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Abstract: Problem statement: Toothed gears are some of the most used mact@neeats for motion
and power transmission between rotating shafts fet induces the need for improved reliabilitg an
higher endurance, which require precise and cleawledge of the gear tooth stress field during
meshing Approach: This study considered the calculation of maximurass at gear tooth root when
the meshing gears are loaded at their most unfalemontact point (highest point of single-tooth
contact-HPSTC), using both numerical and experialemiethods. Finite Element Method (FEM) is
used for the numerical stress analysis and phctidaty is applied for the experimental investigati

of the stress fieldResults. The experimental results of the maximum dimensisslistress derived
from the photoelasticity experiments are comparethé respective theoretical stress results of the
finite element analysigonclusion: It was found that the deviation between the resuofitthe applied
methods falls between reasonable limits wheredseas with increasing number of teeth of the large
gear.
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INTRODUCTION meshing cycle is illustrated in Fig. 2, where tooth
meshing, (Spitas and Spitas, 2007; Niemann, 1960),
First systematic attempt to calculate the positibn begins at point A and completes at point B withsthe
critically stressed point is attributed to LewisB88R) two points defining the ends of the contact pathis|
who considered that the inscribed isosceles pa@abobbvious that between points A and A’ and pointsnl a
tangent to the dedendum of the tooth flank defihes B’ two tooth pairs mesh simultaneously. On the pthe
critically stressed point which is located at tlwnpof  hand, between points’ and B’ of contact path, only a
tangency at the side which is loaded by tensikessts.  single pair of gear teeth is in contact which ibjeat to
_ Later, it was observed that the critically strélsse the maximum load. The worst loading conditions for
point is positioned lower than the one determingde  the tooth of gear 1 do not occur when the load is
m.ethod of inscribe(_JI _parabola. This finding is cotitpa applied to the highest addendum point (point B),
with the photoelasticity experimental results. because the total load is distributed to two pairgear
The “30 degrees tangent” is another method whiche ey 4t this point, but at poiBt of contact path where
argues that the critically stressed point is indeleat of only a single pair of gear teeth is meshing, (Tcemas
the load location and it is located at a specibnpat . Qni CiA A i ’
the tooth root. Although this method is adoptectiisy 1992; Spitaset al., 2006). PointA’ defines the Lowest
' o . Point of Single Tooth Contact (LPSTC) and pdtis
ISO standards, (Kawalet al., 2006), it is approximate he Highest Point of Single Tooth Contact (HPST®) f
and applicable only to low stressed gears. the Highest Point of Single Too ontac (, )
gear 1. In other words, during the portianB’ of the
MATERIALSAND METHODS contact path only a single tooth of each gear asiéal,
whereas during portion& A’ and BB’ the load is
Assuming that gear tooth is a stubby cantilevedistributed to two teeth of each gear. Thus, weioger
beam, it is derived that the transverse logcba gear that the maximum gear tooth loading occurs at atpoi
tooth is not maximum when applied at the addendun®n partA’B’ of the contact path, (Colbourne, 1987
circle as seen at Fig. 1. The complete gear tootOStopoulos and Spitas, 2009).
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Fig. 3: Geometric determination of HPSTC

Determination of the point of maximum stresses
during gear meshing Fig. 3, is as follows:

Fig. 1: Gear tooth loading

AB=¢[l;, =AC+CB Q)
2_ 2 .

AC=\/(roz +m)” -3, [0S a, — 1y, [Bina, 2

Bc:\/(r01+m)2_rglEtoszao—rmE%inao ©)

Substituting Eq. 2 and 3 to Eq. 1 results:

AB = \/(roz + m)2 -5, koda, + @

\/(rm + m)2 -3 Eoga, —(r01+ roz) Gina

HPSTC is located at poii®’. During parts A’
andB’B of the contact path, load is transmitted through
two pairs of gear teeth, while during patB’ only a
single pair of gear teeth is subjected to the thadl.
The lengths of parts B and A'B equal the gear
circular pitch, §, at the base circle. Thus, position of
HSPTC is determined according to Fig. 3 as follows:

A(::\/(roz+m)2—r§2E¢0§oco—rozﬁl;inocC (5)
Fig. 2: (a) Meshing teeth profiles of a gear

transmission stage; (b) Positions of tooth load
variation CB'= AB'-AC=t, —AC = n[in[€osn, - AC (6)
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Izochromatic

P fringes 0.2F

Fig. 4: Geometry of the applied force P at seminite

plate
Using triangle @B'C, radius g can be calculated N=1 (fringe orders)
according to (Spitaet al., 2005; Spitast al., 2007) by ¥

the following equation:
Fig. 5: Isochromatic fringe patterns as they addtedt

o :\/r021+c5'2 —2[#01[¢B'[¢os(a0+90°) @) by the computer.
Cartesian coordinates of point H are: (x, y) & (r The stresss;, Relation 9, is a principal stress and
Sing, ry: COSp). thus Relation 12 becomes:

The photoelastic method: A vertical force P acts on a

horizontal straight boundary of an infinitely larpkate 2Pco® | NJf (13)
Fig. 4. The stress function, (Timoshenko and Gapdie © T d

1970), is given as:

or:
o=-Pramsin ®) .
B r=cF (14)
The stresses,,s,,0,, are given by the relations:
) with:
_ 100  10°® _ 2Pco9
i T w v ®)
oo 20P (15)
%D nd,
G, = arz =0 (10)

Relation 14 gives the isochromatic fringe patterns
0 (10D Fig. 5 presents the isochromatic fringe patternghvh
*(?Ej =0 A1) were plotted according to Relation 14.

For a disk of diameter D the differenceros, -o,,

According to the stress-optical law the differenceof principal stresses at the center of the diglisn by:
of the principal stresses is:

%0 = T

_____ 8P

6:61—62:Nd|]° (12) 00,70, = (16)
Where: and Relation 16 becomes:

N = The isochromatic fringe order

d = The thickness of the specimens p- N, D 17)
fs = The material fringe value or stress-optical ¢ans 8
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Relation 17 gives the compressive load P at thenonochromatic light and next under white light, as
center of the disk, or the stress-optical consfaiftthe  shown in Fig. 11-26.
compressive load is given.
Table 1: HPSTC specimen tests
Dimensionlessness of Stresses: Using the concept of Test No. of teeth  No. of teeth Distance between HPS

: , . f 1 f 2 d imen b
dimensionless stress, proposed by (Townsend, 1992° o goar orgear and specimen base (mm)
Standard gears

Spitas et al., 2006), according to Eq. 18, we can, 15 18 72.75
compare the experimental results of photoelastitity 2 18 15 72.07
the respective stresses resulting from the finieenent 3 15 22 72.10
analyses, which have first to be reduced to ag % ;g ;g'g;
dimensionless form: 6 28 15 6998
7 18 22 70.84
’ 8 22 18 70.38

6, = G—bgn = Gib[mgco& (18)

u

Here:
o, = Dimensionless stress

o = Calculated (real) stress (MPa)

b = Gear tooth length (m)

m = Module of gearing (m)

P = Transverse load to the gear tooth at HPSTC (N)
P, = Horizontal component of the previous load

(normal to the axis of symmetry of the gear
tooth) (N)

* = Qgg:]ir?zeémzle?o)the line of action of the load andFig. 6: Specimen of a standard gear with 15 teeth

The advantage of this consideration is that at all

cases both the gear module (m) and the gear tooth &

length (b) are equal to unity, while at the sanmeetia

unit load (P =1) is assumed at HPSTC. Thus, #fier

calculation of the maximum dimensionless stresagisi

Eq. 18 assuming particular values for the gearhtoot

length, the module of gearing and tooth loadingaof

gear reduction stage, we are able to calculaterehk

stress for any value of each of the these thremhlar

parameters. Therefore for this gear stage, usefullts

can be extracted faster by using this time-saving

method. Fig. 7: Specimen of a standard gear with 18 teeth

Photoelasticity experiments: Four specimens were
manufactured simulating standard gears having &5, 1
22 and 28 teeth, respectively. A gear module ofm2@

and gear tooth length, b, of 9.25 mm were chosen
(Fig. 6-9). Specimen material is PSM-1 with Young
modulusE = 2.5 GPa and Poisson ratie- 0.38.

Using the cyclic polariscope of Fig. 10 with
loading at HPSTC, the maximum stresses were
determined experimentally for each pair of the fes
gear tooth specimens, according to Table 1. Ihjtial
each gear tooth is loaded with a 22.240 N (5 Inydo
Then, the load increases gradually until a frinde o
integer order emerges at the critical point, fusder Fig. 8: Specimen of a standard gear with 22 teeth
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Fig. 10: Polariscope and specimen loading apparatusig. 14: Test No. 2-(15/18)-gear-white light
for the photoelasticity experiments installed at
the NTUA Machine Elements Laboratory

Fig. 12: Test No. 1 (15/18)-pinion-white light Fig. 16: Test No. 3-(15/22)-pinion-white light
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Fig. 19: Test No. 5-(15/28)-pinion-monochromatghi ~ F19- 23: Test No. 7-(18/22)-pinion-monochromatghk

Fig. 20: Test No. 5-(15/28)-pinion-white light Fig. 24: Test No. 7-(18/22)-pinion-white light
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Table 2: Experimental estimations of maximum stes®f the  Table 3: HPSTC positions of all gears

specimens Test Number of Number of Distance between HPSTC
HPSTC HPSTC Maximum  No. teethforgear1l teethforgear2 and the toettier (mm)
Test horizontal horizontal Isochromatics stress, Standard gears
No. load, R (Ibs) load, R(N) order, o (MPa) 1 15 18 155.297
Standard gears 2 18 15 185.794
1 55.0 244.652 3 4572 3 15 22 154.672
2 38.5 171.257 2 3.048 4 22 15 225.695
3 375 166.808 2 3.048 5 15 28 153.983
4 41.0 182.377 2 3.048 6 28 15 285.598
5 38.0 169.032 2 3.048 7 18 22 184.600
6 435 193.498 2 3.048 8 22 18 225.126
7 40.0 177.929 2 3.048
8 41.5 184.601 2 3.048 JoDAL soLUTIoN AN

STEP=L

DX =. 081191
I =4, 532

1.0 . . .
.510277 1.531 2.551 3.572 4.592

Fig. 27: Test No. 1-15/18-pinion-stress field

AN

0 S67a144 1.348 7.022 2.697
337072 1.011 1.685 2.38 3.034

Fig. 26: Test No. 8-(18/22)-gear-white light

Fig. 28: Test No. 2-15/18-gear -stress field
Subsequently, for the loading at HPSTC, maximum

stresses were estimated by using Eq. 12. Table 2 CAD models are imported to the ANSYS
contains the results of these calculations. environment. The applied loadg &e adapted from the

experimental results, Table 2. Taking into accahet

Gear tooth modeling and stress analysis using the angle o’ between the line of load action and the
finite element method: Gear models with 15, 18, 22 horizontal line, shown in Fig.1, it is clear thhistangle
and 28 teeth, module of 20 mm and gear tooth leafjth is different for each tooth pair. Then the totadoof
b =9.25 mm were created at Autodesk Inventor CADeach gear tooth pair is found, as shown in Table 4.
system, using common geometry and material After the total load has been applied to the gear
properties of the photoelasticity specimens. tooth finite element models in ANSYS environment,

Next, the HPSTC positions were determined forwe can find the maximum stresseSya for
gear pair, using Eq. 5-7. Results are shown in@abl ~ each case, as shown schematically in Fig327
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Table 4: Loads applied to HPSTC of gear toothdimiement models

Angle between the Horizontal Total load (normal
No. of teeth No. of teeth line of load and the poment of to great tooth flank)
Test No. for gear 1 for gear 2 horizont&l(,°) HPSTC,R(N) at HPSTC, P(N)
Standard gears
1 15 18 19.610 244.652 259.716
2 18 15 20.116 171.257 182.382
3 15 22 19.091 166.808 176.517
4 22 15 20.116 182.377 194.225
5 15 28 18.377 169.032 178.116
6 28 15 20.116 193.498 206.068
7 18 22 19.265 177.929 188.484
8 22 18 19.780 184.601 196.176
Table 5: Numerical results for maximum tooth stesss Table 6: Experimental and numerical estimationgnakimum gear
Test No. Total load, P (N) Maximum stresgex (MPA) tooth stresses
Standard gears Total load  Experimental Numerical estimation
1 259.716 4.592 Test atHPSTC, estimation of maximum of maximunttoo
% i%g?% gg?g No. P(N) tooth stress,(MPA) stresspy(MPA)
4 194.225 3.101 Standard gears
5 178.116 2.942 1 259.716 4572 4.592
6 206.068 3.160 2 182.382 3.048 3.034
: 188184 3.092 3 176517  3.048 3.076
4 194.225 3.048 3.101
— AN 5 178.116 3.048 2.942
- 6 206.068  3.048 3.160
gla;ﬁ“’ 7 188.484 3.048 3.092
e 25076 8 196.176 3.048 3.047

(\"}
P —
p—

=

T

T e

-

TGoos04 1.a67 Z.051
341752 1.025 1.709 z.302 3.076

z.704

Fig. 29: Test No. 3-15/22-pinion-stress field

AN

NODAL SOLUTIoN
STEP=1

SUB -1

TIME-1

sL (AVE)
DI =.052661
SI =3.101

=

653751 1.308 1.061
326876 .osoE27 1.634 2.288 z.942

z.615

Fig. 31: Test No. 5-15/28-pinion-stress field

AN

NODAL SOLUTION
STEP=1
SUB =1
TomE-1
51 (V)
DX =.051103
s =3.1s

— 1
o 689173 1.37 Z.068 2.757
.344587 1.034 1.723 z.412 3.101

Fig. 30: Test No. 4-15/22-gear-stress field

Table 5 assembles the numerical results of thessstre
analyses. Afterwards, by using Eq. 18, experimental

and numerical values of maximum stresses, Table 6, T seme P aom P e P sam BT e
become dimensionless in order to become comparable,
(Table 7). Fig. 32: Test No. 6-15/28-gear-stress field
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Table 7: Deviation between experimental and nuraggstimations of maximum dimensionless stresses

Experimental estimation

Numerical estimation of Deviation between

No. of teeth No. of teeth of maximum maximum disienless the estimations of

Test No. for gear 1 for gear 2 dimensionless stress stresspy the two methods (5)
Standard gears

1 15 18 3.257 3.271 -0.4

2 18 15 3.092 3.078 0.5

3 15 22 3.194 3.224 -0.9

4 22 15 2.903 2.954 -1.7

5 15 28 3.166 3.056 3.6

6 28 15 2.736 2.837 -3.5

7 18 22 2.992 3.035 -0.4

8 22 18 2.874 2.873 0.0

o (687211 1.374 Z.062 2.749
343605 1.031 1.718 z.405 3.002

Fig. 33: Test No. 7-18/22-pinion-stress field

AN

NODAL SOLUTTION
STEP=1
SUB =1

DIX =.051502

0 67703 1.354 Z.031 2.708
338515 1.016 1.693 2.37 3.047

Fig. 34: Test No. 8-18/22-gear-stress field

RESULTS

If we compare the results in Table 7, we can see
that there is deviation of the maximum stress esion
from -3.5% to +3.6% between the experimental aed th
numerical methods. This deviation increases with th
number of teeth of the bigger gear, keeping comsken

number of pinion teeth.

DISCUSSION

observed at gear pitch circle (where the gear ta®th
subjected to the total load), due to high pressure
surface fatigue. Low viscosity lubricants can enber
cracks at high pressures. These initially smaltksa
can easily grow under the effect of high pressufes
penetrating fluids, causing surface fatigue cracks
pitting. Therefore, it is critical to take into ammt the
surface fatigue strength of gear during the design
procedure.

CONCLUSION

In this study, the minimum deviation between the
results of the applied methods was investigateduRe
of photoelasticity experiments, which is the most
widely applied experimental method for gear stress
analysis, were compared to the results of the €finit
elements method using ANSYS software. Comparison
of the results of the two applied methods proveat th
the deviations are acceptable. These deviations are
reasonable considering the potential errors thathma
involved during the application of the two methods.
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