ISSN: 2227-6912
mU MACHINE SCIENCE E-ISSN: 2790-0479

et

2021, Volume 10, Ne 1. Pages 33 — 42

STUDY OF THE EFFICIENCY FACTOR OF SLIDING
BEARINGS OF THE NEW CONSTRUCTIVE SOLUTION
OF MULTISTAGE REDUCER

Isa KHALILOV?, Beyali AHMEDOV?, Anar HAJIYEV?®
123Department of “Mechatronic and machine design”, Azerbaijan Technical University, Baku, Azerbaijan

E-mail: khalilov@aztu.edu.az!, ahmedov.beyali@mail.ru?, anar hajiyev 1991@mail.ru?

Abstract. The article deals with the issues of quantitative assessment of the internal resistance of oil in
sliding bearings of the new constructive solution of two-line three-stage reducer intended for use in transmis-
sion mechanisms of machines and devices. Based on the analysis of possible kinematic diagrams of the new
constructive solution of reducer, it was determined that the directions of rotation of the driving and driven
shafts coincide with the directions of rotation of block gears mounted on sliding bearings. In this case, the
resistance in the sliding bearings becomes a useful driving force, which becomes a useful factor characteriz-
ing the internal driving force of the oil. This improves the reliability of the mechanism, as well as significant-
ly reduce the energy consumption of the mechanical transmission. Based on the results of calculations, it was
determined that the efficiency factor of the new constructive solution of a three-stage reducer is about 2%
higher than in classic reducers.

Keywords: new constructive solution, sliding bearings, double gear, block, driving force, efficiency
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Introduction. The economic indicators of machines and devices largely depend
on the correct choice of kinematic schemes of their constituent mechanisms. Usually
70% of the cost of machines and equipment is the material from which its structural
elements are made. One of the components of machines and devices are their trans-
mission mechanisms — reducers (which also known as gearbox) or multipliers [1].

Gear reducers used as a transmission mechanism are widely used in almost all
areas of modern technology. The production of reducers that can transmit up to 10
000 kW is estimated at several million pieces per year. Currently, new designs of re-
ducers are being developed in mechanical engineering, as well as methods for calcu-
lating the strength of their structural elements are being refined and improved.

At present, in order to save metal used in the production of three-stage gearbox-
es and to reduce their overall dimensions, the main direction of the development of
this mechanical system is the placement of an intermediate shaft under its drive shaft.
With this design, the length of the gearbox is reduced and this to some extent affects
its price (Figure 1).

Based on research, it was determined, that at designing of machines and devices,
including multi-stage reducers (gearboxes), the main geometric dimensions of their
constituent structural elements are determined by the existing operating criteria in a
chaotic manner without taking into account the influence of exciting factors. And this
in turn, leads to different values of the reliability of structural elements, an increase in
their metal consumption (and dimensions), as a result of which the technical level of
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the mechanical system decreases. Therefore, at designing of modern multi-stage
gearbox (multiplier) that is resistant to market competition, along with the construc-
tive changes introduced into them, it is necessary to take into account the provisions
of the principles of the system approach.
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Figure 1. Improved two-line Figure 2. New constructive solution of two-line
three-stage reducer three-stage reducer which has only two shafts

Formulation of the problem. Increasing the number of stages in classic multi-
stage helical gear reducers increases the number of gears, countershafts, and accord-
ingly the number of bearings. In turn, increasing the number of structural elements of
the reducer leads to a reduction of its reliability and efficiency, and to increase overall
dimensions. To effectively solve this problem, at the department of “Mechatronic and
machine design” of Azerbaijan Technical University developed, researched and test-
ed a new principle of designing structural elements of the multistage one- and two-
line cylindrical gear reducer system, the novelty of which was approved by the Eura-
sian Patent (Ne017053) [2].

Fig. 2 shows a kinematic diagram of a new two-line three-stage reducer. The
drive shaft 3 of the gearbox is rigidly connected to the electric motor 1 by coupling 2,
and the driven shaft 8 is rigidly connected to effector (disks) 4 of the machine. The
drive gear 5 is rigidly attached to the drive shaft 3, the double gear blocks 6 and 7 ro-
tate freely around the axis of the drive shaft. The driven gears 10 and 11 are rigidly
attached to the driven shaft 8, and the three-gear block 9 rotates freely around the axis
of the driven shaft. The drive and driven shafts are mounted on 15 rolling bearings
mounted on the housing 16.

The reducer is equipped with double and triple gear blocks, which are located
along the length of the driving and driven shafts, which freely rotate around the axes
of these shafts and form the following stages, excluding the intermediate shafts from
the design, and their supports (bearings). The principle of operation of the proposed
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gearbox is as follows: the movement from the drive shaft, which receives rotary mo-
tion from the electric motor 1, with the help of the drive gear 5 rigidly mounted on it,
Is transmitted to the three-crown block gear 9 freely mounted on the driven shaft.

Operation principle of proposed reducer is follows: the movement from the
drive shaft, which receives a rotational movement from the electric motor 1, with the
help of the drive gear 5 rigidly installed on it, is transmitted to the triple gear block 9,
which freely mounted on the driven shaft. In this case, although the angular velocities
of the block gears and the corresponding drive and driven shafts are different, their
directions coincide and give a push to each other. Triple-gear block 9 with the clutch
transmits rotational motion to double-gear blocks 6, 7 which are mounted on the
drive shaft. And the double-gear blocks 6, 7 freely rotating around the axis of the
drive shaft transmit the rotary motion to the gears 10, 11, rigidly fixed to the driven
shaft.

In this case, the direction of their rotational speeds is the same, since both the
driven gears 10, 11 and the drive shaft 8, as well as the drive gear 5 and the drive
shaft 3 are rigidly connected.

To carry out a comparative analysis of classical multistage gearboxes with a new
constructive solution of multistage gearbox, the kinematic characteristics of each of
them are preliminarily determined.

Total transmission number for a classic multi-stage reducer [4;5]:

Z, 237
Us = Uy -Up -Ug, Uy = . (1)
21.22 .”Zk—l

Since new constructive solution of the multi-stage gearboxes u; = u, = u; =

... = Uy , the total transmission number for them is expressed as follows

Z
Us =Up =[Z—jj 0

there uq, u,, us, uy, - gear ratio of the respective stages;
k,, — number of stages.

The new constructive solution of the three stage reducer consists of a drive shaft,
a drive gear, two double-gear and one triple-gear blocks and driven shaft. The small
gear of the first stage is rigidly fixed to the drive shaft. And double-gear and triple-
gear blocks are mounted on sliding bearings on the shaft. These double-gear and tri-
ple-gear blocks rotate in the rotation direction of the drive and driven shafts, which in
turn, to some extent, reduces the value of the resistance moment.

The proposed new constructive solution of the three stage reducer is suitable in
length and height to fit with coaxial three-stage spur gearboxes. The symmetrical ar-
rangement of the stages in the new construction allows for a more compact design
than in the classic three-stage gearboxes. This gearbox has a drive shaft that acts as
an axle for the second stage. In this version, the mechanical system excludes two
shafts, two “shaft-hub” connections and four rolling bearings, which reduces the
number of structural elements and increases the reliability of the gearbox.
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The new constructive solution of the gearbox with five or more single stages dif-
fers in that even in these gearboxes, despite the increase in the number of double-gear
blocks, its previous length and height remain unchanged, but the width increases.

Depending on the number of stages K, the number of double-gear blocks Ky, is
determined as follows:

Kp = Kp 1 3)

As can we see, the proposed new constructive solution of the gearboxes are
more compact than classical gearboxes, and in all cases they allow to form more suc-
cessful gearboxes for a given mechanical system. One of the important tasks to re-
duce the cost of repair and downtime of a new multi-stage gearboxes is to increase
their reliability.

Solution of the problem. Due to structural and economic considerations, sliding
bearings are used instead of rolling bearings as supports for the double-gear blocks of
the new constructive solution of the gearboxes.

These bearings are embedded under the gear blocks which are placed on the
shaft and rotate freely around its axis.

Based on the analysis of possible kinematic diagrams of the new constructive
solution of reducer, it was determined that the directions of rotation of the driving and
driven shafts coincide with the directions of rotation of block gears mounted on slid-
ing bearings. In this case, the resistance in the sliding bearings becomes a useful driv-
ing force, which becomes a useful factor characterizing the internal driving force of
the oil. It improves the reliability of the mechanism, as well as significantly reduces
the energy consumption of the mechanical transmission.

The pressure created in the fluid layer by friction of one surface against another
Is determined according to the Reynolds equation as follows [6]:

9 (h3 Ba_p) L9 (h3 Ea_p) -
0x uox 0z uoz
dp

) )
= 12pV + 65— (pUh) + 6~ (pWh) + 12h— 4)

there U, V, W - components of the velocities of one surface on the other surface along
the axes OX, OY and OZ, respectively; u, - dynamic viscosity of oil; p,, - oil density;
h - the thickness of the oil layer in the area under consideration.

If we apply this expression to a normal cylindrical sliding bearing, the expres-
sion will be much simpler. Thus, if the lubrication process is carried out by an in-

: : : - d
compressible oil, then at t = const its density is equal to p, = const and % =0.

In addition, if the temperature and pressure of the liquid change insignificantly along
the length of the liquid, then the value of u, can be averaged and considered constant.
In steady-state operation at a constant rotation of journal, the rotational speed V in the
direction of the OX axis will be constant: V' = const. On the other hand, since the
center of the journal does not change its position e = const, then the rotation speed
V' in the direction of the OY axis will be zero. Since the fluid flow velocity is directed
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along the bearing end surfaces, its velocity in the direction of the 0Z axis is less than
in the direction of rotation, therefore, W = 0 can be taken.
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Figure 3. Scheme for determining the pressure at any arbitrary section of the oil layer.

If we take these conditions into account in expression (4), then Reynolds's
expression will be greatly simplified as follows [6]:

0 ( 3670) = 6u,UR 5
- - - ax ax - :uo ( )
Let's integrate this expression, then:
d
B3 £ — 6uoUh + C (6)
To determine the integral constant, it is assumed that at a given thickness of the

oil layer (h = h,;,) the pressure takes its maximum value and becomes Z—Z = 0 when

P = Pmax (Figure 3). Then from the expression (6):

If we consider this expression in (6), then [9]:
dp _ U h—h,, ;
dx - MO h3 ( )

To make it easier to determine the pressure (p) in an arbitrary section, we
substitute dx = rde and U = wr.
The thickness of the fat layer between the journal and the backing is determined
by the following expression [6]:
h =68 —ecos(180° — @) (8)
there 6 = 0,5s- radial bearing clearance; s = D —d - diametral clearance; D,d -
respectively the diameters of the bearing and the journal.

If we change % = x* in this formula, then
h =361+ x*cosp) 9
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there y*- relative eccentricity.
For the minimum thickness of the oil layer:

Rmin = (1 + X*COS(pm) (10)

there ¢,,,- angle corresponding to maximum pressure.
If we consider these expressions in (7), then we get

dp _ pow x*(cosep — cospy,)
do Y? (14 y*cosp)3
there i = 2 = g- relative clearance.

(11)

If we integrate the expression (11) from ¢, to ¢ to determine the specific
pressure in the section forming the angle ¢ with the center lines, then

How [ x"(cosp — cosgy)

P =6 12

¢ Y2 f (14 y*cosp)3 ¢ (12)
P1

The pressure per unit area in the section under consideration is determined by

the following expression:

ld
AP =P, er(p—P ZA(p

In steady-state operation, the external load acting on the bearing unit is defined
by the following expression [6; 8]:

P2 P
3low : [ x"(cosp — cospy,)
E = ld — d d 13
=500 | cosln— (¢ + p)lae [ LIy ()
P1 P1
If we make a substitution in this formula
P2
x*(cosp — cospp)
d, =3 — d d 14
F jCOS[ﬂ (¢ +¢a) w]f L+ reosg)? 0P (14)
P1
then the load acting on the bearing unit is deflned as follows: [4;7]:
Uowdl
Fo= =0 (15)

there @ - bearing load factor; [ = (0,5 + 1,5)d- length of bearing; w — summary an-
gular velocity of corresponding shaft (journal) and sliding bearing.

As already noted, the rotation directions of the drive and driven shafts at new
constructive solution of the gearboxes coincide with the rotation directions of gear
blocks mounted on sliding bearings. Consequently, the total angular velocity will be
equal to the sum of the angular velocities of the shaft and the sliding bearings.

In the total angular velocity of the sliding bearings integrated under the gear
blocks of the new constructive solution of three-stage two-line reducer that we are
studying (Figure 4):
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_ w; W, 1+ u?
First gear block wy; = wy, + —=—5+—=w, 3

(16)

w4 1+ u?
Second gear block w1, = w; + 2 = W, 2 )
2

There - u, and u, - corresponding gear ratios of the first and second stages of
reducer.

Before designing a new multi-stage gearbox taking into account the full use of
the permissible load of the high-speed stage and proper lubrication of the gears it is
usually assumed that the gear ratio of each stage of the gearbox is u; = u, = u3 =

Shaft

(journal)

%[l .

b)
a)
Figure 4. The new constructive solution of multistage reducer
a - kinematic diagram; b — gear block
According to the expression (15) the relationship between @, and the main
parameters of the bearing under constant load can be determined by the following
expression:
E y*  py?
CI)F =
ldppw pow
The load factor of the corresponding sliding bearings of the reducer:

(17)
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_ (Frl + Frz)lplz _ (Frl + Frz)lplul
e Howz1d1ly (1 +uf)pow di 1y
> (18)
_ (FrZ + Fr3)lp§ _ (Frz + Fr3)lp%u§
e Howi1dal, (1 + ud)powydyl,)

Then the total load factor of the sliding bearings of the reducer:

Op = gy + Pp, =
1 ((Fq + F)pius n (Frp + Fr3)3u3 (19)
pows \ (1 +u?)d;l (1 +ud)d,l,

According to Newton's law, the frictional force that slides the oil layer in sliding
bearings:

wy (1 +u?)\)
Fry = Tcdl,uo — nd, 1, 021 HoW21 — d, 1, HoWq (( y 1))
6 21 21 uq (20)
Foo = mdl 4 7lelio 11 7lelio(lh (1+u%)
2 Ho5 282 s 2t2 s u%

Total force used to repel friction in the sliding bearings of reducer:
T Ld?2 ((1+u®)\  LdZ (1 +ud))
P = Mow% 147 (( 31) 4 2% ( 22) 21)
2 Yy (251 Y, Uu,

The moment of frictional forces under the condition of integration of the driving
force of the oil on the journal surface:

Tty Ld ((1+uf) ld5 ((14u5)
=7 (l/ﬁ( uj >+‘/J2< uj )) (22)

Total efficiency factor of new constructive solution of reducer [2]:
Py Pl—Pf _q Py + Pgy + Pr
PP Py -

= 1= (Yge + ¥ + %) (23)
there ;.- the factor coefficient taking into account the losses in the clutch; ¥y, -
coefficient taking into account the losses in the rolling bearings; ¥, - the total useful

ratio, which characterizes the internal resistance force of the oil in the sliding
bearings.

pe, = Thowd <zld% <(1 +3u%)>2 | % <(1 +2u%)>2> 24

Ny =

Py 2P 21 uq 2 u;

If the power in the drive shaft of the new multi-stage reducer is P1, and the
power in the outlet shaft without the sliding bearings is P2, then the power in the
outlet shaft of the reducer will be as follows, taking into account the positive effect of
the internal resistance of the oil in the sliding bearings:
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P2*=P2_1/);bP2=p2(1_¢;b) (25)

If we take into account the friction loss when the gears are engaged (v,bge) and

the friction loss in the roller bearings (1, ), then the efficiency factor of the current
mechanical system:

P P-yy)

) (26)
n’ P,
- _f_=1- _
(1 _Eb;y) P1 l/)ge lprb
from there
nt= (1 - lpge - lprb)(l - l/);b) (27)

Formulas (26) and (27) allows us to estimate the performance of the new three-
stage reducer, as well as the energy loss in the transmission.
It is known that

1- l:l)ge — Yy = Nge " Nrp (28)
(1 =vg) = ns (29)

Then the efficiency factor of the new three-stage reducer:
N = Nyelrplsp (30)

To quantify the internal resistance of the oil in the sliding bearings, we assume
that the new constructive solution of reducer uses industrial oil 11-30, and for this oil
the dynamic viscosity at 60°C is u, = 0,014 Pa - sec. The power of the electric
motor of the converting mechanism of the pumping unit is Py, = 7,5kVt, the
rotational speed of its shaft is n,, = 750 min~1, so the angular velocity of the drive
shaft of the reducer:

_wy  mrny  3,14-750 1
w; = %, 30w, 3016 49,06 sec
there u, = 1,6 - is the transmission number of the belt drive applied in the converting
mechanism of the pumping unit,

Assuming that the efficiency factor of the belt drive is n,, = 0,96, then the force

on the gear shaft of the reducer:
P,=Py-n,=75-096=72kVt

The new constructor assumes the diameter of the gear shaft under the bearing
d, = 50mm, its length [; = 50mm, relative distance 1, = 0,002, diameter of the
drive shaft under the bearing d, = 50mm, its length [, = 100mm and relative dis-
tance ¥, = 0,003. The coefficient of the total internal resistance of the oil in the slid-
ing bearings is as follows:

2 2
Yo = Pr _ mpow? (Lidf (1 +uf) 4 Ld; ((1+uj) _
Y Py 2P, Yy Uf Y, u%
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~3,14-0,014- 49,062 (0,05 0,052 ((1 + 4%\ LOL 0,052 ((1+ 49\ _
B 2-7,2+103 0,002 43 0,003 42 B
= 0,007348(0,00441 + 0,0941) = 0,000724

If we take into account efficiency factor of gear drive 4, = 0,98, efficiency
factor of a pair of rolling bearing n,,, = 0,99, then the efficiency factor of new three-
stage reducer:

n* =n3eniy(1—1y) = 0,98%-0,99%(1 — 0,000724) = 0,9218
efficiency factor of reducer with classic construction:
N =n3enyp = 0,98%-0,99* = 0,9041
Comparison of the efficiency of the new three-stage reducer with the efficiency

of the classic three-stage reducer as a percentage:
=1 1000, = 22218~ 0904 ol — 106 o

° T 09041 TRl

Conclusions. As we can see, since in the new constructive solution of the gear-
box the rotation direction of the sliding bearings and the rotation of the shafts
coincide, the mutual displacement of the oil layers in the clearances of the sliding
bearings, the partial contact of the roughness of the surfaces in contact with each
other, and the displacement forces associated with the viscosity of the oil have a
positive effect on the movement shafts and the efficiency factor of the mechanical
system. Based on the results of calculations, it was determined that the efficiency
factor of the new constructive solution of a three-stage reducer is about 2% higher
than in classic reducers.
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