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Abstract. Important and priority tasks for the industry of Ukraine are the reduction of costs for the creation of
the final product, the reduction of the cost of maintenance of the construction of machines and mechanisms, the
restoration of the outdated production base and the attraction of new technologies, mechanisms and equipment.
That is why, increasing the efficiency, reliability and service life of machine units, which are used in conditions of
misalignment of the axes of the connecting shafts, which are caused by the deflection of the rotating shaft in the
mechanisms, which are connected to each other by an intermediate shaft with the help of compensating devices,
and are intended for the transmission of effective power from the engine to the consumer, and, as a rule, is the
most important part of any power plant, is an urgent task, and the further development of the modern machine-
building industry depends on its successful solution. At the same time, the effectiveness of machine mechanisms
directly depends on the productive work of gear mechanisms that are part of them, namely mechanical gears and
gear couplings, which are widely reflected in almost all industries. Thus, the purpose of the work is to assess the
influence of the deflection of the rotating shaft on the force factors that arise when the axes are misaligned in
the gear joints of machine units. The effect of skew and deflection of a shaft rotating at a high frequency on the
force factors for some toothed joints was investigated. It was found that the values of the dynamism coefficients
do not exceed 1.05-1.15, and the dynamic components of these power factors can reach 30-50% of the level of
their static components
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INTRODUCTION
The priority tasks for the Ukrainian industry are to re- mechanisms, update the outdated production base and
duce the costs of creating the final product, reduce the  introduce new technologies and equipment. There-
cost of construction and maintenance of machines and  fore, increasing the efficiency, reliability and service
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life of machine units that are operated in conditions
of misalignment of the axes of the connecting shafts,
which are caused by the deflection of the rotating
shaft in the mechanisms (main engine-reducer), which
are connected to each other by an intermediate shaft
with the help of compensating devices, and designed
to transmit effective power from the engine to the
consumer, and is usually the most responsible part
of any power plant, is an urgent task and the further
development of modern mechanical engineering de-
pends on its successful solution. In turn, the efficiency
of machine units directly depends on the reliable op-
eration of the gear mechanisms included in their com-
position, namely mechanical gears and gear couplings,
which have found their wide distribution in almost all
branches of industry, such as: shipbuilding, aviation,
mining and agriculture, as well as in rolling mills,
cranes, lifting and transport mechanisms, mills, crush-
ers, conveyors, agricultural machines and many others.
Today, in the global industry, regardless of the type,
gear couplings are manufactured with straight side
surfaces of the sleeve and clip teeth, or with straight
side surfaces of the clip and barrel-shaped (longitudi-
nal modification) side surfaces of the sleeve teeth. As
for gears, they are characterized by linear engagement
of involute teeth. For a long time, it was believed that
gears with linear contact of involute teeth have no
alternative and cannot be manufactured with point
meshing of teeth, which, on the one hand, is due to
the inaccuracy of calculations that were carried out
according to the Hertz formula, which is true for lin-
ear contact, but cannot to be used for point contact,
and on the other hand, the difficulty of manufacturing
such gears on commonly used machines (at present,
the production of teeth with point contact is possi-
ble due to the use of high-precision tooth grinding
machines of the German production type "Pfauter” or
“Hoffler”) [1-7]. However, at the moment, the influence
of the deflection of the rotating shaft on the force
factors arising from the misalignment of the axes in
the toothed connections of machine units is not suffi-
ciently clarified and is usually not taken into account
when implementing new technology.

When the axes of the connecting shafts of ma-
chine units of power plants are misaligned, additional
force factors in the form of elastic bending moments
arise in gear joints. The effect of these moments is that
they tend to return the bent shafts to their original
position. The bending moments arising in the toothed
connection overload the supports of the mechanisms
connecting the shafts (intermediate, output and input
shafts of the engine and gearbox, respectively),support
bearings, spline and bolt connections, as well as other
elements, negatively affecting on their performance,
which in turn negatively affects the reliability, durabil-
ity and maintainability of machine units, and can lead
to their failures and unscheduled stops for repairs. In
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turn, the deterioration of reliability indicators leads
to a decrease in reliability, an increase in additional
costs and repair costs, as well as an increase in the
probability of emergency situations of machine units,
and as a result — power plants, in which they are oper-
ated. Thus, the problem of the negative influence and
deflection of the rotating shaft on the force factors
arising in gear joints is a relevant and integral part
of existing scientific programs and tasks in almost all
branches of modern mechanical engineering. To the
greatest extent, the specified problem concerns the
transmissions of machine units operated in the min-
ing, aviation, shipbuilding and agricultural industries.
The most complete research on the specified problem
is presented in [1-15]. The study of cases of shifting
of shaft axes due to installation inaccuracies, errors in
the manufacture of power parts and operating condi-
tions showed that when the gear half-coupling axis is
skewed relative to the bearing axis, a centrifugal force
acts on the rotating curved shaft, which increases its
static deflection [8-13].

In works [8; 14; 15], the main attention is paid
to theoretical and experimental studies of elastic
bending moments that occur under static and dynam-
ic loads, as in traditional gear couplings (that is, the
teeth do not have any modification, or the teeth of the
sleeve have barrel-shaped teeth of constant curvature,
and the teeth of the clip are made straight), as well as
gear couplings of new designs, i.e. with modified teeth.

The causes of misalignment of the axes of
connecting shafts of machine units are shown in a
structured form in the work [7]. The influence of the
specified misalignments of the axes on the reliabili-
ty parameters of machine units and power plants, in
which they are operated, is shown on the example of
ship power plants and highlighted in [4; 6; 7]. Ways
to reduce the influence of misalignment of the axes
of connecting shafts and methods of eliminating their
negative impact on the operation of machines and
mechanisms, in the composition of which they occur,
are shown in works [3; 4; 6; 7; 8; 10]. In work [5] it is
shown that increasing the efficiency of machine units
with misalignment of the axes of their connecting
shafts is possible by using new designs of gear cou-
plings protected by patents of Ukraine.

However, scientific works [2; 4; 6; 7; 10; 11;
12; 13; 15] did not take into account the influence of
skew and deflection of the rotating shaft on the force
factors arising in gear joints, but from the analysis of
publications [1; 2; 8; 9; 10], it is evidently necessary to
pre-estimate the effect of the dynamics coefficients
on the force factors acting in them when designing
gear joints of rapidly rotating shafts.

The purpose of the work is to evaluate the in-
fluence of the deflection of the rotating shaft on the
force factors that arise when the axes are misaligned
in the gear joints of machine units.

Ukrainian Black Sea Region Agrarian Science, 25(2), 88-94

89



90

The influence of skew and deflection of the rotating shaft...

STUDY OF THE INFLUENCE OF SKEW AND

DEFLECTION OF THE ROTATING SHAFT ON

FORCE FACTORS ARISING IN GEAR JOINTS
Misalignment of the axes (misalignment) is a violation
of shaft alignment, i.e. a deviation from the nominal

-d-x -

N

i
A R | ) .

AL

[

c)

location of the axes in any direction (Fig. 1). These de-
viations are called shifts, and they, in turn, are divid-
ed into longitudinal, radial, angular and combined. It
should be noted that angular displacements are also
called fractures.

.

b)

T —

Figure 1. Displacement of the axes of the connected shafts of machine units:
longitudinal (a), radial (b), angular (break) (c), combined (d)

In high-speed, heavily loaded transmissions of
power plants during operation, distortions and dis-
placements of their axes inevitably occur [1; 2; 8; 9;
3-6]. The magnitudes of axis misalignments during
the periods of operation of power plants depend on
a number of structural, technological and operational
factors (unreliable foundation, expansion in pumping

b)

equipment, non-compliance with installation recom-
mendations, etc.), in addition, there are combined and
specific factors, but they are not considered . As a rule,
misalignment of axes and their breaks are the values
of misalignments caused by deviations in manufac-
turing technology, for example ship power plants and
their elements (Fig. 2-5).

JIk

Figure 2. Beating (a) and misalignment (b) of the teeth of the gear clutch:
1 - propeller turbine; 2,4 - toothed bushings; 3 - shaft; 5 - reducer

a)

Figure 3. Runout (a) and misalignment (b) of the axis of the gear bushing:
1 - shaft; 2,4 - toothed bushings; 3 - spring; 5 - drive mechanism shaft

a)

23 45

Figure 4. Displacement (a) and misalignment (b) of the axis of the gear mechanism:
1 - motor shaft; 2,4 - toothed bushings; 3 — spring; 5 - drive mechanism shaft
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Figure 5. Shift (@) and misalignment (b) of the engine axis:
1 - engine shaft; 2,4 - toothed bushings; 3 - spring; 5 - drive mechanism shaft

In order to eliminate the negative impact of mis-
alignment of the axes of the connecting shafts of ma-
chine units and, as a result, to ensure the performance of
the specified functions, the installed equipment of the
installations provides for the control of alignment, i.e.
checking the alignment of the axes of the connecting
shafts of engines and drive mechanisms. This method is
associated with a complete shutdown of the power plant,
and the re-centering itself is quite time-consuming and
expensive. Another method involves compensating the
harmful effects of the specified misalignments of the

axes, due to the use of compensating devices, but to-
day, the influence of the static deflection of the rotating
shaft on the force factors arising in their toothed joints,
as already indicated, is almost not taken into account.

The study of the cases of shifting of shaft
axes [1-8; 9; 14], caused by installation inaccuracies,
errors in the manufacture of power parts and operat-
ing conditions, showed that when the gear half-cou-
pling axis is skewed relative to the bearing axis by an
angle 6b (Fig. 6a) on a rotating curved shaft there is
a centrifugal force that increases its static deflection.

c)

Figure 6. Scheme of shaft deflection: a - at the angle 6b; b, c - under the action of centrifugal force

In the article, an attempt is made to take into
account the influence of the specified deflection of the
rotating shaft on the force factors that occur when the
axes are misaligned in gear joints. When determining
the dynamic shape of the deflection of the rotating
shaft, which is under the action of centrifugal forces
Pu (Fig. 6 b, c), the theory of constant forced bending
vibrations of the beam, developed by 0.M. Winged

Centrifugal force acts on the rotating bent shaft,
which increases its static deflection. At the same time,
the projections of the centrifugal force Py acting on
each element of the curved shaft are equal to:

Py=Pusinwt; Pz=Pucoswt,
where o is the angular speed of the shaft.

The indicated projections Py and Pz cause forced
oscillations of the shaft in the plane of action yoz.

The movement of the shaft cross-section at any
moment in time can be expressed by the following
dependencies:

Y=YnuHinwt; Z = YauHcoswt,
and the resulting movement of the shaft
cross-section represents movement along a circle, the
radius of which is equal to:
Y=YcT+YouH. (1)
The output static deflection of the shaft in this
scheme (Fig. 1 g, b) has the form:

rereo = om[(5) - (£) |

Thus, the rotating shaft will be acted upon by
a disturbing (centrifugal) force determined from the
expression

(2)

(3)

143 .
P(x,t) = 7 w?Yer( Sinw t
Where vy is the specific weight of the shaft ma-

terial, H/ms; F — cross-sectional area of the shaft, my;
g - acceleration of gravity, m/s,; L — shaft length, m;
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08 - angle of misalignment of the axis of the toothed

semi-couplingwithrespecttotheaxisofthebearing,rad.
The equation of forced bending vibrations of a

beam of constant cross-section will have the form:

64Y(x,t) yFaz Y(x,t) _ 4
ax* otz b *)

EJ

where Eisthe modulus of elasticity of the shaft material,
Pa;Jis the moment of inertia of the shaft section,kg.m»

Since the minimum critical revolutions for a
number of analyzed structures are significantly higher
than the operating revolutions, to solve this problem
it is sufficient to consider only the steady forced oscil-
lations of the shaft with the frequency o. Then we look
for the solution of equation (4) in the form

Y(x, )=Y(X)sinot, (5)

where Y(x) is the shape of the dynamic deflection of
the rotating shaft.

Entering the dimensionless coordinate &=X/L
and substituting expressions (3) and (5) into equation
(4), we get the equation for the shape of the dynamic
deflection of a rotating shaft:

vV QAY(£) = a4OBL(E3 — £2) (6)

where
yF _L*
a4 = —w?— 7
We solve equation (6):
YoV otY e (8)

where Y(£) is the solution of equation (6) without the
right-hand side; Y () is a private solution, which is de-
termined by the form of the right-hand side by the
method of undetermined coefficients.

Equation for Y(&):

V(©)=C,V, s+ C,V.

2 Zqé)
where Vl(ug), Vz(aa Vi S V4(q§) - Krylov's functlons, which
for the calculated value of a according to (7), are se-
lected according to [2, 9].

The final solution is equal (8) to the improve-
ments (9) in the future will look:
Y™ 01V s " CoVapu* Cs Vi PGV,

4" 4(af)

+C,V, 0+ G, )

47 4(0f)

—0,L(8°-8)

The constants C, C,, C; and C, are determined
from the boundary conditions according to the scheme
of laying the shaft.

According to the diagram (Fig. 1b), it is &=0,
Y=0; Y'(,=0,and at &=1, Y,=0; Y =0

Then, subjecting equation (10) to the writ-
ten boundary conditions, it is found C=C,=0; C,V, .+
+C V™05 GV v G,V =0, where
L Vaca)

(3 =-6p- —2 .
a Vi~ Va@Va

(10)

(11)
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Vs
C4 =- BB— —_—. (12)
@ Viiay= VatVacay
At the same time, the dynamic shape of the de-
flection of the rotating shaft according to expression
(10) is equal to:
v = opk [M _

@ Vi)~ Vaga)Vaa

- - a(53—52]
Vst Vo Va (13)
The total shape of the deflection of the rotating
shaft, taking into account (1), will take the form:

Va@)Va(an

Vacan Vs Vi V-
HB 3(a)"4(ag) 4(200 3(af) (14)
VE- VoV, VE- WV,

To find the force and moment in the front gear
coupling, the equations for Y"'_ - and Y , are deter-
mined when using (14):

EJ Vi)
MZ(0) = EJYy;yy = 6B — (15)
O L Vi) =~ Vo Va
E] 0(2V3(a)
Qz(0) = EJYy,y = 6B — (16)
(0) L Vszra) — Va@Va

On the other hand, M and O , can be repre-

sented as My, =K. M 0 Qs =K @ero) Dependenues for
and Q based on the form of static deflection (2)

( =c1(0)
have the form:

2E]

Mer(0) =~~~ 6B, (17)
6E]

Qer(0) =-— 6B, (18)

After considering equations (15), (16) and (17),
(18), we will obtain the final form of the formulas for
the dynamism coefficients:

al,
KM = —— @ (19)
2[Viw) = Vo@Vaw)]
a?V.
KQ = —— 3(@) . (20)
6Vt = Vo Vacw]

On the basis of the obtained dependencies (19)
and (20), an analysis was carried out for a number of
toothed connections [4, 5, 9], which showed that the
values of the dynamics coefficients do not exceed
1.05-1.15, and the dynamic components of the force
factors can reach 30-50% of the values of the static
components of the shaft rotating at high revolutions.

CONCLUSIONS
1. The analysis of the obtained solutions for toothed
joints showed that the values of the dynamic coef-
ficients do not exceed 1.05-1.15, thus, it was estab-
lished that the dynamic components of the force fac-
tors are approximately an order of magnitude lower
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than the static loads. 2. It was established that the surfaces, manufacturing errors and other reasons.
dynamic components of power factors can reach 30- 3.When designing toothed connections of rapidly ro-
50% of the values of the static components of a ro-  tating shafts, it is necessary to preliminarily assess
tating shaft with high revolutions due to an unfavor-  the influence of dynamic coefficients on the force fac-
able combination of dimensions, wear of contacting tors acting in them.
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BnnmB nepeKocy i NporuHy o6epToBoro Basna Ha cunosi paKTopwu,
LLIO BUHUKAIOTb Yy 3y64YacTUxX 3'eaHaHHAX
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AHoTauif. BaxnMBMMKU Ta NPIOPUTETHUMM 3aBAAHHAMU N9 rany3i NPOMMCNOBOCTI YKpaiHWM € 3MEHLLEHHS BUTpaT
Ha CTBOPEHHS KiHLEBOro MpOLYKTY, 3MEHLIEeHHS cobiBapTOCTi 06CNyroByBaHHA NoOYyAOBM MalUMH Ta MEXaHi3MiB,
pecTaBpaLii 3acTapinoi BUpobHMYOoi 6a3u Ta 3a1y4eHHS HOBMX TEXHOMOTIN, MEXAHI3MIB Ta yCTaTKyBaHHS. CaMe ToMmy,
NiABULLEHHS NPALEe3aaTHOCTI, HAAIMHOCTI | TepMiHY CNY>XOM MALUMHHMX arperartis, SKi 3aCTOCOBYHOTbCS B YMOBAX
nepekociB ocel 3'eAHyBaNbHUX BaniB, WO 0O0YMOB/EHI NPOrMHOM 06epTOBOro Bana y MexaHi3Max, gKi 3'€egHaHi Mix
cob010 NPOMIXKHMM BaNOM 33 AOMNOMOrOK KOMMEHCYBaslbHUX MPUCTPOIB, Ta NpMU3HaYeHi Ang nepenadvi e@ekTMBHOI
MOTYXXHOCTI Bif, ABUIYHA A0 CMOXMBAYa, i, K MPABWUNO, € HANOINbLL BAaXIMBOK YACTUHOW OYAb-KOI eHepreTMYHoi
chepu. BopHouac, aieBicTb MalIMHHUX MeXaHI3MiB He3nocepeaHbo 3aneXuTb Bif NPOAYKTUBHOI po60oTH 3yByacTnx
MeXaHi3MiB, Ki BXOAATb [0 iX CKNafy, a caMe MexaHiYHUX nepegay Ta 3ybyactmux Mydr, ski 3HaMWAM CBOE LUMPOKE
BiLOOpaxXeHHs MalKe Yy BCiX rany3sx NpOMUCIOBOCTI. TaKMM YMHOM, METO POBOTHM € OLiHKA BNJIMBY MPOTUHY Bany, WO
06epTaETbCs, Ha CUNOBI BaKTOPK, SIKi BUHUKAKOTb NPU NepeKkoci ocei B 3yb64acTUX 3'€fHaHHAX MALUMHHUX arperarTis.
HocnigpxeHo BNAMB Nepekocy i NpOrnHy Basny, Lo 06epTaeTbCs 3 BEMKOK YaCTOTOH, Ha CUOBI aKTOpU ANs AesKUX
3ybyacTux 3€OHaHb. 3'9COBAHO, WO 3HaYeHHS KoedilieHTIB AMHAMIYHOCTI Npu LbOMyY He nepesuwyoTb 1,05-1,15, a
AVHAMIYHI CKNadoBi UMX cMnoBmx GakTopiB MoxXyTb focsarati 30-50% Big BEAUMUMH PiBHS X CTaTUYHUX CKIAA0BUX

KniouoBi cnoBa: 06epToBuMiA Ban, NPOruH, 3ybyacta MydTa, TpaHCMiciq, nepekic ocei, cCnnosi GakTopwm
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