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Experimental research on the influence of the production quality
of tooth operation surfaces of cylindrical gearwheels and torque
on a gear oscillation amplitude
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Abstract. For carrying out experimental research a proving
stand with closed power flow was designed. For the determina-
tion of oscillation process parameters (amplitude and fre-
quency) the devices with input signals from strain sensors were
used. Planning the experimental research and mathematical
treatment of the results obtained was performed with the use of
a full factoria experiment. The results of the experiment a-
lowed for obtaining a nonlinear mathematical model for de-
termining the oscillation amplitude and the amplitude-
frequency characteristic of gear box oscillations (first har-
monic). It then is used for determining the harmonic of the
oscillating process caused by the inaccuracy of atooth operat-
ing profile, which influences the smoothness of gear operation.
The dependences taking into account interna and external
dynamic loads from oscillating processes during the calcula-
tions of teeth gear hardness were obtai ned.

Key words: proving stand, oscillating processes, measuring
equipment, full factoria experiment, amplitude-frequency
characteristic.

SETTING THE TASK

During the operation process of the tooth gear, dy-
namic phenomena appear in its mechanical system, that
considerably influence the operational characteristics of
driving and other constituent elements of a tooth gear
transferring relevant torque. Appearing at the process of
rotary axis motion, dynamic phenomena cause oscillat-
ing processes in a mechanical system. These processes
influence the operational characteristics of the structure.
The main factor causing oscillationsin the tooth gearsis

the inaccuracy of production of tooth gears, shafts, bear-
ings, boxes, assembly imprecision etc.

The force oscillating frequency in the process of
transferring tooth gear torque at some operation speed
can coincide with the natural frequency of a whole sys-
tem. In this case resonant phenomena emerge that quite
often lead to the failure of mechanical system units. But
in scientific and technical literature the sufficient analy-
sis of these phenomena hasn't been provided, particu-
larly concerning their effect on the smoothness of tooth
gear operation. Therefore, there occurs a need to carry
out experimental research on these phenomena usng a
proving stand and to reveal the amplitude-frequency
characteristic of the oscillating the tooth gear grestly
depending on the inaccuracy of the tooth operating pro-
file of tooth gearwheds. In addition, while solving this
problem, it is necessary to compare the results obtained
in practice with the results of theoretical research and to
choose optimal parameters for using them in the compu-
tations of contact fatigue of tooth gears (namely, of
tooth active faces and their bending fatigue).

ANALY SIS OF RECENT
ACHIEVEMENTSAND PUBLICATIONS

The examples of thefirst research in the field of dy-
namics of reductor tooth gears were shown in the works
of such scientids, as A.l. Petrusevych [1, 2] and such
foreign authors, as Niman H. and Rettig H. [3].
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Existing techniques of investigating the dynamical
processes of reductor tooth gears in most cases concern
involute gear systems. In [4] the tooth gear oscillations
are considered, including high-speed gear pairs, paralle
shaft gear units, planetary gearboxes. For each of these
groups, dynamical mathematical models in the form of
differential equations are given, with ingructions on
how to investigate them with the help of a computer and
with examples of calculating tooth gear external and
internal oscillation frequencies. The parameters of the
dynamic models and damping forces are shown. In addi-
tion, the methods of reducing tooth gear vibration activ-
ity at the expense of lowering excitation forces, vibra-
tion isolation and avoiding resonant modes are consid-
ered. Thetheoretical part of thiswork iswell elaborated,
but such issues of engineering methodology, as deter-
mining the influence of dynamical processes on the
change of forces and torques, are not considered here.

In [5-8] research on tooth kinematics and dynamics
is considered, showing the beat pattern of wheel advance
angle in the case of shaft misalignment or shaft oblig-
uity. The analysis of drive operation enabled to draw a
conclusion that when the advance angle is positive, it
causes radial runout, and when the advance angle is
negative, it causes axial runout. A.l. Petrusevych sug-
gested a technique for determining an impact force for
the involute gears. The development of tooth gears con-
sidering the influence of dynamical forces, including
impact ones, is a quite difficult task, because the values
and patterns of the change of the dynamic load are influ-
enced by numerous factors. So, the investigation of os-
cillating processes in the teeth gears of reductors is the
important task of the machine-building industry.

The aim of the work is to develop the method of the
determining the amplitude-frequency characteristic of
tooth gearwheedl oscillations, conditioned by the inaccu-
racy of tooth operating profile, its surface roughness and
the torque value on the basis of the result of the research
done. Another method is to be determined for taking
into consideration the dynamical phenomena of the os-
cillating process during the calculation of the contact
fatigue of tooth gears (namely, of tooth active faces) and
their bending fatigue.

SOLVING THE SET TASK

For investigating the oscillating processes the prov-
ing stand with closed power flow was designed and con-
gtructed [6]. The kinematic diagram of the stand is
shown in the Fig.1, and its general view is shown in
Fig.2.

The main units of this stand (Fig.1) are reductors 1
and 2, which contain testing tooth gearwhedls z; and z,
which form a testing reductor, and gearwheels z; and z,
form a closing reductor. Tooth gearwheels z and z are
connected together by a shaft 6 with the help of rigid
flange couplings 5, and gearwhedls z, and z, are con-
nected together by the shaft 7 with cardan joints. The

reductors are operated by a drive from an e ectric motor
D with the help of a pin flexible coupling.

Thereductor 1 isfixed on a mattress, and the reduc-
tor 2 is mounted on the bearings and two supports 8.
Supports 8 are also fixed on the mattress. Loading gear-
whedsisrealized by the principle of closed power flow
when the redactor 2 is loaded by the moment M=FL
(L = 650 mm), which is created by a lever 4 with a
weight 3.

Direction of power
stream between
reducing gears 1and 2

Fig. 1. Kinematic diagram of the testing stand with closed
power flow

Fig. 2. Testing stand

Tooth gearwheels are loaded by the moment M=FL,
namely:
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where: h,,,h,, — are efficiency factors between the

tooth gearwhedls of relevant gears; s is the efficiency
factor of the rigid flange couplings 5; #; — is the effi-
ciency factor of the cardan drive 7.

Rotary motion of the tooth gearwheelsisrealized by
the asynchronous generator A32-4 (D) with nomina
power P, =1 kW and rotational speed n, = 1410 min™.
Its power is used only for overcoming frictional forces at
toothing and in couplings.

While devel oping the research techniques for carry-
ing out the research on the testing stand, the main atten-
tion was paid on following questions.

Firgly it is necessary to determine the influence of
the ridge tip height A on the tooth operating surface of
the driving whed z (profile error), conditioned by the
gear milling technology with the use of hob cutters with
a certain tooth number z, according to its additional
angular motion, by a value 4¢ = f(A) in the range
0,00005...0,0004 rad.

Such angular error corresponds to the error of the
tooth profile f; of the whed in accordance with the sate
standard GOST 1643-81 from 21,7% to 86,9% of the tol-
erance band, that is, from wheel accuracy level 6 to 8 at
different meanings of the torques 7; and 7», which are
determined by the moment M = FL. In addition, the sur-
face roughness of the tooth operating profile R, aso influ-
ences the oscillation processesin the tooth gearwhed .

For determining T3 on the shaft 6 (Fig.1) four ten-
sion sensors were glued on between tooth gearwhedls z;
and z of the right and left redactor. They were stuck at
the angle of 45°. Two of them (R, and Rs) were directed
right-hand, and another pair (R, and Ry) — left-hand, all
being connected into a haf-bridge circuit. The half-
bridge circuit, then, was connected to a strain gauge in-
stallation “VT-4" with the help of a current-collector.
The signal from the strain gauge ingtallation was input to
microammeters, used for fine balancing of the bridge
circuit together with the strain gauge installation. The
microammeters were connected directly to the analog-
to-digital converter USB300.

For obtaining, processing and goring the results of
measurementsin a PC, software «PowerGraph» was used.

For determining a value T the calibration of values
T; was made by the deflection of a cursor, caused by the
loading force F, that is, by the moment M. Loading was
performed using mass 3, fixed on the lever 4 (Fig.1).
Then a force F = mg, N (where mis the loading mass,
kg; g is free fall acceleration, m/s?). For creating the
loading moment M = 150 Nm, the mass m = 23,5 kg
(M = FL = 23,5:9,81-0,65 = 150 Nm) was used. At this
load the cursor deflected by 40 mm.

For determining the parameters of the oscillating
process (amplitude and frequency), the beam of uniform
strength was used, with tension sensors being glued on
the beam and connected into a bridge circuit. A signa
from the bridge circuit was input to an amplifier and
then to a recorder, to the ADC USB300 and the
computer. A computer active window is shown in Fig.3.

The beam of uniform strength is fixed on the sup-
port, which is connected with the mattress. For deter-
mining the parameters of the oscillating process (the
amplitude-frequency characteristic) the beam of uniform
strength, fixed on the support, was connected to a gear
box mounted rigidly on the mattress.

The full factorial experiment (FFE) was used for
planning the experimental research and mathematical
processing of the results obtained [11-13]. The task is
set to determine the influence of the error of the tooth
operating profile Ag, the roughness of the tooth operat-
ing surface R, and torque 73, which is spent for over-
coming the useful load, on the oscillation amplitude
value a. The tests were performed with the use of spurs
b = 0°, produced of steel 40X and a module m, = 4 mm
with a number of teeth zz = 2 =301 % = zz = 30
(a; = 20°) and a gear face b = 20 mm. Tooth gearwhed's
after therma treatment (improvement) had hardness
values as follows: for a driving whed HB; = 245...280;
for a driven one HB, = 215...235. The gearwhed teeth
were toothed using hobbing cutters m, = 4 mm made of
quick-cutting stee P6M5 with a grade of accuracy AA
and anumber of teeth z, = 6...10.

The axle spacing of the reductors of the testing
stand is a,, = 120 mm, and gear ratio u = 1. During the
period of investigations the lubrication of the reductor
tooth gearwhedls on the testing stand was done using a
lubricant CT — 20, being considered the most effective
one[14, 15].

The relationship between the amplitude a and the
factors influencing its value can be shown in such a
way:

a=CDh "R'T,", @)
where: C, —isaproportionality constant; n, m, p are
unknown power exponents.

The dependence (1) is non-linear according to the
factors included. For passing to a linear dependence the
logarithm of it should be found, and it gets aform:

Ina=InC, +nInDf +mInR, + pInT,.

Let usintroduce a following notation:

Ina= ¥;InCa=bo; n=Dby; Ap = %;m= by R = %;
pP=bg Ti=X%.

Then we obtain:

Yy=b,+hInk +b,In¥k +b,Ink. 2

The equation (2) is a postulated empirical model of
the amplitude dependence on factors influencing its
value. For determining the proportionality constant and
power exponents let us use the FFE of a 2° type.

The levels of the change of the factors influencing
the value of the oscillation amplitude are given in the
Table 1.

For the reproducibility of measurements, let us set
the number of repeated tests r = 2. The conditions of the
experimental research and the results obtained are given
inthe Table 2.
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Fig. 3. Computer active window of the calibration process

Table 1. Factor changing levels

Ag, rad Ra, M T1, N>m
Factor levels %1 In%l %2 In%2 %3 In%3
Upper level (+) 0,0004 -7,82 32 1,16 150 5,01
Zero (0) 0,000225 - 19 - 100 -
Lower leve (-) 0,00005 -9,9 0,63 -0,46 50 391
Table 2. Conditions and results of the tests
X X X3 First test Second test Average
Test value Ina
Kox Ag, rad Kox Ra, pm | Kon Ty, N>m a, , um a,,um 3. um
1 + 0,0004 32 + 150 10 9 9,5 2,25
2 - 0,00005 32 + 150 8 9 85 2,14
3 + 0,0004 - 0,63 + 150 9 8 85 2,14
4 - 0,00005 - 0,63 + 150 7 8 75 2,01
5 + 0,0004 32 - 50 13 14 13,5 2,60
6 - 0,00005 32 - 50 12 11 11,5 2,44
7 + 0,0004 - 0,63 - 50 12 13 12,5 2,53
8 - 0,00005 - 0,63 - 50 11 10 10,5 2,35
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During the process of testing the oscillation proc-
esses of the system related to the error of the tooth oper-
ating profile Agp, the roughness of the tooth operating
surface R, and torque 77 were recorded. They were re-
corded as oscillograms, which are shown in Fig.4 and
Fig.5. The amplitude of the system oscillation a is re-
lated to the value of voltage changing in Voalts (V) and
the periodicity of the oscillation is given in micro-
seconds (Us).
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Fig. 4. Results of test 1 (Table 2)
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Fig. 5. Results of test 5 (Table 2)

After processing the results of FFE with the use of
PC, we can obtain the average value of the amplitudea
of the gear box oscillation in um (the 1% harmonic com-
ponent):

67,160 ""R**®

a= T0,31
1

: 3

where: Ap — is the error of the tooth operating profile,
rad; R, — is the roughness of the tooth operating surface,
mm; 7; —isthetorque on the driving whedl, N-m.
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Fig. 6. Dependence of the oscillation amplitude on the error
of the tooth profiles of driving and driven wheels:
1—A4¢ =0,0001 rad; 2 —4¢ = 0,0004 rad; 3 —4¢ = 0,0006 rad

For checking the correspondence of the results ob-
tained during the experimental research they were com-
pared with the results of theoretical research. The latter
were obtained by the computing the common nonlinear
differential equation system of motion with the help of
the Runge-Kutta method, the software being devel oped
in programming language Fortran-6. The results of the
theoretical investigations are shown in Fig.6.

For obtaining the amplitude-frequency characteris-
tics, which can take into account the results of the ex-
perimental research, let us follow guiddines from [16].
In this work (while considering trigonometric function-
series) it is shown that the sums of the trigonometric
functions make the possibility for simulations the great
variety of excitations and the reactions of dynamical
systems. It isdetermined, that afunction a = a(p), where
a isthe oscillation amplitude and ¢ is the rotational an-
gle of the tooth gearwheel, can be shown as.

) =G snWt, 4
with the satisfactory accuracy level, where:
ag — is an amplitude of the k-th harmonic component;
ck — is the proportionality constant; Qy = kw; w — isthe
angular velocity of the considered tooth gearwhed, s*;
t,—istimg s,

W:m,s'l,t :2_p,ra'j, tt :t_,s,
30 z w
n —is a shaft speed, min™; 7 — isthe period of changing
the amplitude; z—is anumber of gearwhed teeth; t, —is
the duration of one period.

For the analysis of the results of theoretical and ex-
perimental research the harmonics of the frequencies
were considered. They are allocated as follows:

—thefirst harmonic isrelated to the gear box,

— the second harmonic refers to a bearing bushing,
fixed to the gear box together with an externa racer,
pressed in the bushing,

— the third harmonic is related to the rolling ele-
ments of the bearing,

— the forth harmonic concerns an inner racer of the
bearing,

—thefifth harmonic isrelated to the shaft, on which
the tooth gearwhed isfixed,

— the sixth harmonic concerns the tooth gearwhed,
whose amplitude-frequency characteristic is being de-
termined,

— the seventh harmonic is related to the tooth oper-
ating profile of the gearwhes!.

In our case it is necessary to consider the first, the
sixth and the seventh harmonic. The first harmonic is
anayzed with the use of dependences (3) and (4) at the
nominal value 71 = 150 N-m of the testing sand torque
and the roughness of the tooth operating surfaces of the
tooth gearwheds R, = 0,63 um (according to the re-
quirements of the working drawings considering the
tooth gearwhedls of the general-purpose reductors) at
two values of the tooth profile error: 1) Ap = 0,0001 rad
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(gear milling was performed by means of the hobbing
cutter z, = 10); 2) Ap = 0,0004 rad (gear milling was
performed by means of the hobbing cutter z, = 6).

For determining the amplitude-frequency character-
istic of the first harmonic on the basis of the depend-
ences (3) and (4) we obtain:

3 67,16DJ 0,07 F{S,OB

k) TO8t Sin(kWti)’
67 16Dj1 COTRO% ©
1) = : TO81 Sn(:hNti)’
1

where: @ = n,/30 = 3,14-1410/30 = 147,58 s*; t — is
time, s; let us consider this time as the period from
t =0till § =t = o = 2n/(zw) = 2-3,14/(30-147,58) =
=0,0014s.

In Fig.7 the amplitude-frequency characteristic of
the first harmonic is given at the relevant values of the
error of the tooth gearwhed profile.
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Fig. 7. Amplitude-frequency characterigtic of the first har-
monic (oscillations of the gear box) at the error of the tooth
gearwhed profile: 1 — Ap = 0,0001 rad; 2 — Ap = 0,0004 rad

Using the curves (Fig. 7) and trend models, let us
present the amplitude-frequency characteristic of the
first harmonic as a 3rd degree polynomial:

Ay = ot +ot’ + Gt +¢,,
where: for Ap = 0,0001 rad: ¢; = 510%% ¢, = —10%
¢3 = 5469; ¢, =-0,5826,

for Ap = 0,0004 rad: ¢; = 610 ¢, = —10%
¢3 = 62303; ¢4 = —0,6614.

For determining the amplitude of the certain oscilla-
tion harmonic ag, depending on the duration of the oscil-
lation period on the basis of the polynomial obtained we
use the Fourier series at thetime interval [-t, , +t] [16].

Then:
&y = alf + bf ,
where: a, — is the cosne index of the k-th harmonic /
(k=1;2 3;...); by—isthesineindex of the k-th harmonic.
For the sixth harmonic (k = 6) theindexes ag and by
can be determined by the dependences [16]:

3
% =% Ol +et” +cf +c,) COS%E dt. (6
-4

3
b, :t% O(Clti3 +Czti2 +Ct, +C4)Sin%tidt . (7
%

After the integration of the dependences (6) and (7)
we obtain:
for Ap =0,0001 rad

=2t =T T =22
9p? 93,14 a
b= Gt , ot ot _
6 3
P 1° P
_. 5x10>0,0014° + 5x10' »0,0014° i
3xX3,14 18x3,14°
_ 54691>0,0014° _
38,14

=-14,56+0,25- 0,000016 =- 14,31.
In this case the oscillation amplitude in um will be:
B =2 +bE = (- 2,207+ (- 14,31)" =14,5.

A phase angle ¢, can be determined by the depend-
ence:

. -2,21
= arctg— = arctg—-— = arctg(0,1526) = 8°40¢,
Je 9, 945 9( )
and frequency in Hz is proportional to the rotation fre-
guency of the tooth gearwhedl and to the number of the
teeth:

22 141080 __

Accordingly, for Agp = 0,0004 rad we obtain:
de — 2,21, b6 =-17,16; ae)= 17,3 um; @ = 7020

Similar calculations are done for the seventh har-
monic, that is, for oscillations conditioned directly by
the error of the tooth operating profile. For performing
them, let us determine the periods of the oscillations,
caused directly by the ridges on the tooth operating sur-
face. Then it should be mentioned, that the number of
the ridges on the operating surface of each tooth depends
on the tooth number of the hob cutter z. In this case the
time of the period of oscillation will be:

1) for Ap = 0,0001 rad (z, = 10)

w 147,58

2) for Ap = 0,0004 rad (7, = 6): = = 0,035 rad;
t,=0,00024 s.

For the seventh harmonic (k = 7) the indexes a7 and
b, can be determined by the dependences:

_1Y g S

a, _tr_ O(C.lti +C2ti +C3ti +CA)COStI—tidt '
-t

&

1x t>+ct? + t.+c)sin7—pt.dt.

tt C.ll 2% C3| 4 tt |
-4
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After theintegration for Ap = 0,0001 rad:

az =-0,016; b; = —1,16; a= 1,16 um; ¢, =0°47.

For Ap = 0,0004 rad: a; = —0,016; b; = —4,01;

am)= 4,01 um; @7 = 0013

Let us compare the results of the experimental re-
search with the results of the theoretical research (Fig. 6)
determining the relative error (relative to the experimen-
tal results). At the tooth profile error Ap = 0,0001 rad
the theoretical result isa, = 0,0012 mm =1,2 um, and the
experimental result is ¢ = 1,16 um. Then the relative
error is:

d =378 100 = 110- 12
a
At the tooth profile error Ap = 0,0004 rad: a, = 3,6
pm; @ = 4,01 pm:

_401-36

————100=- 3,45%.

100 =10, 2%.

Numerous calculations of the relative error have
shown, tha it doesn't exceed 11,3%. This value is ac-
ceptable, and the results obtained can be used for the
calculations of the of contact fatigue of tooth gears
(namely, of tooth active faces and their bending fatigue)
[17-19].

While doing the calculations of tooth gearwhed
strength, internal dynamic loads are taken into consid-
eration with the use of indexes Ky, (contact strength of
tooth active faces) and Kg, (tooth folding strength),
which are determined in the state standard TOCT 21354-
87 [20] depending on the degree of accuracy and the
smoothness standard of the gear operation, the hardness
of the gearwhed teeth and tooth angle velocity. In addi-
tion, during the determining the indexes Ky, Kr,, exter-
nal dynamic loads are taken into account by introducing
the index K,, whose value depends on the loading mode
of an engine.

On the basis of the results of the theoretical and ex-
perimental research the dependences have been ob-
tained, taking into consideration internal and external
dynamic loads during the calculations of the tooth gear-
whed strength.

In this case:

€77,7| cosb u
e—u
e mz

e77 71 cosb u w.
pe————— X0 ° 2 d
S mz oo ? H
where: 1 = A + f,, —the eror, condltloned by the profile
error depending on the ridge tip height A on the tooth
operating surface, and a tooth pitch error which also
causes the dynamical loads, mm.

Theridge tip heights A (mm) are determined by the
dependence:

<

KHv ::Llexp E’

%ﬂoewld

K, =14ex

prk2 prk2
2,7 z,z

where: p;, p, — ae the radii of the involute curves of
driving and driven wheels in the point under considera-
tion, mm; z, z — are tooth numbers of driving and
driven wheels correspondingly; k — is a number of hob
cutter passes; z; — is a number of the hob cutter teeth;
S —isthe gradient angle of the gearwhed teeth; m, —isa
normal module of the tooth gearwhedl, mm; w; — isthe
angular velocity of the driving tooth gearwhed with the
number of the teeth z, s*; u — is the gear ratio of the
tooth gearwhed; d, — is the reference diameter of the
driven tooth gearwhed with the number of the teeth z
(d2 = myz,/cosp), mm.

The tooth pitch error fyy is taken into consideration
during the calculations of the value 4 replacing it by the
acceptable value fy, in accordance with the necessary
accuracy level of thetooth gear and the index of operat-
ing smoothness.

CONCLUSIONS

1. The results of the research with the help of the
full factorial experiment on the testing stand enabled us
to obtain non-linear mathematical mode for determining
the oscillation amplitude depending on the operating
profile error of the gearwhed teeth, their roughness and
the torque value.

2. On the basis of the non-linear mathematica
model for determining the oscillation amplitude the am-
plitude-frequency characteristic of the gear box oscilla-
tions (the first harmonic) has been obtained.

3. With the use of the amplitude-frequency charac-
terigic of the first harmonic the harmonics of tooth gear
oscillations have been determined, including the har-
monic of the oscillations caused by the tooth gearwhee
errors, influencing on the gear operation smoothness.

4. The research results made it possible to obtain the
dependences for determining the influence of the treat-
ment of the tooth operating surfaces of the gearwheels
on the internal and external dynamic loads of the tooth
gearwheedl while calculating its fatigue strength.
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