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Abstract

Purpose is substantiating ways to enhance durability and bearing capacity of open gears of ore-pulverizing drum mills as
well as efficiency of engineering solutions concerning the increase in their unit power at the expense of drive improvement.

Methods. Results of continual experiments and theoretical studies have been generalized as for the abrasion of working
surfaces of open gear teeth of drum mills and factors influencing load distribution in terms of a tooth rim width.

Findings. Comparative analysis between domestic mills and the best world-class products has been carried out. Ways of
solving problems to design large-capacity mills with a gearbox drive have been demonstrated. Influence of hardness of
working teeth surfaces on their durability has been evaluated quantitatively. The factors, governing load distribution in
terms of tooth rim width, have been analyzed. Use of self-adjusting gear drives for open gears has been evaluated.

Originality. Functional relation between stress-strain properties of working surface of teeth; the number of running-in
modes, determined by operational conditions; and durability of open gear has been identified. The factors, influencing load
distribution in terms of tooth rim width, have been considered.

Practical implications. It has been shown that use of such open gears, where hardness of working surface of gear teeth is
(500-600) HiB: and that of a tooth rim one is (260-300) H2B>, makes it possible to provide almost wear-free operation.

Moreover, it is the required condition for the performance of a tooth rim with two drive gears.
Keywords: drum mill, open gear, load distribution, abrasion, self-adjusting gear

1. Introduction

Ukraine possesses 20 per cent of global iron ore re-
serves. Ukraine leads the world in the iron ore raw materi-
als; it ranks #7 in the world as for the output. In the context
of global iron ore production, share of Ukraine is almost
5 per cent [1]-[3]. The annual iron ore output in Ukraine is
approximately 160 million tons and total explored reserves
of iron ores are sufficient for mining enterprises to operate
for 180 years, and the reserves of deposits under operation
(or those operated until recently) are sufficient for
130 years [4]. A significant part of underground mining
(25%) is occupied by PJSC “Zaporizhzhia Iron-Ore Plant”,
which develops high-grade iron ore (iron content more than
60%) in the Bilozerskyi iron ore region [5].

To ensure market competitiveness, the experts, being
engaged in the direct mineral mining as well as in the spe-
cific equipment manufacturing, focus on the searching for
ways to cut the end product cost at each stage of the proce-
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dure [6], [7]. First of all, it concerns mineral mining and
processing equipment advance [8]-[10].

Grinding is among capital- and energy-intensive stages of
ore processing [11]-[13]. Energy consumption to grind the
ore is 7-10 per cent of the whole world output; as for the
metal, it is 2 per cent. In this context, energy intensity of fine
grinding is 20-60 kwWh/t. Currently, drum mills are the most
popular facilities for ore grinding. Their global share is more
than 80 per cent [14], [15].

In world practice, cut of the expenditures, connected with
grinding, follows the way of grinding equipment aggrega-
tion. In the 1960s motor output of the largest mills did not
exceed 4478 kW; in the year of 1996 a semi-autogenous
grinding mill with 20000 kW duty was manufactured [16].
Aggregation of unit power of drum mills has cut substantial-
ly capital expenditures at the expense of the decreased num-
ber of process facilities and, subsequently, the number of
construction areas in terms of one and the same production
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rates. Moreover, the abovementioned results in the decreased
amount of supporting machinery; in addition, maintenance
intervals for one technological line are similar to those for
each section involving smaller facilities. Finally, total down-
time is reduced as well [17]-[21].

Currently, ore is grinded worldwide by means of semi-
autogenous grinding mills (SAGMs). Especially, it concerns
very hard metallic minerals to which iron ore belongs [22],
[23]. Physical modeling methods have been developed mak-
ing it possible to define parameters of semi-autogenous
grinding mills being designed relying upon results of labora-
tory studies as for the material disintegration [24], and pre-
cipitation for separation of rare-earth elements [25]-[28].

Use of wet semi-autogenous grinding mills helps intensi-
fy ultimately a raw grinding process. The wet semi-
autogenous grinding mills result from the progress of wet
autogenous grinding mills (WAGMSs) involving 15 per cent
increase in ball load amount. Ball adding factors into the
necessity for further increase in drive output as well as for
the increase of bearing capacity of open gear [29], [30].

As far back as 1989, Erdenet enterprise (MPR) put into
operation self- and semi-autogenous grinding system invol-
ving two sections operating simultaneously. Two wet
9000x3000 A (N =4000 kW and V =160 m®) semi-autoge-
nous grinding mills perform raw grinding stage; stage two
takes place in overflow 5500x6500 (N =4000kW and
V = 140 m?3) ball mills. The necessity to remain competitive in
the nonferrous metal market resulted in the necessity to intro-
duce highly reliable large-size equipment of the increased unit
power into a technological process of the mine-mill Erdenet
enterprise. In 2015, self- and semi-autogenous grinding sys-
tem was put into operation. Raw grinding stage is performed
by a wet 9750x4880 (N =8400 kW and V =363 m°) semi-
autogenous grinding mill; stage two takes place in overflow
6700x9750 (N = 8400 kW and V = 330 m®) ball mill [31].

The largest mills are equipped with gearless drives [32].
A feature of the design is as follows: the mill drum is actuat-
ed by a motor mounted on the drum which rotor is bolted to
the mill drum; static stator assembly involves the rotor com-
ponents. The electric motor is energized by a frequency
changer converting input current with 50/60 Hz current to
current which frequency is close to 1 Hz.

If high reliability of the mills, equipped with gear drives
and involving open gears, is provided then they are quite
cheaper than gearless ones [33], [34]. Increase in unit power
of gear drives is to design mills where torque effect by mo-
tors (or a motor) is transmitted through a tooth rim with the
help of several drive gears. Two-motor drives are among
them. Paper [35] consider a wet semi-autogenous grinding
mill with 10363 mm diameter and 6096 mm length driven by
slow-speed AB B motors (n =200 rpm) of 6250 kW output
each. Synchronous motors are equipped with frequency
changers making it possible to perform smooth motor start,
and control a drum speed depending upon grinding beha-
viour; characteristics of the grinded material; filling degree
of the drum; and wear rate of lining.

Mills, which drives are equipped with one motor; lateral
gear; and two drive gears, are another promising tendency as
for the design of the geared mills with high unit power. In
this context, gear design provides uniform load distribution
among drive gears [36], [37]. Hence, a possibility emerges to
develop in future mills with more than 15000 kW gear drive.
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To compare with the best world models, drive capacity of
the largest national mills is 4000 kW. Hence, there is a need
for domestic mining industry to upgrade facilities grinding
mineral raw materials. The abovementioned challenges ma-
chine builders to design powerful grinding large-size facilities.
Aggregation of mills, equipped with gear drives, is restricted
by bearing capacity of open gears. Bearing capacity of heavy-
duty machinery is influenced significantly by nonuniformity of
load distribution in terms of a tooth wheel width [38]-[40].

Paper [38] represents results of theoretical studies and ex-
periments concerning evaluation of load concentration, and
determination of regularities of its distribution in terms of a
tooth rim width of open gears of drum mills. It has been shown
that taking into consideration face-motion variation of a tooth
wheel, the sum angle of gear obliquity is composed of a con-
stant component, and variable component. The variable com-
ponent of an obliquity angle cannot run in since each follow-
ing pair of gears interacts with different obliquity angles. It has
been determined that depending upon a pair of gears their
incomplete contact is possible. Calculation technique for open
gears in terms of incomplete gear contact has been developed.

Hence, the problem to improve bearing capacity of drum
mills and, consequently, their unit power depends ultimately
on the solution of a problem to provide uniform load distribu-
tion in terms of a tooth rim width [41]-[43]. For the purpose,
self-adjusting drive gears have been designed for slow-speed
gear systems to support complete tooth contact. Self-adjusting
gears with movable tooth rim and hinging [44] are singled out,
and two-piece gears with polymer elastic fastenings of a tooth
rim [45]. On the one hand, the self-adjusting gears use lowers
load concentration in terms of a tooth rim; on the other hand, it
results in the increased dynamic loads within the gearing. In
addition, even if tooth contact is complete, absolutely uniform
load distribution cannot be provided [38]. That is why the
problem of efficient application area of self-adjusting gears
within the drives of drum mills is still unsolved.

Currently, science-based background has been developed
making it possible to substantiate scientifically the parame-
ters of gear drives for ore-grinding mills and outline ways to
improve their durability as well as bearing capacity.

The objective is to demonstrate ways improving durabil-
ity and bearing capacity of open gears of ore-grinding drum
mills as well as efficiency of engineering solutions increasing
their unit power.

2. Methods

The methods to calculate open gears as for their wear du-
rability rely upon the experiments carried out using repre-
sentative line of self-adjusting ball ore-grinding mills, and
ore-pebble ones in terms of Inhuletskyi MPP, Novokry-
vorizkyi MPP, Lebedynskyi MPP as well as in terms of
crashing mills of Prydniprovska TPP. Simultaneously, con-
centration of mechanical impurities in lubricant; their granu-
lometric composition; concentration of metallic and mineral
components were determined in addition to the lubricant type
effect, and lubrication method applied for the open gear [38].

Gear tooth caliper was used to gauge the tooth thickness.
The unworn tooth area was assumed as the basic one. Wear
value was gauged in each 5 mm heightwise within three and
more points across the tooth width. Then, the wear values
were averaged. As a result, dependences of tooth wear values
upon the number of mesh intervals were obtained.
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Analysis of the experimental data has helped determine
that an open gear wear process has three distinctive periods:
running-in period, stable period, and catastrophic one. The
latter results from 3.5-4.0 mm wear of tooth working surface.
In terms of greater wear value, gear operation is prohibited
since it factors into sharp durability reduce of the whole gear.
The accelerated wear is typical for the running-in and
catastrophic periods. A value of running-in gear wear is
S10 = 0.5-0.8 mm being si0 = 0.3-0.6 mm in terms of a rim.
Moreover, dependence of tooth and rim wear rates upon rim
tooth wear value has been determined.

It has been identified that open gears with relatively low
hardness of working surfaces of teeth (i.e. (265-280) HiB:
and (260-300) H,B,) are subject to intensive abrasion. During
the life cycle of a tooth rim, several gears operate with it.
Each following gear installation (or its reinstallation to ena-
ble operation of teeth of another working surface) initiates
running-in mode demonstrating heighten intensity wear of
gear and rim teeth. Moreover, wear rate of a drive gear teeth
increases progressively along with the increased wear of rim
teeth. Hence, durability of each following gear will be short-
er than that of a previous one. Experimental data processing
has made it possible to derive the dependence of wear rate of
gear teeth as well as a rim one upon wear rate of rim teeth:
Uyia) =Y [1+ kasZ } , )
where:

k and y — constant coefficients determined experimentally.

Methods of gear wear analysis are based upon the studies
of abrasive grain mechanics within the teeth contact area,
further advanced and deepened by G.Ya. Yampolski,
A.P. Natarov and 1.V. Kragelski.

Abrasion model of surfaces of friction pairs (particularly,
it concerns heavy loaded gears) takes into consideration a
characteristic of abrasion influence A; physicomechanical
properties of My materials; and geometrical and kinematic
parameters of K gear pair. According to the model, in terms
of um wear per one load will be:

Uyz) =069 S

My(2)

)

where:

A= 2P3RO5525,

Myp) = 512(2)H811(-§)HBZ(1);

(7 uve

Vl +V2 .

In this context, 1 and 2 indices belong to working surfa-
ces of gear and wheel respectively. Moreover, ga is concen-
tration of abrasive admixtures within the lubricant; R is their
average radius, mm; Jdi) is strength, MPa; 1) is plasticity
characteristic of surface layers, i.e. failure elongation,%; z is
contact friction fatigue coefficient; HByp is hardness of
active surfaces of the teeth; R is equivalent radius of curva-
ture of conjugate surfaces; p* are radii of teeth curvature
within a contact point, mm; and V4, and V; is sliding velocity
of the conjugate surfaces, m/s. K parameter is expressed
through involute gear pair parameters.
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Relying upon the experimental data and Expression (2),
both analysis and evaluation of the average velocity of work-
ing teeth surface wear in terms of a stable operation will be
performed using the formula:

U1(2)O =60- @1(2) Knl(z)vz L1(2) s mm/h,

where:

@12) — experimental parameter determined for the given
operational conditions; it involves characteristic of abrasion
influence and physicomechanical properties of materials of
working surfaces;

K —a design parameter involving geometrical and kine-
matic parameters of gear pair [37];

Nie) — is rotation of gear wheel;

vz — the number of gears operating with a tooth rim;

L1 — a coefficients involving dissimilarity of abrasion in-
fluence of environment, physicomechanical properties of mate-
rial, and teeth loading conditions for the controlling case from
those ones in terms of which @) parameter was identified.

According to Expression (2), it may look like:

¢
I‘1(2) = 2/3,05,25 2 15
Kga KR “Kg Hs1(2)"HB1(2)HHB2(1)

3)

: (4)

where:

Hs1(2) = 5—P ;

e

HBp1(2)

HHBY2) = g © :
€.

where values with e index corresponds to those variables for
which @4y parameter was determined experimentally; and p
index corresponds to the controlling case.

For the conditions, where open gear is not protected from
getting of mechanical admixtures and USsA lubricants, gear
wheels should be manufactured from medium-carbon low-
alloyed constructional steel.

Hardness of active teeth surfaces should be HB; 260-300,
and HB; 180-200 with @;=3.2-10°mm2, and
@, = 6.4-10"° mm*? averaged value [38].

3. Results and discussion

If running-in wear period is ignored then time of i work-
ing gear surface up to [s1] will be defined on the formula:

_ [48]-148,0

T
' Uy(ig)

(5)

where:
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Usi-1) — average wear velocity of i working surface of
gear teeth:

Usi +Uyi9)
Ul(i—l) = T .

Apply wear velocity values from (1) to Expression (6).
Then, to identify average wear velocity of i working surface
of gear teeth, the Expression (6) will be as follows:

Uy(i-1) =Y10 {H%MS{ |:(I -1)* +il}},

In terms of Expression (7), a value of rim teeth wear may
be represented as the total of wear rates they withstand while
operating with each working gear surface:

(6)

U]

n -
A4S =X (Vzrzﬁszo U (i) i )' : (8)
1=]
Uy i
Apply T from (5) to (8), and assume that _AiY) _Yzo
Uyig) Yo
Hence, Expression (9) will be written as:
U .
ASZi = (VzrlASZO +U_22[[A Sl] — rlA 310 :|j| . (9)
1
Gear rim durability is determined using the expression:
n
T = _ZlTli : (10)
1=

Use of more effective lubricants and automatic lubricant
systems is one of the ways to improve open gear durability
[38], [46], [47]. Consider influence of hardness of working
surfaces of gear teeth and rim in terms of open gear of ore-
grinding mill MShTs 55x65 (Table 1).

Table 1. Geometry of open gear

Geometry MShTs 55x65

Motor power N, kW 4000
Rotation, rpm, of:

—gear ny 75.0
—rimn 13.7
Teeth number of:

—gearz1 46
—rimz, 252
Teeth module m, mm 25
Advance angle g, degrees 6
Tooth rim width bw, mm 900

The calculation involved following initial data: average
value of a coefficient taking into consideration interlocking
geometry K =77.7 mm®5; average wear values of working
surfaces of gear teeth and a rim from each working surface
being [s1] =3.5mm and [s;] <4 mm as admissible values,
running-in values being si0 = 0.8 mm and sz = 0.4 mm; the
number of running-in periods per a wear interval of each
working teeth gear surface being r = 2; a coefficient taking
into consideration dissimilarity of one controlling case from
experimental one (if harnesses of active surfaces of teeth are
HB; =270 and HB; = 190) being Liz =1, and L; = 0.5, and
L,=0.6 if HB; =550, and HB, =300; and experimental
parameter @y being @1 =3.2 mm®5 and @, = 6.4 mm°S if
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one gear with a tooth rim operates and @, =12.8 mm°> if
two gears with tooth rim operate.

Analysis of calculation results concerning open gear du-
rability shows that operation of one gear with a rim demon-
strates acceptable results even if teeth working surfaces are
of relative hardness (Fig. 1a). However, in terms of operation
of two gears with tooth rim, the tooth gear durability experi-
ences its more than twofold reduction (Fig. 1b). High dura-
bility of open tooth gear results from the increased hardness
of working surfaces of the teeth (Fig. 1b). Hardening of
working surfaces of gear teeth up to HB; =550 value, and
hardening of working surfaces of rim teeth up to HB> = 300
value will make it possible to achieve almost 12 year durabil-
ity of a tooth rim when two gears operate with it during the
whole lifetime.

(@)
Tll TlZ T13 T14 T15 T16
2.3yr 1.6yr |1.1yr 2.3yr 1.6yr |1.1yr
TZl T22
(b)
Tll T12 T13 T14
1.3yr 1.3yr 0.9yr
T, 09yr T,
(©
T11 T12 T13 T14
2.3yr 2.4yr 3.5yr 2.4yr
TZl T22

Figure 1. Durability of open tooth gears in terms of their wear:
(a) single-engine drive with HB1 = 270 hardness of gear
teeth and HB2=190 rim hardness; (b)two-engine
HB1=270 and HB2=190 drive; (c)two-engine
HB1=550 and HB> =300 drive; T, T12, T13, T1a—
durabilities of 1%, 2", 3 and 4" working surface of
gears; T21, T22—rim durability in terms of 1%t and 2
wear of working surfaces

The power, transferred to a drum from one drive gear to
another one through a tooth rim, is limited by the geared
drive strength. In the context of other consistent conditions,
increase in bearing capacity of the drive gear is possible
owing to the increased teeth module, tooth rim width, and
working surface hardness. On the other hand, increase in
teeth module results in the increased diameter of a drive gear
as well as teeth rim. In turn, the abovementioned factors into
the increased errors while the gear-tooth system manufactur-
ing and assembling. Among other things, it concerns the
increased irregularity of load distribution in terms of tooth
rim width. In this connection, teeth module cannot exceed
m =30 mm and maximum diameter of the tooth rim should
not be more than 12 m.
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Pressure line lengthening is determined with the help of
tooth rim width and angle of teeth advance. Increase in the
angle of teeth advance is limited by axial force value. It is
B ~0-6° for the current drum mills. The increased bearing
capacity of gear, resulting from the extension of tooth rim
width, is limited by load distribution uniformity along contact
line length. In terms of the specified errors of gear systems,
ultimate tooth rim width is available, which exceedence can-
not initiate a contact line lengthening and, hence, the gear
system strength. Thus, in the majority of cases, tooth rim
width of modern mills is not more than b =1 m.

Increase in hardness of working surface of teeth improves
contact strength of the teeth as well as wear properties of the
gear system. On the other hand, the abovementioned decele-
rates running in velocity of a gear system resulting in exces-
sive nonuniformity of load distribution along the contact line
length. Consequently, the static load, acting on a gear system
F: (being peripheral force within indexing cylinder) expe-
riences nonuniform distribution along the length of the con-
tact lines as well as between the teeth. Moreover, both exter-
nal and internal dynamic loads also influence teeth strength.
To take into consideration the factors, static peripheral force,
acting in the end section, is multiplied by a load coefficient
Kn while calculating for contact strength or by Kg while
analyzing bending [48]:

K =Ka-Kny - Khp -Kyg s

KF =KA'KFV.KFﬂ.KF0{’ (ll)
where:

Ka, Khyv, Khg Kha Kev, Krg and Kg, — coefficients involve
external dynamic load; internal dynamic load; nonuniformity
of load distribution along the length of a contact line; and
load distribution between teeth respectively.

Errors of tooth direction, deviations of axial pitches,
misalignment of axes and their skewness, resulting in mutual
teeth skewness, are unavoidable while gear system manufac-
turing and assembling. According to the data by manufactu-
rers of domestic mills, y« = yy = 0.3-10"* may be assumed rely-
ing upon tolerances to assemble angles of obliquity yy and
misalignment of axes yy. Skewness and misalignment of the
toothed wheel axes initiate nonuniform load distribution along
the length of contact lines. In terms of the specified angles of
obliquity and misalignment of the toothed wheel axes, load
distribution along the length of contact lines is influenced by a
rim width as well as by hardness of working surfaces of teeth.

Tooth rim mounting right on a drum is the feature of
open gears at large drum mills. Significant axial rim runout
arises if misalignment of geometrical axes of a drum rotation
and a tooth rim takes place. According to the data by NKMZ,
axial rim runout for rim gears with d,=5-8 m diameter
should not be more than Asmax = 1.2-2.0 mm. As for the best
world-class product, maximum value of axial runout is not
more than Asmax = 0.7 mm. Axial runout stipulates mutual
teeth skewness which variation follows a harmonic law with
ys =4 1d, drum rotation and amplitude.

Taking into consideration axial runout of a rim, total an-
gle of teeth angle of obliquity involves a constant component
and variable component. Constant component of angle of
obliquity cannot run in since each following teeth pair inter-
acts with different angles of obliquity. For instance, in terms
of MShTs 5.5x6.5 mills, similar angles of obliquity for teeth
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pair will be observed for the period during which gear per-
forms 126 rotations, and rim performs 23 ones [38]. Opera-
tion of gear systems of domestic mills with 500H:B; hardness
of working surfaces of gear teeth and Asmax = 1.2-2.0 mm
axial rim runout resulted in teeth breakdown.

To identify teeth breakdown causes, consider MShTs
5.5x6.5 mills. Table 1 demonstrates some of its parameters.

Calculations show that in terms of Asmax=2mm and
bw =900 mm rim width, teeth pair will contact along the
b*w = 700 mm length with load distribution corresponding to
a coefficient of distribution nonuniformity krs =2 [38].
Hence, in this context bending analysis should involve
b"w = 700 mm rim width and kes = 2.

If Asmax = 0.7 mm then teeth pair will contact full width of
a rim by = 900 mm with krg = 1.6 coefficient. For illustrative
purposes, Figures 2a and 2b demonstrate linearity schemes of
load distribution full width of a rim for the two cases.

(@) (b)

qmek

b

max
qmin

—]

b,

Figure 2. Linearity schemes of load distribution full width of the
rim: (a) radial runout of 2 mm rim; (b) radial runout of
0.7 mm rim

Determine bending stresses within a critical tooth section
using the formula:

M 6F Kgh
o—_Kp _OHRREN

) 12
TR (12)
where:

Mkp — gear shaft torque;

W, — modulus of resistance;

F: — normal load acting on the tooth;

h — arm of force;

s — tooth thickness within the critical section.

While assuming that dynamic load and load distribution
between the teeth are similar for the two considered
cases, use Formula (2) to identify how many times bending
stresses a1 within the critical tooth section are more in terms
of Asmax=2 mm than bending stresses o> in terms of
Asmax = 0.7 mm.

o _Kep _ 2.0 _ o
kFﬂ(Z)bW 1.6-700

Hence, stresses within the critical teeth sections of open
gears of the best world-class mills are more than 1.6 times
less. The abovementioned as well as lower internal dynamic
loads make it possible to provide reliable operation of a gear
system differing in higher hardness of working surfaces of
teeth. Since open gear systems of domestic mills have not
such reserves, their bending strength may result from rapid
teeth running-in which is possible if only working surfaces of
the teeth are of relatively low hardness.

02
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Nonuniformity of load distribution along the length of
contact lines, stipulated by errors made in the process of gear
system manufacturing and assembling, restricts a possibility
to improve its bearing capacity due to the increased width of
a rim. Solving the problem of tooth skew compensation fol-
lows the line to design tooth wheels having mobility within
rim-hub junction. The jointed tooth wheels with elastic fas-
tening of a gear rim and hub are among them. Gear design in
the form of a tooth wheel with a rim on a spherical hinge is
the most advantageous engineering solution for self-
adjusting heavy-loaded gear system. The matter is that in
terms of the design, gear rim-hub junction has the form of
involute profile splines with a dome-shaped modification.
Figure 3 demonstrates structural version of self-adjusting
tooth wheel. Torque from hub 2 to rim 3 is transferred
through a spline joint. In turn, rim 3, being engaged with a
double tooth wheel (it is not shown in Figure 3), transfer
torque to it. In the context of nonuniform load distribution,
the total force, acting on the teeth of the self-adjusting tooth
wheel, produces a torque relative to axis passing through a
centre of spherical bearing surface 5 and 6, under the action
of which the rim turn takes place until the total force passes
through the spherical surface centre.

| ?@w %
————————— = )

10 L (

14 / L ALI&% ﬁ 8

Figure 3. Self-adjusting tooth wheel: 1 — shaft; 2 — hub; 3 — rim;
4 —involute profile splines of a dome-shaped form;
5 and 6 — axial bearings; 7 and 8 — covers; 9 and 10 —
consolidators; 11 are 12 — thread holes to supply lubri-
cant; and 3 and 14 — stoppers

As the calculations of gear systems, performed using fi-
nite-element method, have shown those self-adjusting gears
cannot provide perfect load distribution across the width of a
tooth rim [38]. The abovementioned depends on the fact that
extension in the rim width experiences increasing influence
of elastic deformation of gear system. For instance, in terms
of MShTs 5.5x6.5 mill, where tooth rim width is by, = 0.9 m,
full contact of “dangerous” pair of teeth, located above a hub,
will help reduce coefficient of load nonuniformity from
Krs = 2.7 down to Keg = 1.2. On the other hand, use of a self-
adjusting gear system results in excessive dynamic load
within the gear [48]. Theoretical analysis of the self-
adjusting gear dynamics has demonstrated that the excessive
dynamic loads depend upon the impact teeth speed at the end
of a phase of angle of obliquity picking.
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Evaluate dynamic load within a gear using dynamic coef-
ficient k, being equal to ratio between maximum load Fmax
within the contact and dynamic one Fy:

kV:Fm_aX_
FV

Figure 4 demonstrates analytical values of dynamic coef-
ficient ky dependence upon the width of a tooth rim by of a
self-adjusting drive gear of MShTs 5.5x6.5 mill [49].
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Figure 4. Dependence of dynamic coefficient kv upon width
of a tooth rim bw of self-adjusting drive gear of
MShTs 5.5x6.5 mill if turn angle of a mobile gear rim is
yo =1.2:10 rad

As Figure 4 explains, if MShTs 5.5x6.5 mill is equipped
with a self-adjusting gear, that may result in the increased
dynamic load. For instance, in terms of by, = 0.9 m width of a
tooth rim, dynamic coefficient will be k, = 1.28. On the other
hand, use of the self-adjusting gear will decrease a coeffi-
cient of load distribution nonuniformity Krs across the tooth
rim from 2.7 down to 1.2 making it possible to perform
1.8 times decrease in the load coefficient, i.e. from 2.7 down
to Kep=1.21.28=1.5.

4. Conclusions

Open gears, having relatively low hardness of working
surfaces, i.e. (260-300) H1B1 and (180-200) H:B,, are subject
to abrasion advancing in proportion to wear of the open gear
teeth. Several drive gears operate with a gear rim during its
age. Durability of each following gear reduces progressively.

On the one hand, intensive wear of the open gear teeth de-
creases its durability. On the other hand, it provides rapid
running-in of working surfaces of teeth which decreases load
distribution nonuniformity across the tooth rim width. In terms
of high nonuniformity of load distribution nonuniformity
across the tooth rim width, the case provides teeth bending
strength. The increased hardness of working surfaces of teeth
decelerates running-in process resulting in their breakdown.

High wear rate of teeth having relatively low hardness of
working surfaces prevents from the increase in unit mill
capacity due to the use of drives involving operation of two
drive gears with one tooth rim.

Application of self-adjusting tooth gears for drum mill
drives will help: increase from 4000 up to 6000 kW and
more a value of power transferred through a tooth rim by one
drive gear; increase hardness of working teeth surfaces up to
600 HB while improving abrasion resistance of a tooth gear;
and increase unit capacity of mills by means of power trans-
mission to a drum through a tooth rim using two drive gears.
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HInsaxu migBUIIEHHS JOBroOBiYHOCTi Ta HeCy40i 3AaTHOCTI
BiIKpUTHX 3y0UyacTux nepeaay 6apadaHHuX MIIMHIB

b. Bunorpaznos, B. Kapnenko, O. Jlarommna, K. bac, I. CoBceka

Merta. OOrpyHTYBaHHS IUIIXIB MiABUIICHHS JOBIOBIYHOCTI Ta HECYYOI 37aTHOCTI BIAKPHTHX 3y0UacTHX Hepenad pyJopo3MeNbHHX Oa-
pabaHHHUX MIIMHIB, @ TAKOXX €()eKTUBHOCTI TEXHIYHUX PillIeHb 31 301IbIICHHS IX OAWHUYHOI IIOTYXHOCTI 32 paXyHOK BJJOCKOHAJICHb IIPHBO/TY .

MeTtoauka. Y3araibHeHO pe3ysIbTaTH 0araTOpiYHNX €KCIIePUMEHTAIBHUX 1 TEOPETHYHUX NOCIIDKEHb 010 a0pa3sMBHOTO 3HOIIYBAHHS
pobounx moBepXxoHb 3y0iB BIAKPHTUX 3yOdacTHX mepenad OapaOGaHHWX MIIMHIB, a TaKOXX (PaKTOPiB, IO BIUIMBAIOTH HAa PO3IOJLIT HaBaHTa-
JKeHHS 110 IIUPHHI 3y09acToro BiHII.

PesyabTatu. [IpoBeneHo MOPIBHAIBHUN aHAJI3 BITYM3HSHUX MIIMHIB 3 KPAIIFMH CBITOBHMH 3pa3kamu. [Ioka3aHO IUISXU BUPIIICHHS 3a-
BIaHb, IOB’A3aHMX 31 CTBOPEHHSIM MIIMHIB BEJIMKO1 OMUHUYHOI MMOTYKHOCTI 3 PEAyKTOPHUM MPUBUIOM. /laHa KibKiCHA OLIIHKA BILIMBY TBEPIO-
CcTi poOoYNX MOBEpXOHE 3y0iB Ha iX JOBroBiuHicTh. [IpoBeneHo aHaii3 (hakToOpiB, M0 BIUIMBAIOTH HA PO3IIO/LT HABAHTAXKEHHS IO MINPHHI 3y0ya-
croro BiHIl. Hamgana oniHka e)eKTHBHOCTI 3aCTOCYBaHHS Y BIIKPUTHUX 3y0UacTUX Mepefadax CaMOBCTAHOBIIIOBAHHX IPHBIIHNX IIECTEPEHb.

HaykoBa HoBu3Ha. BusiiieHo (yHKIIOHAIBHUIT 3B 130K MK (Di3MKO-MEXaHIYHHMH BIACTUBOCTSIMH po0OOYO0i MOBEpXHi 3y0iB, YHCIOM
HNPUPOOOTOYHNX PEIKHUMIB, SIKI BU3HAYAIOTHCS YMOBAMH €KCIUTyaTallil, 1 TepMiHOM CIIy>KOM BIAKpHUTOI 3yOdacToi mepenadi, po3risiHyTI (ax-
TOPH, IO BIUIMBAIOTH Ha PO3IOILI HABAHTAXKECHHS 110 IIMPHHI 3y04acToro BiHII.

IpakTnyna 3HaYuMicTh. [TokazaHo, IO 3aCTOCYBaHHS BIAKPUTHX 3y0UacTUX Mepenad 3 TBEPAICTIO poOOUYNX MOBEPXOHB 3y0iB MIECTEp-
Hi (500-600) HiB:1 i Binms (260-300) H2B2 no3Bossie 3a0e3mednTi NPaKTHIHO 0€3 3HOCHHI PeXHUM POBGOTH i € HEOOXiAHOI YMOBOIO MPH
po0oTi 3y0uacToro BiHIIS 3 ABOMA IPUBOJHUMH IECTEPHIMH.

Knrouosi cnosa: bapabannuii maun, 6iokpuma 3ybuacma nepeoaud, po3nooil HA8AHMANCEHHS, AOPAZUBHUI 3HOC, CAMOBCMAHOBNIO8AHA
wecmepHs

HyTl/I NMOBBIIICHHUSA T0JTIOBCYHOCTH H Hecymeﬁ CIOCOOHOCTH
OTKPLITBIX 3y6‘{aTbIX nepeaav 63[)363]—[]{])])( MeJIbHHUIL

b. Bunorpanos, B. Kapnenxo, E. Jlarommnast, K. bac, NI. CnoBckast

Heab. O6ocHOBaHUE TyTEH MOBBIICHAS JOJTOBEYHOCTH M HECYIEH CIIOCOOHOCTH OTKPBITHIX 3yOUaThIX Mepenad pyaopa3MONbHBIX Oapa-
GaHHBIX MEJIBHULL, @ Takke d3QPEKTUBHOCTH TEXHUYECKUX PELICHUH M0 YBETHYECHUIO UX €IMHMYHON MOIITHOCTH 3a CYET YIIy4IleHUH B IPUBOJE.

Metoauka. OG00LIECHbI pe3yabTaThl MHOTOJIETHHX SKCIIEPHUMEHTANIBHBIX U TEOPETHYECKUX HCCIEI0BAaHUH 10 aOpa3sMBHOMY M3HOCY pa-
00YMX TOBEPXHOCTEH 3yOBEB OTKPBITHIX 3yOUaTHIX Iepemad OapabaHHBIX MEJBHHUI], a Tarke (PaKTOPOB, BIHSIONINX Ha pacHpeieieHHe
HarpysKH I10 HIUpUHE 3y04aToro BeHIa.

Pe3syabTatsl. [IpoBesieH cpaBHUTEIBHBII aHATM3 OTEYECTBEHHBIX MEJIBHHUII C JIyYIIUMH MHPOBBIMH oOpa3siamu. [TokasaHsl myTH perie-
HHS 3a/]a4, CBS3aHHBIX C CO3JaHMEM MEJBHHI] OOJIBIION €IMHUYHON MOIIHOCTH C PEAYKTOPHMM HPHUBOIOM. J[aHa KOJIMYECTBEHHAs OLIEHKa
BIIMSIHUSL TBEPJOCTH Pabouux MOBEPXHOCTEH 3yObeB Ha MX JONTOBeYHOCTH. [IpoBeneH aHamu3 (akTOpoB, BIHMSIOIIMX Ha pacHpelelicHHe
Harpy3KH I10 IIMpUHE 3y04yaToro BeHIa. JaHa oreHka 3¢ QeKTHUBHOCTH NPUMEHEHHS B OTKPBITHIX 3y04aThIX Mepegadax caMOyCTaHABIHBaA-
OIIUXCS IPUBOJTHBIX LIIECTEPEH.

Hayuynass HoBHM3HA. BoisiBieHa (yHKIMOHANBHAS CBS3b MEXAY (QU3MKO-MEXaHHYECKMMH CBOMCTBaMH pabouell MOBEPXHOCTH 3yObeB,
YHCIIOM NPUPaOOTOYHBIX PEKHMOB, ONPECIAEMBIX YCIOBUSIMH KCIUTyaTallli, U CPOKOM CITy>KOBI OTKPBITOH 3y04aToii nepenayn; paccMor-
peHbI (HaKTOpbI, BIMSIONINE Ha paclpe/ielieHHe HArPY3KH I10 [IHPHHE 3y04aToro BeHIa.

ITpakTHYecKasi 3HAYMMOCTB. [l0Ka3aHo, YTO IPHUMEHEHNE OTKPBITHIX 3y0UaThIX Mepeaad ¢ TBepJOCThIO pabovnX MOBEPXHOCTEN 3yObeB
mectepHu (500-600) HiB1 u Benna (260-300) H2B2 mo3Bonsier obecrneunTh MpakTHYECKH 6e3 M3HOCHBIM PEXKUM POOOTHI U SIBISICTCS HEOO-
XOJAUMBIM YyCJIOBUEM IIPU pa60Te 3y6an0r0 BEHIIA C AByMs IPUBOAHBIMU HICCTEPHSAMU.

Knwueswie cnosa: 6apabannas menvhuya, omxpuimas 3youamas nepedauya, pacnpeoenenue HazpysKu, abpasueHblii USHOC, CAMOyCma-
HABMUBAIOWASACS WECTEPHSL
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