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Abstract

Spur Gear vibration is one of the major indispetesgarameter in Maintenance division of an
operating plant. Many methods have been adoptedotdrol the vibration in gears. An approach of
understanding the influence of pressure angle im gpar vibration is required in the modern trerfi®ssure
angle influence in root stress has been analyzdigrehy some of the researchers, but may not bgliration.
Three steel spur gears having the pressure andld*40, 200 and 250 with the same face width, pifotie
diameter and number of teeth are selected forahéysis. The gears are loaded with a torque d&,612.5,
18.75, 25, 38 and 50Nm respectively. Loads arengae a transmitted and radial force on the geahto®d
frequency response analysis has been done on tive giear using FEA Software. The result shows dgkar
having 200 pressure angle is more effective inrodiittg the vibration than the other two pressunglas. Also
gear having 250 is also being effective in coninglithe vibration than the gear having 14%0. Frdwis t
interpretation, it is concluded that even a smadinofacturing error which leads to pressure angléatian
influences more in gear vibration.

Keywords: Spur Gear, Pressure Angle Influence, Vibratioralfsis, Frequency Response, Finite Element
Method.

1 Introduction

Rotating Elements in Machineries leads to moreatibns. Even very small error in system could
leads to poor quality performance. Among thosetir@eelements, gears are prone to more vibration
since the meshing frequency of the gear is theymtodf number of teeth with that of the speed. In
gears, spur gears are being used for transmittiorg ppower as well as with very high speed. Many
research works has been carried out in analyziegdbt stress, contact stress, vibration and condit
monitoring of a spur gear. The spur gear vibratan be controlled by active or passive way. These
types of gears will have more transverse and toasigibration due to transmitted and radial force.
Vibration which occurs in gears can be experim@gntaleasured by using an FHTSpectrum
analyzer. The level of vibration in gears is uguaieasured in the near bearings of the gear SHat.
frequency report shows the magnitude of vibratibgear at its meshing frequency and its multiples.
Also if it is more than two or three type of gears tested, then the peaks can also be considared f
the measurement of vibration level of the gearsyided the measurement set up remains same for
the all the gears. Profile modifications, toothrasyetry and error in profile [2, 3, 4, 5, 6 and1@kh
been analyzed by many researches which has canfhiance in vibration control. Contact analysis
and Non-linear dynamics [7, 8, 9 and 11] of geardits influences have also been analyzed by some
of the authors. Bearing deformation has been censitlin some analysis [01]. Various gear
parameters and its influence has also been anafgredbration. Vibration can be controlled by
source or path or at sink or in all the three mothese in this work, an approach has been done to
rectify at source by means of rectification in prgge angle. These types of approaches are similar t
that of the modifications of gear tooth profile.

Generally gears can be manufactured with differgme of pressure angles, say, £2# and
25’ in industrial applications. In this research, #imve three different pressure angles have been
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selected for analysis. Influence of pressure amgleontact and root stresses has been analyzed
earlier. This research is being carried out to wstdad the influence of pressure angle in vibration

2 Vibration in Spur Gears

Vibrations in gears can be analyzed as repeatexiffesl force acting on the gear tooth with respect
to time, which tends to vibrate the gear. The famealysis on the gear is analyzed by consideriag th
gear tooth as cantilever beam. The root of thent@motonsidered as fixed end and at the othertbed,
loads are applied in vertical (transmitted load) Aorizontal (radial load) direction as shown w2

in figure — 08. The gear tooth displacement israefiby a ternd where W is the transmitteodzg
load applied on the tooth, L is the height of tbeth, E is the Modulus of Elasticity and | is

the Area Moment of Inertia. The static deflectidrit® gear tooth is being considered for the natura

frequency and it is found to be 0.4985
f =IO

n \/3
The natural frequency of the gear can be deriveddmgidering the gear tooth model has a cantilever
beam as shown in figure — 08 and according torEBgenoulli hypothesis, the differential equation
that satisfies the above loading condition is,

d {El(x) dy
dx’ dx?

}+ E, y-q(x)=0
For 0 <x < L. the equation arises in the study of elasénding of
beams. Wherg denotes the transverse deflection of the tdoth,the length of the Gear tooth from
the centre of the gear afdl denotes the flexural densitl;is the foundation modulus amgx) is the
transverse load distributed along the tooth facs flank. The equation contains the fourth order
derivative; it has to be integrated twice by padaddistribute the derivatives equally between the
dependent variablg and the weight function. In this caser must be twice differentiable and satisfy
the homogeneous form of an Essential Boundary tiondiMultiplying the above equation lwand
integrating the first term by parts twice with resptox, the following expression can be obtained,

j(d Vg 4y, E,vy—vq)dx+ VE£E| d y)—@ErOl i e {02
oldx®  dx? dx dx* ) dx dx® |,

From the above equation, the specificatyaend | dy| constitutes the essential  boundary
conditions and dx

[EI(X)@} is the bending moment, constitutes the naturahdary condition.
dx?

........... (03)

e d*v d’y dv
El —vqldx- [
I( axax Y qu XTMX)Q, ( dx]

QX )Q - [—jvj
Xe X

Xer1

Now considering the Gear tooth, assuming the ldfeene end of the gear tooth is fixed and the right
end is free where it is subjected to transverssefand bending moment at x = L.
For the weak formulation, the functional, knowntlae total potential energy of the beam, is obtained
using

_db(dy) E, ay) ., e (04)
In tﬁgw)sﬂgmﬂ(ﬁe}n?)uﬂi )be_a%}qﬁégl(ly,)':it Ts(a)slq%m the plane cross sections perpendicular to the
axis of the beam remains plane and perpendiculah¢oaxis even after deformation. A small
discretized element of the gear tooth can be isdland the weak form of the solution can be arrived
by modifying the above equations in to the follogviiorm,
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YT(dZVEIdZ+Ervy v%ix+ dx(Eldzyj dVE dy[®
dx dx d dx) dx dx |

Wherev(x) is the weight function, which is twice differerila with respect tx. The secondary
variables

Q: {O‘L[EI nyﬂ<

Q;=-El (:;¥j< X =M0) (06)

Which are consistent with the sign conventionstlier above equations and the equation (05) can be
rewritten as

d’vd?y dv
El - - vq |dx - - - ==
i( g tew vqjx vx)Qi-(- 4t

dv

Q: - vix.)Q; - - 5

Q:=0 ... (07)

In the above equation & Q:° represents shear forces angf, @,° represents the bending moments.
The corresponding displacements and rotationsaledogeneralized displacements.

Since there are four conditions in an element (p&o node), a four parameter polynomial must be
selected, there fore

YX) S y(X) =&+ ax+ax +ax e (08)

From this equation, we derived the following hesmitterpolation functions,

aIA G A e A G R R GV

The finite element model of the Gear tooth can b&ined by substituting the above interpolation
functions in the equation (06), far andN°® for the weight functiorv in to the weak form. The finite
element model equation is

6 -3 -6 Zaﬂl %Bﬁﬂ:g%w 8] WFhex -0 =0
[c]=Ed 73 2 5t =13, -3 ——
) 6 3, 6 4 | 420 54 -13 156 24| "
BTN R 13 -3 22, 4

23

By consideringEl andq are constant over an element the element stiffmegsx [K and the force
vector {F} have the following specific forms for the elemedisplacement and force degrees of
freedom. Hence for finding out the natural frequentthe Gear tooth; can be replaced with the
term—w?pA.

6 -3, -6 -3, 156 -24, 54 13,

2Bl (-3, 27 3, I PAL[-22, 47 -13, -3

T l-6 @ 6 3, | 420 54 ~-13, 156 22, ||(w) [Q] ...ee- (10)
q o TR O T & 13 -3 23, 4 ||q| |o
1= 36 -3, -36 -3, w,[|Q

I - MR M «) @) 3  Involute

30,|-36 3, 36 3, Proflle
-3, -3 A
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Figure — 01 -

To construct an involute curve as shown in Figui@l, divide the base circle into a number of
equal parts, and construct radial lineg, @, op, etc. Draw the lines;m, P.0: perpendicular to gp
o, respectively and it has to be continued for tst of the linesLay off the distance py along the
line pay. Similarly along the line 4o, lay off double the line of py. It has to be continued for the
rest of the lines in the above same fashion. Tdidhe points in the layoff, an involute curve ¢en
constructed. When two gears are in mesh, it haslyuwolling on the pitch circle but whereas it has
sliding when it access or recess the path of canfansidering the gear 1 as a pinion or driver gea
rotates in counter clockwise and by constructirggtch circles of radii;andr, as shown in figure —
02, which are tangent at the pitch pdmtthe lineab, a common tangent, has been drawn through the
pitch point. Linecd drawn through point P at an angieto the common tangerb is called the
pressure line or the generating line or the lineaction. It represents the direction in which the
resultant force acts between the gears. The anglealled the pressure angle.

4  Contact Ratio

A number which indicates the average number
of pairs of teeth in contact is called contactaati

This ratio is also equal to the length of the path
of contact divided by the base pitch. Gears

Arc of
approach ¢,

Arc of
Tecess g,

il —~ . .
/\ P should generally be designed for a contact ratio
=5 - Mwamof more tharll.2, in order to reduce the vibration

Addendum circle S and noise o L " as well
o / Contact Ratio = —=—
Mo gs . load p.CcoSsp
/ Figure - 03 jumping phenomenon on the

successive tooth pairs. Even inaccuracies in
mounting might reduce the contact ratio, increadimg possibility of impact between the teeth.
Contact ratio can be measured by considering thgtheof line of actionlL,, instead of the arc
distanceAB. The zone of action of meshing gear teeth is shiowiigure — 03. Tooth contact begins
and ends at the intersections of the two addendrates with the pressure line. Initial contact occu
ata and final contact ab. Tooth profiles drawn through these points intets¢he pitch circle af\
andB, respectively. The distandeP is called the arc of approach, and the dista&Bés called the
arc of recess. The sum of these is the arc ofragtioNow, consider a situation in which the arc of
action is exactly equal to the circular pitch, tlaty, = p.. This means that one tooth and its space
will occupy the entire ar&B. In other words, when a tooth is just beginningtaot ata, the previous
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tooth is simultaneously ending its contacbafl herefore, during the tooth action frarto b, there
will be exactly one pair of teeth in contact. Nextnsider a situation in which the arc of action is
greater than the circular pitch, say= 1.2p.. This means that when one pair of teeth is justrerg
contact at, another pair, already in contact, will not yev&éaeached. Thus, for a short period of
time, there will be two teeth in contact, one ie thcinity of A and another ned. As the meshing
proceeds, the pair near B must cease contacthigavily a single pair of contacting teeth, unti th
procedure repeats itself.

5 Gear Modelling & Analysis

Pressure angle selection is based on the geadsnetiigh are in major applications.12gfhgure—
09), 20(figure — 10) and Zfigure — 11) are the three pressure angles whietsalected for this
analysis. For simplicity and ease of understanding,14%3, 20 and 28 pressure angled gears are
mentioned here after as Gear H, Gear A and Geasfectively for the analysis. The gear is selected
based on the power and speed at the drive of apiplic An external spur gear made of EN24 steel is
selected and it is modeled using modeling softwatie the specifications given in the table — 01eTh
gears are 36 teeth with the face width of 25.4mohthe pitch circle diameter of 114.3mm. Initially
the gears are designed with the power of 3.75kWh waitspeed of 1500rpm. The torque for the
selected power is calculated as 25Nm. The transtnithd radial load of the gear for the above input
torque is 436N and 159N respectively. Gears arégaed based on the Lewis and Buckingham
equation models. The gears are checked and fouisfastory by comparing the wear load capacity
and the beam strength of the gear with that obtlekingham’s dynamic load. Though the gears are
designed for the normal operating torque of thevapthe gears are tested for ¥4, ¥z, %, full Ida4l,
times and double the operating torque, i.e. 6.25NbNm, 18.75Nm, 25Nm, 37.5Nm and 50Nm.
For all the above toques, the concerned transmétteldradial loads are calculated and it is given in
the gear tooth. The 3D model generated gear isatfized into 20 noded tetra-hedral elements. And
the modal frequencies are calculated first fotral gears. The fundamental natural frequencieleof t
gears H, A and @re 7706Hz, 7694Hz and 7107Hz respectively. Sildaeagears are having a high
natural frequency when comparing with the forcinggtiency of 900Hz (Gear Meshing Frequency),
the gear system may not fail due to resonanceoBaburse, it happens if the gear shaft operates at
resonance. The gears are analyzed under FrequarspoRse Analysis in the range of 0 to 3600Hz
for an interval of 20 modes. The range has beeattwa based on the gear mesh frequency as given in
table — 02. The vibration limit for the above s#decspur gear is 12.5mm/sec as per the ANSI/AGMA
6000 — B96 Standards [ ] for the above mentionedmmg frequency. An experimental analysis has
also been done to compare and check the compuleel aad the results are in good agreement. The
discretization has been done by using FEA Codirfgvaoe. A cylindrical support for the gear is
given at the centre of the gear i.e. at the hotwided for the shaft in the analysis. The forces ar
given in the tooth as shown in figure — 08. Theultsobtained from the model are created in a &bul
form and a graph has been generated in excel fadomatderstand the vibration damping capacity of
these gears.
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6 Results and Discussion

6.1 ANALYSIS ALONG THE RADIAL LOAD DIRECTION:

ACCELERATION ANALYSIS - X AXIS (RADIAL LOAD DIRECTION)
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The radial load is applied along the X axis dimtt(figure — 08). Figure - 04 represents the
acceleration analysis in the radial load directi@n X axis direction for these three types of spur
gears, when the load applied is from 6.25Nm to 3I8r. In this analysis, gear H is attaining the
maximum value of 8.357nf/sit the frequency of 1260Hz. But for the operafieguency of 720, 900
and 1080Hz, it reaches to a maximum of 2.724, 4a@%B6.135m/sat the load of 6.25Nm. Whereas
at the same load and at the same frequencies,Tgesrches to a maximum value of acceleration of
2.267, 3.545 and 5.110rfyAlmost 20% of the amplitude of acceleration ittigg reduced due to the
pressure angle increase. But at the same timesrlibtin this gear T, the normal gear which is used
commercially having Z0pressure angle i.e. gear A is more convenientirating at an acceleration
of 1.9, 2.9 and 4.3nfisvhich is considerable reduced the amplitude ofatibn. The gear A reduces
the amplitude almost 45% from the gear H. Now #miwplitude of vibration reduction is exists in all
the load conditions from 6.25Nm to 18.75Nm. Forstheases, the highest amplitudes are always in
the gear H which is unexpectedly increases moee,the variation in the amplitude between the
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remaining two gears with the geatighon-linearly varying from the first load set tgpthe final load
setup. At the load of 18.75Nm, the gear H is amegtd to 8.1, 12.7 and18.4 fnfsr the operating
frequencies of 720,900 and 1080Hz. For the sanek doa speeds, the gear A reaches only 5.7, 8.9
and 12.8m/s It shows that the gear A reaches the same vdlgear H but at the frequency higher
than the gear H, i.e. at the frequency of 900Hz geouches 12.7mfis but the same amplitude is
attained by the gear A only at the frequency of(HI8

The analysis has continued upto 50Nm as showmindi— 05. At the regular operating torque of
25Nm, the gear F attains 10.9fmé&t 1200rpm(720Hz) and 17rA/at an operating speed of 1500rpm
(normal running speed-900Hz), it shows that theskecation level is crossing 9.81rf(/kg), which
produces slighting aggressive fluctuation in thargdhaft. Also, when it reaches 1080Hz i.e. 1800rpm
the Gear H reaches to a maximum of 24.5m/hereas for the same load, the gear T attains onl
9,14 and 20 mfsfor the frequency of 900 and 1080Hz. Even geand dlso having more amplitude
of acceleration but having a better control thaarG¢ but gear A has very good control and it agtai
only 7.6, 11.9 and 17.1n¥/at the operating frequency of 720Hz,900Hz and Ha8@spectively. At
the highest load i.e. at double the operating ®r@dNm), the gear H attains 49fmé& 1080Hz and
34m/$ at 900Hz. In this load, the gear A attains only38#< at 1080Hz and 23.8nf/st 900Hz
which is considerably lesser than the gear H asal even at 1.5times of the normal torque i.e. 38Nm,
the gear H attains the magnitude of acceleratioictwis higher than the gear A's amplitude even at
50Nm. Gear A attains only 23.8rfi/at 900Hz at 50Nm, but gear H attains 34nas 50Nm at
25.6m/$ at 38Nm, for the same operating frequency. From dhata given in figure — 05, it is
concluded that, for a better vibration control, Gaahaving 28 pressure angle is most worthwhile
and Gear F can also be considered better thanHgelaven the smallest error in the pressure angle
can create a large amount of variation in the ntageiof vibration of the gear system.

6.2 ANALYSIS ALONG THE TRANSMITTED LOAD DIRECTION:

ACCELERATION ANALYSIS - ¥ AXIS (TRANSMITTED LOAD DIRECTION)
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ACCELERATION ANALYSIS - Y AXIS (TRANSMITTED LOAD DIRECTION)
160000
140000 //
120000 o /
100000 - /-
i l_/‘-
60000 -
40000
20000
o
720 500 1080
——— 25NmM_14.5DEG 33625 52585 75802
—®—— 25Nm ZO0DEG 28071 a3904 63299
——25Nm 25DEG 29658 ae398 66915
e 3BNM_14.5DEG 50430 78865 1.14E+05
—=— 38Nm Z20DEG az106 65856 o494
—— 38Nm 25DEG aaas7 69597 1.00E+05
——— 50Nm 14.5DEG 67250 1.05E+05 1.52E+05
—®—— SONMm 20DEG 56142 s7so08 1.27E+05
—— 50Nm 25DEG 59316 o2796 1.34E+05

The Transmitted load is applied along the Y axisafion (figure — 08). Figure — 06 represents the
acceleration analysis in the Transmitted load tivaci.e. Y axis direction for these three types of
spur gears, when the load applied is from 6.25NaABt@5Nm. In this analysis, gear H is attaining the
maximum value of 56.85nf/sit the frequency of 1080Hz at a load of 18.75Nut fBr the operating
frequency of 720, 900 and 1080Hz, it reaches t@simum of 8.4m/5 13m/$ and 19m/Sat the load
of 6.25Nm. Whereas at the same load and at the §@meencies, gear T reaches to a maximum
value of acceleration of 7.4, 11.6 and 16.7mAimost 13% of the amplitude of acceleration is
getting reduced due to the pressure angle increase. Theahgear which is used commercially
having 20 pressure angle i.e. gear A is also operating dlmitk the same value of acceleration. At
the load of 18.75Nm and the frequencies of 720, & 1080Hz, the gear H attains 25, 40 and
57m/$. The gear T attains 22, 35 and 50m#nd the gear A attains only 21, 33 and 47mitsshows
that the gear T has reduced the amplitude almd¥t Bhd the gear A is reducing the amplitude of
vibration around 20%, when comparing with gear H.ti#e operating torque of 25Nm, the gear H
reaches to a value of 34, 53 and 76nifee gear T touches the value of 30, 46 and 67Whereas
the normal 2Bpressure angled gear A attains to a maximum o#2&nd 63m/s In this analysis, the
gear T reduces the amplitude to 12% and gear Acestiio 18%.

The analysis has continued upto 50Nm as showrgimrdi— 07. At double the operating torque i.e.
50Nm, the gear H attains 67mat 1200rpm(720Hz) and 105rh/t an operating speed of 1500rpm
(normal running speed-900Hz), which produces magressive fluctuation in the gear shaft. Also,
when it reaches 1080Hz i.e. 1800rpm, the Gear Ehe=ato a maximum of 152ri/&Vhereas for the
same torque, the gear T attains only 93 and 134ov/she frequency of 900 and 1080Hz. Even gear
T has also having higher amplitude of acceleration,having a better control than Gear H. but gear
A has very good control and it attains only 56, @& 127m/s at the operating frequency of
720Hz,900Hz and 1080Hz respectively. The reduadioamplitude is almost 17% comparing to the
gear H. From the data given in figure — 06 and @7s,concluded that, for a better vibration cohtr
Gear A having 2Dpressure angle is most worthwhile and Gear F tsmlze considered better than
gear H.
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7 Conclusion

The above variations in the amplitude of vibrationboth Transmitted load and radial load
direction indicates that even the very small madiions in pressure angle for betterment of the gea
vibration damping influences much. Even the manufawg errors can also leads to a certain amount
of contribution to the amplitude of vibration. Henit is concluded from the above discussions that
the pressure angle influence must be accountabl¢hé vibration measurement in a considerable

parameter.

8 Figures
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9 Tables

Table — 01

Range of Frequency to be measured for Spur Gear Vihation

Gear Mesh Frequency (GMF) = 900Hz(Speed X No. et
Maximum Frequency (Fmax.)=2475Hz.(2.75 X GMF) All tedow mentioned values are in H

X,

Band Low Frequencyl% of Fmax|0.1GMF |0.25GMF | 0.75GMF 1.25GMF | 1.75GMF
24.75Hz 90Hz 225Hz 675Hz 1125Hz 1575Hz

Band High Frequenclp.1GMF 0.25GMF | 0.75GMF | 1.25GMKF 1.75GMF| 100%Fm
90Hz 225Hz 675Hz 1125Hz | 1575Hz 2475Hz

% of Overall 90% 40% 30% 70% 30% 50%

Band Alarm

Description Lower Higher 0.5GMF [GMF& [1.5GMF [2 & 2.5GMF
Harmonics [Harmonicsl&Sidebandgsidebands|&Sidebandd&Sidebands
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TABLE —02
GEAR PARAMETERS
Module(mn) 3.175mm Pitch Circle Diameter(m) 0.114
Spur Gear type 2Gull depth No. of Teeth 36
Addendum in (3.175mm) Gear Material EN24 steel
Deddendum 1.2m(3.969mm) | Quality of a gear ISO Quality §
Clearance 0.2m(0.794mm) | Power (kW) 3.75
Working depth M(6.35mm) Gear Ratio 1:1
Whole depth 2.2%(7.1438mm)| Young’s Modulus (N 2 e+011
Tooth thickness 1.5M(4.988mm)| Density (kg/m?3) 7850
Face width &(25.4mm) Poisson's Ratio 0.3
Fillet radius (minimum) 0.81(0.953mm) | Tensile Strength(Nfjn 460 X 16
Top land (minimum) 0.28(0.794mm) | Compressive strength(Njm 250 X 16
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