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COMPUTATIONAL AND EXPERIMENTAL METHOD FOR ESTIMATIN
GEARS BASED ON VIBRATION MONITORING DATA

G THE RESIDUAL LIFE OF

A computational and experimental method for estimgathe residual life of gears in the inter-regaériod is proposed. The method is based on the
main provisions of the theory of vibration-pulsaegtiostics of spur gears, developed at the OIMef\tational Academy of Sciences of Belarus. The
main performance criteria are the contact and Imgndndurance of the teeth. Accounting for changetbe value of the coefficient of internal dy-
namic load in the gearing during the operationesrg is carried out on the basis of vibration aislgiuring their vibration monitoring. The proposed
method makes it possible to estimate the residieabl the gear mechanism at any stage of operapimviding the opportunity to organize the transi-
tion from planned preventive maintenance of machinemaintenance according to the actual condidmnexample of estimating the residual life of
a gear pair that limits the reliability of a twowglanetary gear motor-wheel of a heavy-duty durapkt is given.
Keywords: gear transmission; vibration monitoring; residufgl, linter-repair period; internal dynamic loadéngagement
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PO3PAXYHKOBO-EKCIIEPUMEHTAJIbHUI METO/I OLIHKH 3AJIMIIIKOBOI'O PECYPCY
3YBYACTUX ITEPEJIAY 3A JAHUMH BIBPOMOHITOPHUHI'Y

3anpoNoOHOBAHO PO3PaXyHKOBO-CKCIIEPHMEHTAIbHUIH METOJ| OL[IHKHM 3aJIMIIKOBOTO PEcypcy 3yO4acTHX Inepefad y MDKPEMOHTHHMid mepiog. Merox
0a3yeTbCsl Ha OCHOBHHX MOJIOKEHHSX TeOpii BIOpaIiiiHO-IMITyIbCHOTO JiarHOCTYBaHHs NPSIMO3YyOHX 3yO4acTux mepenad, pospodnenoi 8 OIM HAH
binopyci. OCHOBHEMH KPHTEPISIMHU MpaIe3faTHOCTI MPUHMAIOThCS KOHTAKTHA 1 3THHHA BUTPHUBAJICTG 3y0iB. YpaxyBaHHS 3MiHM BEIUUHHH KoedirieH-
Ta BHYTPILIHBOTO IMHAMIYHOTO HABAaHTAXKECHHS B 3a4CIUICHHI y MPOIIeCi eKcIuTyaTawil nepenad 3aiHCHIOEThCSI Ha OCHOBI aHasi3y BiOpaliil npu ix Bi0-
POMOHITOPHHTY. 3alPONOHOBaHHIT METO O3BOJISE OLIHNUTH 3AJIMIIKOBHIi pecypc 3y04acToro MexaHi3My Ha Oyab-sKiil cTajii ekcrutyaranii, 3abe3me-
4yIUH MOXIIHBICTh OpraHi3yBaTH HEPEXiA BiJ IITAHOBO-MONEPEKYBAIBHOTO OOCIYrOBYBAaHHS MAIIMH A0 0OCIYroBYBaHHS 3a (haKTHYHHM CTaHOM.
HaBeneHo mpuknaj OLIHKH 3aJIHIIKOBOTO pecypcy 3y04acToi mapH, IO JIMITye HamifiHiCTh JBOpPAIHOTO IUIAHETApPHOTO PEAYKTOpa MOTOp-Kolieca
BEIIMKOBAHTA)KHOIO CAMOCKH/IA.

Knrouoei cnoga: 3youacra nepenada; BiOpOMOHITOPUHT; 3aJIHIIKOBUH pecypc; MiXXPEMOHTHUH Mepiof; BHYTpIIIHE AUHAMIYHE HABAHTAXKCHHS B
3a4eIlICHH]

H.H . UIIIHH, C. A. TABPUJIOB, A. M. TOMAH, A. C. CKOPOXO/]OB, 10. A. JTAKAJIO

PACUYETHO-3KCHEPUMEHTAJIbHBIA METO/] OLIEHKA OCTATOYHOI'O PECYPCA
3YBYATBIX HEPEJAY ITO JAHHBIM BUBPOMOHUTOPHUHT A

IpennoxeH pacuyeTHO-IKCHEPHMEHTAIBHBIH METOJ] OLIEHKH OCTaTOYHOrO pecypca 3yOuarhiX nepeiad B MEXPEMOHTHBIH nepuon. Merox 6asupyercs
Ha OCHOBHBIX IMOJIOKEHUSIX TEOPUH BUOPAIMOHHO-MMITYJIbCHOTO JJUarHOCTHPOBAHMS MPAMO3YyObIX 3yOuaThIX mepenad, paspaborannoit 8 OMM HAH
benapycn. OCHOBHBIMH KPUTEPUSIMU PabOTOCIIOCOOHOCTH MPUHUMAOTCSI KOHTAKTHAS X M3THOHAs! BEIHOCIMBOCTD 3yObeB. YUeT N3MCHEHHS BEINYHHbI
ko3(punneHTa BHYTPEHHEH NMHAMUYECKOH HAarpy3KH B 3alleIUVICHHH B TPOLECCe SKCIUTyaTalliy Mepeaay MPOBOANTCS Ha OCHOBE aHAllM3a BUOpAIHii
npu uX BUOpoMoHuTOpHHTE. [IpeanoxeHHbIH METO | MO3BOJIAET OLEHNTh OCTATOUHBIN pecypc 3y0uaToro MexaHH3Ma Ha JIF000H CTauH SKCILTYaTaluH,
obecrednBasi BO3MOXHOCTh OPraHH30BaTh MEPEXO]] OT IUIAHOBO-TIPEAYIPEANTEIEHOrO0 O0CIYKMBAHHS MAIIMH K OOCITy)KHBAHHUIO 10 (paKTHIECKOMY
coctosHMIO. [IprBeJieH MpUMep OLIEHKH OCTaTOYHOTO pecypca 3yOuaToi maphl, IMMHTHPYIOIIEH HaJICKHOCTD JBYXPAIHOTO INIAHETAPHOTO PeyKTopa
MOTOp-KoJIeca OONbIIErpy3HOro CaMOCBaIa.

Knrwouegvie cnosa: 3y64atas nepenada; BAOPOMOHHTOPHHT; OCTATOYHBIH PECYpC; MEKXPEMOHTHBII EPHO; BHYTPEHHSIST JUHAMUYCCKast Harpy3-
Ka B 3allCTUICHHH.

Introduction. Relevance of research.Currently
used methods that allow calculating the residdaldf a
gearing taking into account the internal dynaroadl in
the gearing [1] do not take into account its changar-
ing operation, which leads to an overestimatioitsofe-

Modern experience in diagnosing the condition of
gears shows that of the existing methods of non-
selective assessment of their residual life (ptedjcthe
resource by the mass of wear particles in oil, lufssf-
ficiency, changes in the operating temperature hef t

source. In addition, the use of the calculated dépe
ences used in the design of gears by introducimgeco
tion factors when assessing the residual life @frgeén
operation is only a partial solution to this prablesince
it does not take into account a large variety aftdes
that affect the bending and contact endurance ef th
teeth, and does not take into account the chantieese
factors over time [2]. On the other hand, mainteean
based on the actual condition requires both thdadoia
ity of accurate values of changes in the indicatdrthis
state during the operation of gears [3, 4], andhou
for determining the residual life of gear pairs drh®n
these indicators.

most loaded components, backlash, etc.), the most-p
ising are methods for controlling the charactersstof
drive mechanisms by monitoring vibration parameters
[5, 6].

Of particular importance are the issues of resource
forecasting in the operation of unique and expensiv
technically complex products, the failure of which
associated with significant economic losses, act&le
and other technogenic consequences (heavy dunigstruc
and other mining equipment, equipment of a contiisuo
technological cycle, railway transport, etc.).
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Problem statement.lIt is possible to estimate the
residual service life of spur gears and bearingsuof
new gearboxes during operation by applying the oukth
of vibration-pulse diagnostics developed and tesied
the OIM of the National Academy of Sciences of Bela
rus [7]. However, during repairs, as a rule, orthe t
faulty parts are replaced with new ones, whiledtieer
part remains functioning with a partially exhausted
source, while the vibration characteristics of gearbox
may also change. Therefore, in the operationalntiag
tics of the drive, there is a problem of post-repss-
sessment of the impact of new elements on the resou
indicators of each of the gears and the gearboam as
whole, and only an individual method of assesshg t
condition of each of the gears will increase tHabdity
of the transmission on the basis of timely prewenti
measures. At the same time, the ratio betweendbtie- a
mulated wear since the beginning of operation dmed t
permissible wear according to the technical cooddi
allows you to predict the remaining re-source amel t
possible moment of failure of the parts.

For technical systems with long service lives, the
assessment of the residual life of the system hacdes-
tablishment of its uptime on this basis provides plos-
sibility of developing the most effective regulatsofor
the maintenance and repair of gearboxes basedeon th
results of vibration monitoring and monitoring dietr
technical condition. This will minimize the risk$ acci-

count the internal dynamic load in the gear engaggm
There is a linear relationship between the valu¢hef
internal dynamic load and the values of vibrationed
erations (in mA. Consequently, with the growth of
vibration accelerations, the coefficient of dynamik,,
increases proportionally [7].

When calculating the residual life of gear, it & a
sumed that the main criteria for their working agpa
are the contact and bending strength of the teeth.
GOST 21354-87 [1] provides dependencies that allow
calculating the residual life of the gear trairkitg into
account the change in the internal dynamic loath&
gearing during operation. At the same time, it $thou
also be taken into account that if the same wesis+e
tance of the gear materials is laid down in the ufect
ture of the gear transmission, the wear rate ofgear
teeth and the wheel is not equal, since the gearsamut
faster than the wheel in a proportion equal to dbar
ratio [10].

In the proposed method, at the initial stage of op-
eration, the value of the dynamic coefficiéfi, of the
gear train is determined by calculation or experitaky
at the run-in stage [7]. When using the calculatiweth-
od, the maximum probability differend between the
largest normalbase pitch of one gear wheel and the
smallest of the other is calculated by means otdler-
ance tables for the gear drive.

Further calculation of the contact and bending

dents, optimize maintenance schedules, increase thestresses of the gear train during operation in®|weri-

time between repairs, and ensure safety management.
addition, with an individual approach to predictitige
failure time of transmission gears, the necesspayes
parts can be pre-pared in a timely manner, whidh wi
also help to reduce the downtime of equipment jraire

The use of such methods will allow you to switch to
modern progressive methods of maintenance and in-
crease the coefficient of technical readiness effet.

Earlier, the authors obtained analytical depend-
ences that establish the relationship between ithve-v
tion parameters on the bearing unit of the gearhaec
nism and the load in the gear gearing [7], whidbvalus
to estimate the level of loading and contact stess
the gearing based on the results of measuring ggnim
tude of the vibration pulses [8]. On this basisnethod
for predicting the exhausting of the transmissien r
source in operation has been developed [9]. However
during the repair of the gear mechanism with the re
placement of worn or damaged gears with new ohes, t
working conditions and the redistribution of loaols-
tween the parts of the mechanism may change. This
raises the question of how to assess the impaeipaiirs
on the resource of the remaining elements, how will
change the resource of the gearbox as a whole awd h
to determine it.

A computational and experimental method for
estimating the residual life of a gear train in thein-
ter-repair period.Basic provisions. The method of
predicting the residual life of gears is based erigalic
vibration monitoring of their technical conditiomrihg
operation. In this case, the maximum value (peékh®
vibration acceleration is determined from the tiraali-
zations of the vibration accelerations to calculdte
current value of th& coefficient, which takes into ac-

odic recalculation of the value of the internal dgmc
load coefficientKy. The process of determining this co-
efficient is based on the fact that to calculate ¢brrent
value of theK; coefficient, after eachth measurement
of the vibration accelerations of the gear, the imaxn
value (peak) of the vibration acceleration is deiaed.
Processing of the results of measuring the vibmasic-
celerations of the gear train to form a set of enpénta-
tions of the vibration accelerations of the geat ateel
shafts is based on the application of the synchrsno
averaging algorithm [7].

When the resource of one of the gear links is ex-
hausted, depending on the cost and labor capatciheo
repair work, the task of replacing the entire traission
or replacing a failed element (gear or wheel) Igesh

For example, we consider the option of replacing
one of the gears. Then the measure of the camjgac
ity of a gear wheel paired with it after repairdster-
mined by a value equal to the difference between th
values of two measures — the measure of the caaier
pacity of this wheel before the start of operatam the
measure of damage to its teeth during operation.

Based on the results of vibration acceleration
measurements during the before-repair period of the
gear transmission operation, a graph is plotteg. (B of
the dependence of the internal dynamic 16ag, on the
maximum value of the vibration acceleratiap,, The
construction of the schedule begins after the cetig
of the initial stage of operation (running-in), othg
which the vibration parameters are stabilized [11].

The graph shown in Fig. 1 is used in the future to
determine the coefficient of internal dynamic ld&din
the inter-repair period of operation. At the sarimeet
the value of the internal dynamic lo&g,y is calculated
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from the measured value of the maximum value of the of their technical condition, the methodologicalifiola-

vibration acceleratiom,,; from the graph and the cur-
rent value of th&; coefficient is calculated.

It is assumed that the coefficients of internal dy-
namic load when calculating the teeth for contad a
bending strength are equal to each other. It shbeld
noted that the calculated contact stresses alse they
same values for the pinion teeth and the gear wheel

Fuax,

H

Fmaxi

0 2

Anaxi Aax, mis

Fig. 1 — Dependences of the internal dynamic I6ag on the
maximum value of the vibration acceleratiap,

The need to start the procedure for assessingthe r
sidual life of gears (the end of the first operatinter-
val) is determined by the results of vibration ntoring

tions of which are set out in [7]. Clarification tife re-
source of gears is carried out after a steady itranof

the value of their vibration from the zone of "naim
vibrations" to the zone of "increased vibration¥The
duration of the subsequent operating intervalsei®rd
mined in such a way that at least two control mesasu
ments are carried out between the moment when the
upper threshold values of the "normal vibration'heo
are exceeded and the lower threshold values dfctiite

ical vibration" zone are reached. When determirhrey

g "
forecast values 061" 1 5. 1)predict Felated to the "sub-

sequent — (i+1)" operating time interval (formul8, 1
Table 1), extrapolation methods are used (seexam-
ple, [12, 13]).

The calculation algorithm is presented in Table 1.

In the formulas under consideration, the following
indices are used:

H —to the calculations of the teeth for contact
strength,

F —to the calculations of the teeth for bending
strength,

1 — to the pinion,

2 —to the gear wheel,

(0) — initial stage of operation,

(i) —i-th operating interval.

Table 1 — Algorithm for estimating the residua¢ldf the gear train in the inter-repair period

Ne | Parameter |

Equation

| Notes

The initial stage of operation— running-in (new gearoperating interval i=0)

The highest probability dif-
1 | ference between the gear and
wheel normal base pitch

Ao = 1, %py

fey— limit deviation of the normal base pitch
(GOST 1643-81) depending on the accuragy
grade

Internal dynamic load of the

8y — influence coefficients of gearing kind,;

8.~ deformations of a pair of teeth engaged
before impact, microns;

b,~facewidth, mm;

_ TR /aw
2 new gear train Fmaxo) = 1 £ /(A 0+ 8 JVh, m V - peripherial speed of the sun gear, m/s
ay— center distance, mm;
u = 2z/ z; — gear ratio;
7, Z — number of teeth of the pinion, whee
3 Allowable stress n_umber OFlim Reference data
(contact and bending) Syiim
Number of load cycle corre- Ne
4 | sponding to the transition NF fm Reference data
H lim

from limited life to long life

Contact stress of the teeth of

the new gear train o) = Lelu’

F u+l

b,d u

Zg — elasticity factor;

Zy, — zone factor;

Z. — contact ratio factor;
d; — the reference diameter of the pinion, mm

A measure of the carrier ca-
6 pacity for a pinion and wheel
by contact and bending

_ q
Rir12= (O pim12 )" ™ Ny pimi2

Our12 — indicators of the degree of fatigue
curve when calculating the pinion and whee
teeth for contact and bending endurance

The value of the maximum

7 vibration acceleration of the Amax (0) According to vibration monitoring data
gear train after running-in
8 Establishing a dependency Frax =F (@may Fig. 1
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End of table 1

Ne Parameter Equation Notes
After the end of thei-th (i = 1,2, ...) operating interval
Number of gear and wheel Operating time according to operating
9 lez 0
mesh contacts data
10 The value of the maximum According to vibration monitoring datd
vibration accelerations @max ) 9 9
11 | Vibration growth factor KB(i) = Amax )/amax )
The value of the internal dy- F =K. F
12| hamic load in the gearing max() — 7B ()" max(0)
13 | Internal dvnamic load factor Ko = Koo = Ko =1+ F I E F— nominal tangential load at the refef
y V(i) T HV) TRV max(0) " "t ence cylinder, N
K, —application factor;
Kegy = KaKev ) KepKeg .
14 | Load factors Ky e p — face load factor; _
Kug = KaKny i KnpKng Ky, —transverse load factor (bendin
and contact stress)
15 | Calculated contact stress S 1) =0y ) X, / KH(i)
Yes1,2 — tip factor equal accounts of the
Calculated bending stress of _ kR Ko Yoo Y pinion and wheel;
16 1 the pinion and wheel OF120) b,m Fi) YFs12% ¥ Y; — helix angle factor;
Y, — contact ratio factor
Measure of damage to the
teeth of the pinion and whee _ Onriz
17| by contact and bending Quri2) = N1z (Onr 1.9)
stresses
18 | Predicted stress values o By extrapolating function values
H,F 1,2(+1)predict amax=F(N12) Oroep12=F(Ny2)
k=i
Residual operating life of the RyFio— Z Qrs 20)
19 | gear and wheel according to _ T a
contact and bending stresses * HFL2cr(i) g
H,F1,2({+1)predict
20 | Establishing a dependency Frax =T (Qmax Fig. 1
. . If there is no need for repair, then the
Checking the exhaustion of algorithm is performed with item 9.
the gear and wheel resource In the case of replacing a gear pair —
21 | by contact and bending Nur12r < O with item 1 P gag P
stresses, making a decision on :
repair In the case of replacing one of the ge
— with item 6 ** T
Notes:

* In some cases, it is more convenient to convetremaining resource into hours or kilometers ibdage.

** |f one of the gears is replaced:

k=i
1) for the remaining ge&y r1, = (T fime2 )™ ™ Ny pimez =2 Qi F17i)
k=1

2) the new value of the internal dynamic Id&ag,ois based on the measured vadiyg; from Fig. 1

Application example. Let us consider the calcula-

tion of the residual life of the gear pair (the syear — 3.
planet gear of the planetary gearbox second stade¢h

limits the reliability of the two-row planetary gb@x of

the motor-wheel of the BELAZ heavy-duty dump truck. 4.

1. Number of teeth:
sun geag; = 22,
planet gean = 29;
ring gear; = 83;

2. Normal module:

B=0;

m=10 mm;

Face width:

planet geds,, = 143 mm,
sun geab,; = 164 mm;
Helix angle:

5. The gearing accuracy grade:
(according to GOST 1643) — 8;

6. Number of planet geans;, = 3;

7. Peripherial speed of the sun gear:
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Vi =1.21 m/s; Based on the results of vibration acceleration meas
8. Center distance: urements during operation, a graph was plotted. (Bi@f
aw=266.99 mm; the dependendéax =f (may)-
9. Peripherial torque on the sun gear: Table 2 shows the results of calculating the amount
T,=12625 N m; of resource consumption for eaieth operating interval of
10. Peripherial force on the reference diametéhef the dump truck.
sun gear: As can be seen from the table, at the third inferva
Fi 2 = 114750 N; the dump truck run is equal to 226058-207123=18885
11. Steel grade: Thus, almost at the end of the third interval, thgource
20X2H4A, of the transmission sun gear is exhausted for coitad-
12. Hardening treatment method: ing. In this regard, it is recommended to stopdperation
cementation; of the dump truck and determine the rejection ctowli
13. Tooth surface hardness: by wear and pitting of the working surfaces of teeth of
sun gear and planet gear — 627 HB (62 HRC); the gears, identify the presence of chipped teati, if
14. Dump Truck wheel radius: necessary, decide to replace the sun gear.
re=2143 m. The total residual run of the planet gear underdben

Vibration acceleration measurements were carrigdg stresses by the end of the third interval ipregi-
out at the speed of the dump truck movement ahately 76,000 — 18935 57,000 km. With a monthly run
205 km/h, corresponding to the movement of theléoh of the dump truck ot 6000 km, this resource will be se-
car on the rise, since the accumulation of damage (lected in about 9.5 months, and therefore the ceptent
source exhausting) occurs in this mode. The distahat of planet gears for technical indications is ndévant for
the dump truck worked in the lifting mode, for theam- this repair.
ple under consideration, is about 40% of the totsrat-
ing time.

Table 2 — Residual gear life for eaeth operating interval of the dump truck

Operating time interval

Parameter Designation
1 2 3
Total operating time (mileage) of the dump S 0-194810 194810-207123 207123-226058
truck, km
'I_'he value of the maximum vibration accelera- P 1,16 275 233
tions, m/é
Vibration growth factor Kg 1 2,37 20
Internal dynamic load factor Kuvi 1,030 1,071 1, 608
Contact load factor Kui 1,653 1,719 2,581
Bending load factor KFi 1,638 1,703 2,557

Residual life, km of mileage

By contact stress for the sun gear - 81250 21000
By contact stress for the planet gear Sn - 820000 248000
By bending stress for the sun gear - 561250 48000
By bending stress for the planet gear - 792500 76000

Conclusion. A computational and experimental and repair of gear systems of expensive, techgicalin-
method for estimating the residual life of gearvesi in  plex products with a long service life (for example
the inter-repair period is proposed, the esseneehath is BELAZ quarry equipment) and to organize the creatib
to determine the value of the coefficient of thenaypic information and control complexes of the "intelige
component of the load in the engagement of each geguarry" type, which ensure the transition from anpled
according to the results of vibration monitoringlidwed warning system of equipment maintenance to mainiema
by recalculation of the residual life and identifion of according to its actual condition, while increasthg effi-
the gear drive, which limits the drive life as aolh The ciency of machine operation and significantly redgahe
method allows you to evaluate the technical coodiand cost of their maintenance and repair.
the residual life of gears at any stage of openatibthe

drive, including after repairs with the replacemehine References
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