHyHa 3HAYMMICTB. 3aTTPONIOHOBaHA METOIMKA
JMOCTiIKEHHS ITONePEeYHUX KOJIMBaHb ITO3I0BXHbBO-PY-
XOMMX THYYKMX MAaciB J03BOJISIE BUBHAYUTH BIUIMB Ha
OCHOBHI MapamMeTpu AMHAMIYHOTO MPOLIECY IIBUAKOCTI
MO3A0BXHbBOIO PYXY Ta B’SI3KOMPY>XHUX BIACTUBOCTEM
matepiany. OTprMaHi aHaJiTUUHI 3aJ1€3KHOCTi MOXYTb
OyTu 6a3010 7151 IHXXEHEPHUX PO3PaXyHKIB BY3JiB i Me-
XaHi3MiB, CKJIAQIOBUMU YaCTMHAMH SIKUX € II0310-
BXXHBO-PYXOMi THYYKi IMacu.

KmouoBi cioBa: mamemamuuna modens, Xeuivoea
meopis pyxy, 8’a3KonpyicHicms, nonepeuri KoaueaHHs,
nacosa nepedaua, memoou 30ypeHs

Heas. Co3pgaHue BSIBKOYNPYroit AMHAMUYECKOI
MOJIEJIU TUOKOTO MPOI0JIbHO-MOIBUKHOIO PEMHS pa3-
JIMYHBIX MEXaHU3MOB C YYETOM BJIUSHUS MeXaHUYe-
CKHX CBOICTB MaTepuaja Ha ero JUHaAMUYECKUE Xa-
PaKTEPUCTUKHU B CIy4yae MOMepevyHbIX KOaeOaHUA.

Metoauka. MeTonvka rcciieqoBaHUS MOMEPEYHBIX
Kose6aHuil TMOKOro peMHs1 0a3upyeTcss Ha aCUMIITO-
THYECKUX METOIAX HEIMHEITHOW MEXaHUKU W BOJHO-
BOI TEOpUHU ABUKEHUS.

Pe3syabratbl. B pabote mjis1 TMOKMX BSI3KOYIPYTUX
MIPOIOJIbHO-TMOABWXKHBIX PEMHE MOTYyYeHbl aHAIUTH -
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Purpose. Development of the finishing gear hobbing method based on the interaction of the change of the tool
cutting edge and the machined surface.

Methodology. The study includes the method of abstraction based on gear hobbing as the interaction of the tool
cutting edge with the machined surface. In turn, the properties of the interaction of the tool cutting edge and the
machined surface are studied with the help of models under computer simulated conditions.

Findings. The specifications for the finishing gear hobbing method have been assigned. Possible variations of sys-
tem of the tool cutting edge interaction with the machined surface were shown; the level of stability of the cutting
process with specified variations of interaction was determined in terms of computer modeling. A dynamic model of
the tool cutting edge interaction with the machined surface has been created. The model considers the nature (geom-
etry) of the interaction, tension, damping and disturbance of technological system (self-adjustment — tool — compo-
nent part). The directions to increase astatism of system were determined.

Originality. For the first time the gear hobbing modeling method was created which shows the research opportuni-
ties of the tool cutting edge interaction with the cutting surface including the machined surface under conditions of
both their coincidence, and non-coincidence. For the first time the finishing gear hobbing process of involute surfaces
was created in which the cutting surface does not match the determined involute surface and is set at an angle to it.
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Practical value. The astatism level of the single-mass conservative oscillatory system has been increased by chang-
ing the nature (geometry) of the interaction between the tool cutting edge and the machined surface that is adequate
to the insertion of integrating links into the system. The scheme of gear hobbing based on the contour interaction of
the tool cutting edge and the machined surface has been implemented.

Keywords: dynamic model, cutting edge, astatism of the system, finishing gear hobbing

Introduction. Traditional gear hobbing has limited
reserves of efficiency increase that are determined by the
limits of cutting and feeding speed, wearability of the
tool and treatment quality. However, further increase in
treatment efficiency is possible due to the change of cut-
ting kinematics and application of new, rational cutting
schemes with kinematic distribution of cuts.

Analysis of the recent research. A great amount of re-
search on the traditional gear hobbing deals with the wear
process including the durability of the milling cutter with
superhard coating and the study of the effect of applica-
tion of powder tool materials. The latest trend in the re-
search is a computer modelling for studying finer-grained
aspects of the method. These issues are investigated in
the works of the Ukrainian scholars such as I. Hrytsai [1],
as well as in the works of foreign scholars A. Antoniadis
[2], B. Karpuschewski [3], G. Hyatt [4], S. Stein [5].

Unsolved aspects of the problem. All kinds of the
above-mentioned research are aimed to improve or
neutralise disadvantages of the existent scheme of the
traditional gear hobbing. There are no attempts to
change the scheme of formation, geometry of interac-
tion of the tool cutting edge and the machined surface.

Objectives of the article. The methods of gear hob-
bing are quite energy consuming and cost-intensive be-
cause of considerable cutting force and they do not meet
the demands of energy saving technologies. The article
presents the attempt to create a technology of gear hob-
bing on radically other principles.

Presentation of the main research. There are certain
requirements as to the system of contour gear hobbing
which is synthesised:

- increase in accuracy of machining;

- decrease in energy consumption;

- increase in stability of the process.

The increase in accuracy can be achieved by the de-
crease in cutting force and as a result of elastic deforma-
tion. Chip cross sections which are cut in the course of
operation can be the criterion to assess the cutting force
[2]. The decrease in energy consumption can be also
achieved by the decrease in cutting force.

The system of interaction between the cutting edge
and machining surface is considered as the system of au-
tomatic control in order to determine its static and dy-
namic features.

At the stage of synthesis it is necessary to determine the
criteria for the assessment of the method under consider-
ation. The criteria for assessing the system of interaction
between the cutting edge and the machining surface will be:

- variability of cutting force;

- nominal of cutting force;

- astatism of the system.

Determination of possible variants of the system of in-
teraction between the cutting edge and machining sur-
face. The formation of involute surface on the gear
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wheel has one common characteristic which is real sur-
face tending to be geometric surface. The cutting edge of
the tool can be tangent to the machining surface or to be
normal as it is shown in Fig. 1.

Therefore, the formation of the surface requires geo-
metric forming lines.

As we see in Fig. 1, a, traditional finishing gear hob-
bing is carried out in the way when two adjacent cutting
edges of the tool tooth are located tangentially to the
machining surface and the surface for cutting coincides
with the machining surface.

On the basis of these statements we define the inter-
action between the cutting edge and machining sur-
face:

- profile interaction is the interaction when the cut-
ting edge of the tool is tangent to the machining surface;

- contour interaction is the interaction when the cut-
ting surface of the tool is located normally to the ma-
chining surface.

Dynamic synthesis. The level of stability of cutting
processes can be determined under computer simulated
conditions. The objective of modelling is to assess the
state of the system when it gets astatism.

The astatism of the system as a property is when
there is constant action (disturbance) the inaccuracy of
the system is close to zero.

Computer modelling will be carried out on the basis
of cutting schemes shown in Fig. 2.

In order to simplify the process, the traditional fin-
ishing gear hobbing is changed by the modelling in the
conditions of turning operation (Fig. 2, a), which meets
the requirements of the profile interaction taking into
account that the machining surface coincides with the
surface of cutting. In its turn, the contour interaction in
the process of contour gear hobbing is modelled by turn-
ing of straight turning tool (Fig. 2, b). The adequacy of
the cutting processes for the created models is achieved
by the analogue interaction between the cutting edge
and the machining surface.

a b

Fig. 1. Possible interaction of cutting edge of the tool
placed tangent to the machining surface (a), placed
normally to the machining surface (b):

1 — cutting edge of the tool; 2 — machining involute profile;
3 — machining allowance
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Fig. 2. Cutting schemes for computer modelling:
a — profile interaction while cutting on turning machine; b —
contour interaction while turning by straight turning fool on
the turning machine: 1 — machining surface; 2 — surface of
cutting; e — eccentricity; F — feed; V — cutting speed

The reproduction of disturbance which is similar to
the disturbance that appears when the teeth of the mill-
ing cutter penetrate is achieved by the eccentric posi-
tion e. In this case the rate of production tolerance z; has
running value which approaches the conditions of turn-
ing to the conditions of gear hobbing.

The modelled system of vibrations is single-mass
(Fig. 3), and consists of the carriage and the tool with
the mass m, its stiffness ¢ and the damper A (friction be-
tween the bed plate and the carriage).

Let disturbed vibrations of the technological system
be defined by the operation of cutting force W, , and
the work of damping the vibrations W, ’

The amplitude of vibrations of machining allowance
is described by the formula and is adequate to the ampli-

50 /
e
Ee
Wy W, ‘ i
X Xt K X

Fig. 3. Dynamic model of the process:

1 — the workpiece with eccentricity; 2 — machining surface;
3 — surface of cutting; 4 — technological system; 5 — graph
of fluctuations caused by variable machining allowance z;;
6 — graph of elastic deformations of the technological sys-
tem; ¢ — coefficient of system stiffness; . — coefficient of
damping; P, P,— cutting forces,; z;— machining allowance;
T — vibration frequency,; 5 — retardation value of vibra-
tions; WPy — work of cutting force; W, — work of elastic

deformations of the technological system; W, — work of the
system directed at damping the vibrations; X;,, X,,, — value
of input and output vibrations; t - time
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tude of vibrations of the system influenced by the cutting
force P,

y=a-cosot,

where a is an amplitude of vibrations;  is frequency; 7 is
time.

Work of W), to cut machining allowance and stimu-
lation of vibrations is created by the linear value Xin

W, =X, =P, =ij(r)dz,
0

where P, is cutting force; 7is time.

Therefore, the fluctuations of cutting force P, will
lead to damaging operation of elastic deformations We of
the technological system which is to be neutralised by the
known ways, for example introducing integrating link
into the system or creation of its conventional operation.

Let us have some conditionality

I/Ve = Xom;
Xy, =P, - cosot.
Taking into account conditionality, the equation of

operation of tension movements W, becomes the equa-
tion that characterises the integrated link, i.e.

w,=X,, =ijy -coso(1)d. (1)
0

According to formula (1) it is necessary to consider
the results of computer modelling influence of the ge-
ometry of cutting process on the level of astatism of the
system under consideration, and to determine the
amount of necessary damping operation W, which can
neutralise partially or fully the damaging operation of
elastic deformations of the technological system W,.

The operation value of damping forces W, can be de-
fined by the formula

W, =W, -W,= j(Py(t)—ku -cosoo(t))dt. )
0

Let us build mathematical model of the cutting process.
Real value of machining allowance z; is defined by
the formula

=21, 3)

where y is the amplitude of machining allowance vibra-
tions.
Cutting force is connected with real value of tolerance z;

P =Cp z;-F"-V"
Taking into account conditionally small influence of
the parameters C I S” V" this law can be linearized
P,=K, -z, (C))
where K, is the coefficient of linearization
K, :C,,y A 8

Separate equation of technological system deforma-
tions which corresponds to the forced vibrations as a re-
sult of variable machining allowance z
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d’y . dy
m——+A—+c=Py. 5
dr’>  dt Py (%)
The equation system (3...5) is a mathematical model
of the cutting process in the closed technological system
with the single degree of freedom. Changing the inter-
mediate variables the system becomes the equation
d’y . dy
m——+Ai—+c=K -z,
dr? dt L

which in standard form is the following
Tes’y+Tysy+y =K -z, (6)

where 7% = m/c+Kp; T, :?»/c+Kp are system time
constants; K, =K, / ¢+ K, isa transmission ratio.

As the equation (6) connects input value (variability
of allowance) with output value (system deformation)
we can get a corresponding transfer function which re-

flects the change of tension deformation while changing
tolerance value

IRAC I ¢
Wz(s)_zi(s) TS24 Tys+1

In order to get other transfer functions of the system
we should consider the mathematical model again. To
get a transfer function which reflects the dependence of
the cutting force constituent on the given depth of cut-
ting it is necessary to put y from equation (3) and z; from
equation (4) to (5). After the changes we get the equa-
tion in standard form and considering Laplace images
obtain

Py(s) _ K,

7(s)  TPs2+Tys+1

Wy(s) =

where K, = cK,/(c + K,) is transfer ratio.

Oscillograms and elastic deformation values of the
system on a given cutting schemes were obtained using
the application software “Modelling technological he-
reditarities” developed by Prof. Petrakov Yu.V. The in-
terface and initial data for modelling are shown in Fig. 4.

The results of modelling are shown in the form of
response surface in Fig. 5.
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Fig. 5. Results of computer modelling

Aswe see from the response surface (Fig. 5), the pro-
file interaction reveals itself as a typical conservative os-
cillatory static link with transfer function

k
Wp)=1- T
In its turn, under contour interaction the order of
astatism of the system increases due to the changes of
character (geometry) of interaction between cutting
edge and machining surface which is adequate to the in-
troduction of an integrating link into the system with
transfer function

Wip=~.
p

It is necessary to consider the functional link as a re-
sult of interaction between the input and output signals,
in other words, to consider it in the form of operation
which is performed by input value and reaction of out-
put value. As it is known that the work is always defined
by the integral, them it will be reasonable to consider the
system as a system with integrating link.

Realization of the scheme of gear hobbing on the basis
of contour interaction between the cutting edge and ma-
chining surface. Contour gear hobbing is the method of
finishing gear hobbing in which the cutting edge of the
tool tooth is located normally to the machining involute
surface and is the continuation of the radius of curvature
and the surface of cutting does not coincide with the
machining surface [6].

The essence of contour gear hobbing is that it is ap-
plied as the method of finishing treatment of involute
profiles of teeth with formed bottom land. In this case
the tool operates with one cutting edged which is located
on helical curve with a pitch equal to the pitch of cutting
wheel according to the arc of the basic circle and is de-
fined by the formula

P=m-m-cosa,

where m is a module of cutting wheel; o is the gearing
angle.

Contour gear hobbing is realized under the condi-
tion that the form-building cutting edge of the tool is
located on continuation of radius of curvature of nomi-
nal involute profile of the teeth of machining gear in
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such a way that its initial point delineates the condi-
tioned involute profile of tooth in the way of form-build-
ing (Fig. 6, b). It is difficult to show graphically the pro-
cess of form-building involute surface by the initial point
of the cutting edge while modelling in the conditions of
rotary motion. That is why an adequate scheme of re-
placement of rotary motion of generation for the recti-
linear motion of generation should be worked out.
Cinematically, the process of cutting teeth while con-
tour gear hobbing, should be considered as gearing of a
worm and a worm-wheel. The rotary motion of a contour
gear cutter and machining gear are connected and defined
by the relation of number of cuttings to the number of
teeth of the machining gear. At one rotation of the single
flute cutter the machining wheel should rotate at one tooth

==

4
where k is the number of starts of the contour gear hob;
zis the number of teeth of cutting gear.

While treating by worm-contour cutters the shaft of
tool-holding spindle of machine tool is located at the
angle 0 to the long axis of the machining tooth which is
calculated by the formula

0=90°-o,

where o is the tip angle of the helical line of the cutter,
degrees.

b

Fig. 6. Generation of involute profile with contour gear
hobbing:
a — scheme of movement of the point of cutting edge which
delineates the machining involute surface in the conditions
of replacement of rotary motion of generation for rectiline-
ar; b — diametric cross-section of the movement scheme;
1 — plane tangential to the main cylinder; 2 — main cylin-
der of the machining tooth wheel; 3 — machining surface;
4 — set of axis that form the plane of diametric cross-sec-
tion; 5 — set of circles, repeating the trajectory of the initial
point of the form-building cutting edge of the tool; 6 — nom-
inal involute tooth profile; 7 — allowance for finishing ma-
chining; 8§ — form-building cutting edges of the tool; 9 —
tool; 10 — initial points of the form-building cutting edge of
the tool; 11 — continuation of radius of curvature of invo-
lute profile
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The treatment of gears is carried out by the set of
worm-contour cutters which consist of two pieces (with
the front flanks of the cutters being located horizontally-
opposed). The treatment is done in two passes.

During the first pass with in-plane movement, for
example, downward one of the worm-contour cutters
from the set operates and right or left profiles on all teeth
are machined.

After the pass “from top downwards” is finished the
tool spindle will be located in the second position and
another cutter starts operating which treats the opposite
profiles with the movement of cutter support “from the
bottom upwards”. The direction of rotation of the work-
piece in the process of treating opposite profiles is op-
posite to the direction of rotation during the first pass
and analogical to the cutter.

The implementation of the suggested treating meth-
od is possible on the existent gear-hobbing machines
with NC.

Kinematic synthesis. According to the research results
of the cutting force while gear hobbing [2] it was found
that cutting forces which appear on every cutting flank of
the gear tooth can be calculated on the basis of the mate-
rial cross-section. In this case most important is to deter-
mine intersections of cuts of the several teeth. The cutting
speed and feeding make very little impact on the thick-
ness of cuts and arc length of the cuts in the process of
gear hobbing. They are determined by geometric param-
eters of the cutter and the machining gear in most cases.

There are well-known methods of research of surface
cross-sections in the process of gear hobbing described in
works [1, 2]. The methods allow determining the exact
geometry of certain cuts skimmed by the tooth of the hob
cutter in various generating positions of the tooth and in
radial intersecting surfaces by the trajectory of tooth
movement of the hob cutter. But the above-mentioned
methods have certain disadvantages which are:

- complexity of regeneration;

- unexpected items for the research of finishing gear
hobbing.

Therefore, for this research it is sufficient to consider
distribution of surfaces of single cuts while generating the
workpiece of infinitesimal thickness on generating rack-
type tool and the determination of intersections and the
surface of single cuts at every generating position.

The term generating position was introduced as an
analogy of the rotary motion of the hob cutter taking
into consideration its complex kinematics as the forma-
tion of every gear gap on the workpiece is done by cut-
ting the tooth of the cutter into the gap of the workpiece.
The necessary condition to determine the numerical
value of intersections of cuts is the cutter tooth entrance
into the gap which was formed at the previous generat-
ing positions.

The research is done under graphic computer simu-
lated conditions. One intertooth gap is machined for
conventional gear hobbing and one involute profile is
machined for contour gear hobbing. The required origi-
nal values are fixed according to Fig. 7.

Input parameters of the research are presented in
Tables 1...4.
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Table 4
Parameters of contour hob cutter
Name Notation Unit Numerical
measure value
Number of teeth of a 2y pieces 20
cutter
Number of starts k — 1
Axial pitch A mm 28.274

Fig. 7. Output parameters of the research:

a — machining of intertooth gap by the method of conven-
tional gear hobbing; b — machining of one involute profile
by the method of contour gear hobbing; F, — a rotary feed;
t — the depth of cutting; a — the width of cuts; b — the thick-

ness of cuts

Table 1
Cutting modes
Name Notation Unit Numerical
measure value

Conventional gear hobbing

Kinematic rotary feed |

F, | mm/tooth | 2.826

Contour gear hobbing

Kinematic rotary feed |

F, | mmy/tooth | 1.709

Table 2
Parameters of workpiece
Name Notation Unit Numerical
measure value
Number of teeth of a Zw pieces 9
workpiece
Module m mm 9
Tolerance for the AS mm 2
thickness of tooth
Table 3
Parameters of hob cutter
Name Notation Unit .
measure value
Number of teeth of a Z. pieces 14
cutter
Module m mm 9
Number of starts k - 1
Axial pitch* P, mm 28.274

* see GOST 9324-80 for other sizes of profile of teeth in normal

section
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The formula for calculation of cutting force is
P= Cp ot F0‘75 . Vn,

where C, is const which takes into account the proper-
ties of the machining material; 7 is depth of cutting, mm;
Fisrotary feed, mm/rev of the workpiece; V” is velocity
of cutting, m/minute.

If we ignore the influence of the properties of the
machining material and the influence of cutting speed,
taking into consideration modeling of treatment of sim-
ilar workpieces under equal cutting speed we may derive
the coefficient of cutting force

K,=t- FO7.

The calculated values of the coefficient of cutting
force are presented in the form of graph in Fig. 8, d, by
substituting the value of cutting depth and rotary feed.

Under profile interaction the involute profile is
formed as enveloping curve of consecutive positions of
teeth of the gear hob while generation. This scheme of
generation of geometry is characterized by a consider-
able cutting width which is proved in Fig. 8, a.

Under contour interaction the involute profile is
formed as enveloping curve of consecutive positions of
material particles (top of cutting edge) of teeth of con-
tour gear hob while generation. The suggested scheme of
generation of geometry considerably decreases cutting
width (Fig. 8, a) but increases cutting thickness as it is
shown in Fig. 8, b.

As it is seen in graph Fig. 8, ¢, cross-sections of cuts
are distributed according to two side cutting edges of the
tooth of the gear hob. From proposition ¢ = 34° the side
edges operate simultaneously. It is also seen that input
edge cuts larger surfaces of cross-sections cuts rather
than input edge; the edges are loaded unequally.

Analyzing modeling data of the traditional worm fin-
ishing gear hobbing and worm contour gear hobbing we
may conclude that the decrease in a cutting thickness
under constant area of cutting influences the cutting
force less than increase in a cutting width. With less
depth the thickness of cutting can appear so small that
its influence on cutting force increases considerably.
Cutting of micro-thicknesses is connected with the
sharp increase in specific force and energy consump-
tion. Decrease in cutting thickness increases the specific
force by 2...4 times. In the conditions of usual cutting
the least specific forces are provided by the scheme of
contour interaction.

The analysis of schemes of cutting allowance and the
interaction of cutting edge with machining surface

59




TEOTEXHIYHA I TIPHUYA MEXAHIKA, MAWNHOBYAYBAHHA

a mm e
z I
v |
VAN 71,
8 S —
AN P
6
‘ / 3 A 4
A SN
Bt P R
2 / \\ = S
0 f-\\\‘ _ 1= >’\ N
A AR A A A AR R
ch
=4
¢, A ¢73 o
h " wz
w, ¢J ¢2/r
“h T h o ch
01, 2, O
a
A mm? o
. mm 0w 2 vy
— [ [
E) // \ /l EN / , \\
PR VAN X N !
[/ 1IN MO
/ < 4 7 T
7 J 7
/ Ne T \' \
4 - \
g w2 B s e W & W Wy
h
h
4{]7 A wf o
h Y wz
¢, @ ¢2/r

Fig. 8. Results of graphic computer modelling:

b mm w 2 vy
12 —
' [ [

0] 7 \ )
0+ 7 ;
| = 7 .
08+ \
06 | n £ ‘
| D < \
i i
~ = 7z
0z} o |
0 . ‘
vow ww w oo B & W g
h
h
o’ : 2] o
) o
[ !
“h T h ¢]
01, Q2 @
b &
f, B R
\ [
® 7/ e y
ay
. \ i
Sy
L3
v A : \
0 T [~ . /’4\ T 1]
v w4 W W W & W W g
o ¢][/7
¢7 . ¢12[/7
h
o "z h
“h A 402
91, 3, 05
d

a — cutting width; b — cutting thickness; ¢ — cutting area; d — cutting force coefficient; 1 — the input edge, cut-down hobbing; 2 —
the output edge, cut-up hobbing; 3 — the right profile, contour gear hobbing; 4 — the left profile, contour gear hobbing; ¢ — sweep

angle of workpiece, degrees; (pf’ — operation angle of cut-down hobbing; (pé' — operation angle of cut-up hobbing; (pg — angle of

simultaneous operation of input and output edges of the gear hob; (Plch — angle of machining the left profile by contour gear hobbing;

(pih — angle of machining the right profile by contour gear hobbing; (pgh — angle of conditional simultaneous operation by contour

gear hob; (pf', (Pg, (pfh, (Psh — direction of rotation of the machining workpiece

proves that cutting with a bigger thickness is more prof-
itable rather than cutting with a bigger width. And the
most effective is cutting layers with a small thickness
with several hundredths of millimeters.

The efficiency of treatment increases if the cutting
thickness is leveled or increased. This enables shorten-
ing the cutting distance and decreasing energy con-
sumption. As a result, the productivity and tool life in-
creases.

To define the coefficient of relative energy consump-
tion we use the formula of mechanic operation

W=P.V-T,

where P is force; Vis velocity, m/minute; 7'is time, sec-
onds.

Having equal cutting speed and time (time of ma-
chining one intertooth gap) we derive the coefficient of
relative energy consumption

(p=max

Ky = [ K,(p)p.

=0
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The calculated values of the coefficient of relative
energy consumption for traditional finishing worm gear
hobbing and worm contour gear hobbing are equal; cor-
respondently K, = 8.36 and Kj, = 1.2, which shows
7 time decrease in energy expenditures.

Conclusion and prospects of further development. The
important results of the research include:

- possible variants of interaction of tool cutting edge
with machining surface were determined;

- the mathematic model of the cutting processes un-
der various characteristics (geometry) of interaction of
cutting edge and machining surface was developed,;

- the level number of astatism of single-mass oscil-
lating conservative system was increased due to the
change of characteristics (geometry) of interaction of
cutting edge with machining surface which is adequate
to the introduction of integrating element into the sys-
tem;

- the method of contour gear hobbing which pro-
vides equal cutting conditions for the left and right pro-
files of the machining gear was synthesized which is im-
possible to achieve under gear hobbing due to its special
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features; the scheme of machining a gear by the set of
two contour gear hobs was considered.

The synthesized method has several advantages:

- decrease in energy consumption for the machining
process by 6...7 times;

- increase in endurance of machine tool kinematics
(due to decrease in cutting force by 4...5 times and the
availability of reverse of worm separating gear pair de-
pending on the treatment of the left or right profiles);

- saving of machining time at the level of conven-
tional finishing gear hobbing under two-pass treatment.
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Meta. Po3pobka MeTOqy YMCTOBOTO YEpB’SUHOTO
3y0odpe3epyBaHHS Ha OCHOBI 3MiHU B3a€EMOIi1 pi3aib-
HOI KPOMKHM iHCTPYMEHTY Ta MOBEPXHi, 1110 00po0JIi0-
€THCS.

Metomuka. [Ipu gociigkeHHI BUKOPUCTOBYETHCS
MeToj abcTparyBaHHsI, Ha MifCTaBi SKoro 3yoodpese-
PYBaHHSI pO3IISIAAETHCS SIK B3aEMOIiSI PixKy40i KPOMKU
iHCTpYMEHTY Ta 00pO0OJIIOBaHOI AeTaji. Y CBOIO Yepry,
BJIACTMBOCTI CUCTEMU B3a€EMO[il PixKydyoi KPOMKHU Ta
00p0o0JII0BAaHOI MOBEPXHI AOCTIIXKYIOThCS 3aBISIKU T1O-
OyIOBaHUM MOJIEJISIM B YMOBaX KOMIT IOTEPHOTO MOJie-
JIIOBAHHSI.

Pe3yabTaTu. BucyHyTi BUMOTHY 10 METOLY YUCTOBO-
ro 3yoodpesepyBanus. [Toka3aHi MOXIVBI BapiaHTh

ISSN 2071-2227, HaykoBui BicHuK HI'Y, 2017, N2 3

CUCTEMM B3aEMOIi PixKy4oi KpOMKHU Ta 00pOOII0BaHOT
IOBEPXHi, B YMOBax KOMII' IOTEPHOTO MOIETIOBaHHS
BU3HAUYEHO PiBeHb CTAJIOCTI IIPOLIECY pi3aHHS IIpU 00Y-
MOBJICHUX BapiaHTax B3aemozii. Po3pobiieHa nuHamiu-
Ha MOJEJb CUCTEMHU B3a€EMOIi pi3aibHOI KPOMKU iH-
CTPYMEHTY Ta 00po0OI0BaHOI oBepxHi. Moaenb ypa-
XOBY€E XapakTep (reoMeTpilo) o0yMOBJIEHOI B3a€EMOII,
MPYXHICTh, NeMndyBaHHS Ta 30ypeHHSI TEXHOJIOTiYHOI
CHCTEMU BepcTaT — IPUCTOCYBAaHHS — iIHCTPYMEHT —JIe-
tasb (BITI). BusHaueHi HanpsiMu MiIBUILEHHS PiBHS
acTaTU3My CUCTEMU.

HaykoBa HoBH3HA. YTiepIlle CTBOPEHO METOM MOJIe-
JIIOBaHHSI YepB’sSTYHOTO 3y0odpe3epyBaHHS, TIPU STKO-
MY peayli3oBaHi MOXJIMBOCTI IOCHIIXEHHS B3a€EMOIil
PIKYy40l KPOMKMU 3 IIOBEPXHEIO pi3aHHSI, y TOMY UMCIIi i
00pOOJIIOBAHOIO TTOBEPXHEI0, 32 YMOBH $IK X CIIiBIa-
JiHHS, TaK i He cImiBOamiHHS. Yneplle yIO0CKOHAJIeHO
MPOIIEC YMCTOBOTO UYEPB’SIYHOro 3y0odpe3epyBaHHS
€BOJIbBEHTHMX MOBEPXOHb, MPU SIKOMY TTOBEPXHS Di-
3aHHSI HE CMiBMana€e 3 00yMOBJIEHOIO €BOJbBEHTHOIO
MOBEPXHEI0, a pO3TalllOBaHa M0 HEl Mil KyTOM.

IIpakTuyna 3HauuMicTs. [linBuIIeHO MOPSIOK PiB-
HIO acTaTU3My OJHOMAcOBOi KOJIMBAJIbHOI KOHCEpBa-
TUBHOI CUCTEMH 33 paXyHOK 3MiHU XapakTepy (reome-
Tpii) B3aeMoii pi3aJbHOI KPOMKHM Ta 0OpOOIIIOBAHOL
ITOBEPXHi, 110 aAeKBAaTHO BBEACHHIO 10 CUCTEMU iHTe-
rpylouoi JJaHkM. PealizoBaHa cxema 4epB’SIYHOTO 3y-
0o pe3epyBaHHS Ha 6a3i KOHTYPHOI B3aEMOIII pi3ajib-
HO1 KPOMKH Ta 00po0II0BAHOT TTOBEPXHi.

Kmouosi caoBa: dunamiuna moodens, pizarbHa Kpom-
Ka, acmamusm cucmemu, yucmose 3y00¢ppezepysants

ean. PazpaboTka MeTOna YMCTOBOIO YEPBSIUYHOTO
3ybo(dpe3epoBaHrsl Ha OCHOBE M3MEHEHUsI B3aMMO-
JIEMCTBUS peXylIeil KPOMKU MHCTpyMeHTa U 00paba-
TBIBAa€MOI TTIOBEPXHOCTH.

Metomuka. [1pu nccienoBaHUM WCIIONB3YETCS Me-
TOI aOCTparnpoBaHusl, HA OCHOBAaHUH KOTOPOTO 3y00d-
pe3epoBaHME pacCMaTpUBaeTCs KaK B3aUMOICHCTBUE
peXyleil KpOMKHM MHCTPYMEHTa M oOpabaThIBaeMoit
netanu. B cBolo ouepenb, CBOMCTBA CMCTEMBbI B3aIMO-
TEeWCTBUS pexXyllell KpOMKU 00pabaThiBaeMOil OBEpX-
HOCTU MCCJICAYIOTCSI OGaromapsi MOCTPOEHHBIM MOJe-
JISIM B YCJIOBUSIX KOMITBIOTEPHOT'O MOJIETMPOBAHMSI.

Pe3ynbTatbl. BhIIBUHYTHI TpeOOBaHUSI K METOLY
yrctoBoro 3ybodpesepoBanusi. [lokazaHbl BO3MOX-
Hble BapUaHTHI CUCTEMbI B3aUMOICHCTBUS peXyIIeit
KPOMKU 1 00padaThIBaeMOI ITOBEPXHOCTH, B YCIIOBUSIX
KOMTIBIOTEPHOTO MOJIETMPOBAHUS OTIPE/ieSIeH YPOBEHb
YCTOMYMBOCTU TIpoOIlecca pe3aHus IPH OOYCIOBIICH-
HBIX BapuaHTax B3aumojeictBusi. PazpaboraHa quHa-
MHMYECcKasi MONEIb CHUCTEMBl B3aUMOICHCTBUSI PEXY-
IIeil KPOMKM MHCTpyMEHTa M oOpabaTbiBaeMoOil IIO-
BepXHOCTU. Mopaenb y4uUThbIBaeT xapakTep (reome-
TPHUIO) OOYCIOBJIEHHOTO B3aMOJEHCTBUS, YIIPYTOCTbh,
JneMIIUpoBaHUEe W BO3MYILIEHHWE TEXHOJOTUYECKOM
CHCTEMBI CTAHOK — IIPUCIIOCOOJIEHNE — UHCTPYMEHT —
netanb (CITWUI). OnpenesneHbl HampaBieHUST TTOBbI-
LIEHUS YPOBHSI acTaTU3Ma CUCTEMBI.

Hayunas HoBu3HA. BriepBrIe co3maH MeTOI MOIEII -
pOBaHUS YepBSITYHOTO 3ybodpe3epoBaHus, TIpU KOTO-
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POM peaTn30BaHbI BO3MOXKHOCTH UCCIICIOBAHMS B3an-
MOIEHCTBHUS PEXYIIe KPOMKH C TIOBEPXHOCTHIO pe3a-
HUSI, B TOM YUCJIe U 00pabaThiBaeMO IMTOBEPXHOCTHIO,
TIPY YCJIOBUM KaK WX COBITAICHUsI, TaK U HE COBITAJC-
Husl. BiepBbie yCOBepIIEHCTBOBAH IMPOLIECC YMCTOBO-
To YepBSIYHOTO 3y0o(dpe3epoBaHusI 9BOJbBEHTHBIX 1O~
BEpXHOCTEM, TIPU KOTOPOM MOBEPXHOCTh Pe3aHusl He
COBManaeT ¢ 0O0YC/IOBJIEHHOW 3BOJILBEHTHOU MOBEpPX-
HOCTbIO, a pacroJIoKeHa K HEl MOJ1 YIJIOM.
IIpakTuueckas 3HauuMocTb. [lOBBIIIEH MOPSIOK
YPOBHS acTaTu3Ma OJHOMACCOBOI KoJyieOaTeIbHOM’
KOHCEpPBAaTUBHOI CHCTEMBI 33 CUCT M3MCHEHUS XapaK-
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Purpose. Determination of the functional correlation between power (tangential reaction) and kinematic (relative
slip) parameters during nonstationary rectilinear motion of the rail wheel along the rail.

Methodology. An analytical model of the interaction between the wheel and rail on an elementary contact area
taking into account the presence of normal and shearing load (thrust or braking mode) is developed. Using the ana-
Iytical model, a qualitative relationship that reflects the features of the friction contact of a wheel-rail pair for various
operating conditions is obtained considering the nature of the interaction of the contacting pair, which significantly
differs. The mathematical description of the process is based on experimental studies of the dependence of the tractive
force on the speed of relative motion (incomplete slippage - the so-called creep mode, failure of adhesion and total
sliding, which leads to decrease in traction force) of D. K. Minov and A. A. Renhevych.

Findings. On the basis of theoretical studies of the parameters of vehicle motion along the rail track, a mathemat-
ical model of the tangential reaction realization by wheel in the case of nonstationary rectilinear motion is formulated.
The functional relationship between the power and kinematic parameters is established, which allows predicting the
operational properties and solving the problems of the dynamics of rail transport with a higher degree of accuracy.

Originality. Taking into account inelastic resistance of contacting bodies, analytical dependences are obtained to
determine the current value of the force at the contact area upon the availability of longitudinal load. The interaction
conditions under which the deformation can occur both within the elasticity of the materials of the contacting bodies
and the violation of the surfaces contact are considered. Approximating dependences of tractive effort on the relative
speed of wheel and rail movement are proposed for locomotives.

Practical value. Knowledge of the processes occurring in the contact area while transferring the torque from the
wheel of the locomotive to the rail will facilitate finding the correct solution to the problem of interaction between the
wheel-rail system of mining rail transport in complex mining and geological operational conditions. It helps to in-
crease the efficiency of torque transmission at the quasi-stationary mode of vehicle movement.

Keywords: longitudinal load, contact spot, stress, creep, rail transport

Introduction. As an executive device of the tradition-
al tractive unit of mine locomotive a wheel is used, act-
ing as a friction pair by interacting with the rail. The
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parameters of the wheel pair must meet the require-
ments of optimality both from the position of perform-
ing the functions of the support element — to perceive
and transfer the weight of the locomotive to the support
surface and the traction drive element — to create a trac-
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