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ABSTRACT

The surface tooth wear which occurs at the gear contact region due to
inadequate contact strength of the tooth is one of the predominant
modes of gear failures. Currently, higher contact ratio spur gears are
increasingly used in power transmission applications such as aircraft,
wind turbine, automobiles and compact tracked vehicles due to their
high load carrying capacity. In this work, the direct design is found
to be one of the efficient gear design methods to reduce the tooth
surface wear on high contact ratio asymmetric spur gears.
Asymmetric gear tooth is defined, as one whose tooth geometry of
the drive and coast sides is not symmetric. Asymmetry between tooth
sides is achieved by providing two different pressure angles at the
respective coast and drive side pitch circles. The area of existence
diagrams for normal and high contact ratio gears have been
developed to select suitable design solution with the given variables
of gear ratio, contact ratio and teeth number. The contact load
capacity, wear resistance, power losses and mechanical efficiency
have also been deduced for directly designing normal and high
contact ratio asymmetric spur gears.
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1 INTRODUCTION

EARING is one of the most important structural components in mechanical power transmission systems. The

transfer of power from the driver to the driven mainly depends on the number of gear teeth pairs, which come
in contact during the mesh cycle. This number of contact pair changes as the gear rotates in and out of mesh. The
contact ratio in transverse plane is more than two in high contact ratio (HCR) asymmetric gears (number of contact
pairs &; >2) which means that two or three pairs teeth of are in contact during the transmission. However, the actual
contact ratio is always less than two (1< ¢ < 2) in normal contact ratio (NCR) asymmetric spur gears. Due to the
basic advantage of absence of a single pair contact, HCR gears have received more attention for use in heavy load
carrying applications such as aircraft, wind turbine and compact tracked vehicles. Elkholy [1] developed an
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analytical relationship to determine the mesh stiffness and tooth load in high contact ratio gears. Haung Tsai and
Chein Tsai [2] developed a method of designing higher contact ratio symmetric spur gear using quadratic parametric
tooth profiles for stub tooth system and with undercut free contact. They demonstrated that the tooth root stresses
and the static transmission errors were always less in the high contact ratio gears. The mesh compliance and tooth
deflection were determined in normal contact ratio symmetric spur gear using finite element tooth contact analysis
by Arafa and Megahad [3]. They reported that the tooth deflection was largely dependent on the load position along
the involute tooth profile. The conjugate meshing face gear were implemented to high shaft angle intersecting axis
gears by Saribay [4]. The fillet stress in the face gear was approximately 6% less than the same size of the spur gear.
Wang and Howard [5] investigated the effect of different input loads on load share, tooth bending stress and contact
stress in HCR gears using finite element method. Increment of addendum height increased the contact ratio (from
NCR to HCR) which lead to considerable reduction tooth contact and bending stresses [6]. The load sharing ratio
along the path of contact in HCR symmetric spur gears was determined from the minimum elastic potential criterion
by Pedrero et al. [7]. It was found from their work that the maximum load sharing ratio in HCR gears was 0.6 (60%
of total normal load), whereas it was one (100% of total normal load) in NCR spur gears. The finite element model
for HCR gears was developed and the bending stress analysis was carried out by Bansan et al. [8]. Their findings
showed that the highest bending stress developed at the critical root region, when the teeth contact pair made contact
at the second lowest point of double tooth contact in HCR gears. For the given torque, the life of the HCR gear was
higher (double times) than NCR gear which was mainly due to subject lower loads [9]. The contact and fillet
stresses that developed in HCR symmetric spur gears were comparatively lower than that of NCR spur gears [10].

Many papers discussed the tooth wear prediction methodologies with improved wear models for predicting the
tooth wear on standard and non-standard symmetric spur gears. Archard [11] developed a common relation to
calculate the sliding wear between the pinion and gear teeth surfaces. In metallic gears, wear depth depends on tooth
load, contact pressure, elasto hydrodynamic lubrication thickness, coefficient of friction and sliding distance
between the contact pair. The rate of wear along the path of contact was determined through a derived analytical
expression by Wu and Cheng [12]. Results showed that the maximum amount of material removed from the flank
region (dedendum portion) was higher than that of face region of the driving gear. Flodin and Anderson [13]
proposed a wear estimation methodology for calculating the sliding wear in symmetric spur gears using Archard’s
wear equations. The influence of contact pressure on tooth surface wear was also investigated. The contact load and
the corresponding contact stress of the tooth pair changed due to changes the shape of the gear tooth geometry which
in turn lead to change in the gear sliding wear. The effect of profile modification and face width crowning on sliding
wear was studied by Mao [14]. The surface tooth wear on the profile modified gear tooth (tip relief and width
modified) was lower than that of an unmodified gear tooth. The sliding wear on the tooth contact surface of a
positive corrected gear was lesser than the negatively corrected gear. In S, gears (x;= -x,), the maximum wheel teeth
wear was 1.85 times faster than pinion teeth [15-17]. Some authors have developed a wear model to quantify the
effects of surface roughness, specific film thickness misalignment, contact load, correction factor and slide to roll
ratio on accumulated wear depth in gear contact surfaces. Surface roughness with lower value results in low stress
concentration at both surface and subsurface of the contact region [18]. The gear misalignment might worsen the
load distribution status and accelerate the sliding wear [19-20]. Prabhu Sekar and Sathish Kumar [21] determined
the gear tooth strength, and wear depth on non-standard symmetric NCR gears through a mixed finite element and
analytical approach. The non-standard symmetric spur gears have more tooth strength and wear resistance than
standard symmetric spur gears.

In the available literature, very few studies deal with the improvement of gear performance by modifying the
tooth shape. The gear tooth profile can be modified by changing the basic gear parameters or providing unequal
circular tooth thickness at the respective pitch circle of the pinion and gear. Kapelevich [22] developed the gear
tooth with asymmetric involute profiles through direct design approach. In asymmetric spur gear, the pressure angle
at the pitch circle of coast and drive sides are different. He reported that the bending and contact strengths of the
asymmetric spur gear were high when it was loaded at the high-pressure angle side than that of the low pressure
angle side. The low and high-pressure angle sides are called as coast and drive sides of the asymmetric spur gear
tooth. Importantly, Karpat et al. [23] determined the wear depth on NCR asymmetric gear with and without tip relief
modification. Their findings showed that the tip relief modification reduced the wear depth in asymmetric spur gear
tooth. The mathematical design procedure for generating the non-circular gear was demonstrated by Litvin et al
[24]. Costopoulos and Spitas [25] developed a one-sided involute asymmetric gear tooth to improve the bending
strength. Muni and Muthuveerappan [26] investigated the tooth bending stresses on asymmetric internal spur gear
drives. Alipiev [27] developed a geometric design procedure for symmetric and asymmetric spur gears using
realized potential method. This method was considered an appropriate one for gear drives with small number of
teeth.
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Many of the available research works on asymmetric spur gear deal with the methods for generation of
asymmetric tooth and its full stress analysis computation. Apart from the bending and contact strengths, wear
resistance should also be considered as an extra data variable to be taken into consideration in the optimum design
for profile modifications. However, in all available earlier research studies, the tooth wear on direct designed HCR
asymmetric spur gear have not been dealt with. Hence, this research work presents a much needed complete
comparative analysis of gear performance (covering contact stresses, EHL film thickness, sliding distance,
coefficient of friction, wear depth, power losses and efficiency) between the direct designed NCR and HCR
asymmetric spur gear drives. Here, a methodology that combines a FEM based tooth contact model and Archard’s
wear estimation model is used to describe the determination of sliding wear on both direct designed NCR and HCR
asymmetric spur gear pairs.

2 DIRECT DESIGN METHOD FOR SPUR GEAR

In the gear manufacturing industry, two different methods such as direct and conventional design methods are used
to design a gear. A straight sided basic rack cutter with standard proportions is used to generate the pinion and gear
in gear cutting process. The basic rack parameters such as addendum height, addendum height, pressure angle, tooth
height, rack shift and rack tip radius are predefined and used as fixed input design parameters in the conventional
design approach. However, in direct design method, the operating gear drive parameters such as speed ratio (i), teeth
number (z,), asymmetric factor (k), module (m), drive side contact ratio (&,) and top land thickness coefficient (L,)
are predefined to develop the asymmetric tooth profile and then, the basic rack parameters are derived from the
arrived configuration of asymmetric tooth profile. In direct design approach, an area of existence (AOE) is
established to select a suitable design solution for pinion and gear. Hence, for user defined (customized) gears, the
direct design method offers better design solutions than conventional gear design approach.

During the power transmission, one side of the gear tooth is loaded heavily for long time than the other side of
the tooth. The asymmetric spur gear tooth is designed to enrich the performance of the loading side tooth geometry
by diminishing the performance of the unloading side and the same is shown in Fig. 1. The asymmetric spur gear
tooth is defined as one whose pressure angles on loading (drive) and unloading (coast) sides are different. The
pressure angle at drive side involute is higher than the coast side involute and these two involute tooth profiles are
generated from two different base circles.

The pressure angle at the base circle of the coast and drive sides (o, and a,,) are always equal to zero. From Fig.
1(a) and (b), the coast and drive side pressure angles (v, and v,) at tip circle are defined by,

Y COSV, =7, COSC,, =Tj, €))
TA COSV,; =F, COSQ; =T, 2)

where, r,. and rp, are the base circle radii at coast and drive sides, 7, is the radius at tip circle, o, and a,, are the
coast and drive side pressure angles at addendum circle and r, is the radius at addendum circle. The ratio between
the coast and drive side base circle radii is called asymmetric factor (k). The asymmetric factor is equal to one (k=1)
for symmetric spur gear and it is greater than one (k£ >1) for an asymmetric spur gear [22].

Dividing Egs. (1) by (2), gives the asymmetric factor,

j o The _ COSV. _ cOSat, 3)
Thy COSVy;  COSQy

The top land tooth thickness coefficient (L,) is defined as the ratio of tooth thickness at addendum circle (¢,) to
the drive side base circle diameter (dp;=2rs). The value of top land tooth thickness coefficient should be chosen
within (0.25 — 0.4) /z range, where z is teeth number [22]. The top land tooth thickness coefficient (L,) is defined by,

. . 1 . .
(znv v, +inv (cos™ (k cosv, )| -inv ay - inv aac)
L,= ( ) “
2cosa,,
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where ;= r, cos a,, involute function inv v,= tan v, - v,
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Fig.1
Involute tooth profiles for asymmetric spur gear.

In backlash free gear drive, the algebraic sum of tooth thickness of gear and pinion at pitch circles is called as
circular pitch (#,,=0.5 7m and ¢,,=0.57m) and it is given as,

Loy =log =7M

The pinion and gear tooth thickness at the respective pitch circle (¢,, and #,,) are defined by,

Lop =Ty (znv Vg TNV Vy, - inv @y - inv @, )#)‘5 m 4)
log =Tog (znv Vg TNV v, -inv o, -inv o, ):0.5 m (6)

The involute function is defined by

z

. . . . 2z
{(znv Vg tinvy,, )+ i (znv Vg HinVV,, )— 7
p

nva,, tinva, =

1+i

Contact ratio plays a major role to ensure the continuous and non-jerky motion of the gear drive during the
power transmission. Theoretically, it is defined as a measure average number of teeth pairs in contact in a mesh
cycle. The contact ratio is less than two in NCR asymmetric spur gears (1< ¢;< 2), whereas, this value is more than
two in HCR asymmetric spur gears (¢, > 2). Three pairs of contact in HCR asymmetric gear drive are shown in Fig.
2. During the transmission, for a period of time three pairs of teeth share the full load and for the remaining time
only two pairs share the full normal load. The typical loading points of the HCR gear are LPTC, FLPDTC,
FHPDTC, SLPDTC, SHPDTC, HPTC which are denoted as A, B, C, D, E and F respectively. The AB, CD and EF
are the triple pair contact regions whereas the remaining BC and DE are the double pair contact regions. The
corresponding radial distances are given by Egs. (8) to (13).

Tapre ~Top ®)
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2
YsupprC :\/(\”’apz_’”bdp2 'AF+2pbd) +rbdp2 ©)
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TrapprC = (\érap ~bdp 'AF+Pbd) * Toap (11)
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2
2 2 2
"LprC _\/( Tor” ~oap ‘AF) +Thap (13)

where, AF is length of path of contact, p,; (p,=nm cosa,,) is a base pitch at drive side, r,, and r,, are the radii at
addendum circle for gear and pinion. HPTC — Highest point of tooth contact, SHPDTC — Second highest point of
double tooth contact, SLPDTC — Second lowest point of double tooth contact, FHPDTC — First highest point of
double tooth contact, FLPDTC — First lowest point of double tooth contact and LPTC- Lowest point of tooth
contact.

In higher contact ratio gear drive, as the contact ratio is better it will give performance with lesser noise, impact
and vibration. Nowadays, the HCR spur gear is preferred more than the helical gear due to the absence of axial
thrust force. The drive side contact ratio of the asymmetric spur gear is given as [34],

Length of path of contact (AF)
Base pitch (pq)

1
‘MM

Contact ratio (g4) =

Fig.2
Gear Schematic for three pairs contact.

The drive side contact ratio for asymmetric spur gear is defined in terms of addendum pressure angle of the gear
and pinion (0,4 and a,,,) as,

&y =;_fr((m"aadp +itan “adg) } (1+i)tana0d) .

To maintain interference free contact, coast and drive side pressure angles at lowest point of contact should be
greater or equal to zero [22]. The drive side pressure angle at LPTC for pinion (0q,)
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tancey,,, = (1+i) tan a,; - i tan o, (15)

where speed ratio i = ry4e /7pgp
The drive side pressure angle at LPTC for gear (o,q5)

1+i tanat,
tan oy, :_i tan o, T 2 (16)

Similarly, the coast side pressure angles at LPTC for gear and pinion are expressed as,

1+i tanay,,
tanay,., = _i tan o, - - d a7
tanay,,, =(1+i) tana,, -itand,, (18)

3 AREA OF EXISTENCE DIAGRAM FOR HIGHER CONTACT RATIO ASYMMETRIC SPUR GEARS

For given input parameters such as top land tooth thickness coefficient for gear and pinion (L., and L,,), gear ratio
(i), drive side contact ratio (&), number of teeth in pinion (z,) asymmetric factor (k) and module (), the addendum
pressure angles for gear and pinion at drive side (a4, and a,,,) are determined using the derived equations (Egs. (3),
4), (7), (14), (17) and (18)). The isograms 4;, B; and C; are drawn in 0,4, - 044, coordinates and the enclosed region
between these isograms is called as area of existence (AOE- shaded region in Fig. 3) from which a suitable design
solution can be selected for the gear and pinion. The AOE diagram for higher contact ratio asymmetric spur gear has
been developed by fixing the input parameters viz. i=1, k=1.1, m=1, z,=80, L,,=0.25/z, and L,

50
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g
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E AOE diagram for HCR asymmetric spur gear (For 4=1.1,
= — — — —
2 0 ‘ ) ‘ ) m=1, 2,=80, L,,=0.25/z, and L,;= 0.25/z,).
< 0 10 20 30 40 50

Addendum pressure angle at drive side for pinion (@) in deg

From the area of existence diagram, the pressure angles at addendum circle for gear and pinion (a4, and o)
can be chosen anywhere within the shaded area to design the rack cutters for a required contact ratio. Fig. 4 shows
the rack cutter for direct designed asymmetric spur gear that is used to make the involute and trochoidal tooth

geometry.
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The rack tip radius (A4) is given as, [28]

0.57m —h,, (tana,,; +tana,, )

[ ! + ! ]-(tanaodﬁanaoc) (19)

cosa,; cosa,,

A=

4 GENERATION OF ASYMMETRIC INVOLUTE TOOTH PROFILE ON DRIVE AND COAST SIDES

The special plane curves such as involute and trochoidal curves are commonly used to form the symmetric and
asymmetric gear tooth. Matlab code has been developed to determine the series coordinate points on the involute
profiles for asymmetric tooth through Eqns. 32-35 and these series points are connected using special curves.

From Fig. 1(a and b), the angles 6, and 0. at any radius (7;) on drive and coast side involute curves are
calculated by,

t

0y =L +inva,-inv ay (20)
r[l
L . .

0, = r—+mv a,.-inv a, 210

a

The coordinates of the drive and coast side involute profiles at any circle are defined by:
Drive side coordinates

Xg =1;sin6y; (22)
Yai =1; cosby; (23)
Coast side coordinates
X, =1;sin@,; (24)

cl

Ve =T; €080, (25)
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5 DETERMINATION OF WEAR DEPTH IN HCR ASYMMETRIC GEARS

Gear pairs move with the combination of sliding and rolling motion during the period of contact. Sliding wear
occurs at the teeth contact surfaces due to the rubbing action between the two mating gears. According to Archard’s
wear theory [11], wear depth at drive side (%) is defined as follows:

hy= j K, oy ds (26)
0

Fig.5
Contact between two solid cylinders.

where, oy is contact pressure at the contact surface in MPa, s-sliding distance in m and Coefficient of wear K,
=5x10"® m* N [13]. The wear resistance of the gear tooth is a function of contact load, contact pressure, sliding
velocity, sliding distance, surface condition and lubrications. The tooth load (F;) and the corresponding contact
pressure ((oy);) at any point (i) along the line action are determined through finite element tooth contact analysis.
The HCR asymmetric gear contact condition is modeled as a pair of two cylinders in contact and the same is shown
in Fig. 5.

The Hertzian half-contact width (ay) is determined by, [29]

1- sz N 1- ;(gz
4F, E E
= | = — 27
b 1 1
+
(Rdl’ ),‘ (Rdg ),‘
The radii of the contact cylinders at any contact point are defined as, [13] (Fig. 5)
(Rdg )i =Ty sing,, +X ; (28)
(Ryy )i =1, Sin G,y =X, (29)

where, y,, x, are the Poisson’s ratio of the gear and pinion materials. E,, E, are the modulus of elasticity, X; is the
distance between any contact point (i) and the pitch point. The sliding distance of the asymmetric gear and pinion at
any contact points are,

Cae), ~lva),

(Sae ), =24a T (30)
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(500 ), =2 T (31)

where, v, and v, are velocities of the gear and pinion which are evaluated using the relations given below,

(Vdg )i =@ (Rdg )i (32)

(Vdp ),- =% (de )i (33)

The sliding and rolling velocities respectively are defined as,

(Vds )[ = (vdp )l. _(vdg )i ‘ (34)

Var), = (vdp )l. +(vdg )l‘ (35)

The entraining velocity (V) and slide to roll ratio (SR) are determined by using the following relations,

Vi) =5lva), +0ae )| (36)
— (Vds )l
(SR),. = @ (37)

The life of the gear drive is also affected by the elasto hydrodynamic lubricant (EHL) film thickness. Hamrock

and Dowson [31] were proposed a relation to calculate the EHL film thickness (¢;) which is given as:

(gL)i =2.69U,"7 G" w7 (1-0.61e ¥ )R, (38)

The non-dimensional speed factor (U;) is defined as,

Ve ), %o
U, :(26% (39)

Equivalent radius of curvature at any contact position (R)) is given by,

R R
R, = M (40)

(de ),‘ +(Rdg )i
In which

2

E = 2 2
[1_;(,, 1- %, J (41)

+

E, E,

Material constant (G) is defined as the product of pressure viscosity coefficient (p) and £’ and it is written as,

© 2020 IAU, Arak Branch



R. Prabhu Sekar 157

G=E p (42)

The load factor W; is expressed as,

W, =— (43)

where, coefficient of ellipticity K = 12 [32], dynamic viscosity y, = 0.0065 Pas and pressure viscosity coefficient (p)
=1.2773x10"® 1/Pa [30].

F
JThree pair region
Double pair region E
( coast side drive side
Double pair region
Single pair region 0'4,— 0lg;- O4r
Three pair region
Double pair region
Double pair region
B
04, Iy Three pair region
-
(a) Normal contact ratio asymmetric pinion tooth (b) High contact ratio asymmetric pinion tooth

Fig.6
Representation of worn out tooth profile for NCR and HCR pinion teeth.

Frictional force is a force created by the teeth pair surfaces contacting and sliding against each other which is
affected by the surface finish and the amount of force pushing them together. The coefficient of friction between the
teeth contact pair can be determined by using the model proposed by Xu [30] which includes parameters like load
share, contact pressure, surface roughness, dynamic viscosity of lubricant, radius of curvature and entrainment
velocity.

Equation for calculating the coefficient of friction is given as,

m :ef(SRdi {1 )i 758 (O_H )icz |SRdi |Cj (Vde )icﬂ y0c7 Rir:8 (44)
In which
SRy (0 )i 7, .8)=¢; ey |SRdi |(O'H )i logy, +053_‘SRdi (i), logz. +ege’ (45)

where, Surface roughness S= 0.1um [30], SR is the slide to roll ratio, ¢;=-8.92, 1.03, 1.04, -0.35, 2.81, -0.10, 0.75,

-0.39 and 0.62 for i = 1 to 9 respectively [30].
The accrued wear depth (4,) on drive side of the gear and pinion teeth surfaces for ‘n’ number of mesh cycles is

calculated by, [13]
For gear,

hi = hgi o1y ¥ K (01); (Sgg ) (46)

For pinion,

© 2020 IAU, Arak Branch



158 A Comparative Study of Tooth Wear, Mechanical....

hgi n =hgi (1) T Ky (01 (Sgp); 47)

Here, the determined values of contact pressure through FEM are substituted in Eqs. (46) and (47) and the
accrued wear depth on the HCR asymmetric gear is calculated for 2000 mesh cycles. The HCR asymmetric pinion
tooth surface is updated for every 250 mesh cycles. The schematic worn out tooth profile for NCR and HCR
asymmetric tooth are shown in Fig. 6. The relations for evaluating the cartesian coordinates of the worn out pinion
tooth profile are given as,

X'y =X g —hy cos H'di (48)

V' =Ya —hy sin gydz‘ (49)

where, &, is accumulated wear depth for ‘n’ no of cycles.

6 POWER LOSSES AND EFFICIENCY OF NCR AND HCR SPUR GEARS

In general, the frictional power losses that occur in the gear box are classified into two groups, sliding power losses
and rolling power losses. The tooth mesh frictional power loss in the gearing system is given as,

(Pfrictional )i = (PS ),’ +(PR )i

The sliding power losses occur in the gear box during the meshing cycle which is mainly due to the relative
sliding motion between the two contacting surfaces. The product of sliding frictional force (F); and sliding velocity
(Vus): at any instantaneous contact point (7) gives the sliding power losses. The instantaneous sliding power loss (Ps),
is given by,

(PS )[ :(FS )i ( ds )i (50)

The sliding force developed at the contact surfaces is determined by,

Sliding fore (FS )l_ = F

1

where, y; is the coefficient of friction and F; is the load shared by a contact pair at any contact point .

The hydrodynamic rolling (or pumping) loss is the power required to entrain and compress the lubricant to form
a pressurized oil film, which separates the gear teeth. The model proposed by Anderson and Loewenthal [32] is used
to estimate the rolling force at all instantaneous contact points along the line of action and it is given by,

Rolling fore (Fy )i =9x10’ (o )i (& )i b
The instantaneous rolling power loss (Py); is expressed by,
Rolling power loss (PR )l, = (F R )I, (VdR )i (51

where, ¢, is a thermal reduction factor which is calculated through a relation developed by Cheng [33]. ¢,— EHL
film thickness, b — face width, V,z — rolling velocity.

The algebraic summation of sliding and rolling power losses at any instantaneous contact point is equal to total
power loss at the respective contact point and it is given as follows,

(TPint),‘ :(PS)[ +(PR ),’
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Simpson’s one third numerical integration rule is used to determine the total power loss for one mesh cycle (A to
D). The total mesh power loss is expressed by,
For NCR spur gear drives (1< g,< 2),

TP = 2j P) di +I (TP ) ds +2j P ) ds (52)
For HCR spur gear drives (2< g,< 3),
TP = 3J' P) di +2J' P) d +3j P d +2j P) di +3j P d (53)

Thus, the average total power loss for a mesh cycle is given as,
For NCR spur gear drives,

(1P),, = (54)

For HCR spur gear drives,

TP
( )avg AF (55)

Finally, the mechanical efficiency of the NCR and HCR gearing system is expressed by,

Pinput - (T P )

=100 | ——— & 56
U 7 (56)

input

The input power is calculated using the following relation,

2aN T, .
input #ﬂplt (57)

The input torque (7}, is given as,
Tinput :FN rbdp

where, Fy is a normal force and 7,4, is the base circle radius on drive side for pinion.

7 FINITE ELEMENT MODEL FOR HIGH CONTACT RATIO ASYMMETRIC SPUR GEAR

Many complex real time problems can be solved by FEM based analysis with reasonable accuracy. An accurate
estimation of contact load, fillet stress, contact pressure and wear resistance is needed to design a gear for high
performance applications. In FEM study, the proper selection of mesh element, mesh pattern, element size, number
of elements and boundary conditions are required to predict a more accurate result than other methods. The gear
parameters required to generate the HCR asymmetric gears are given in Table 1. The coordinates of the NCR and
HCR asymmetric gear tooth profiles in coast and drive sides are determined using the procedure given in Section 2.
The calculated coordinate points are imported into ANSYS to get the 2D asymmetric spur gear model (Fig. 7).
ANSYS 12 is used to evaluate the contact pressure in the gear tooth. Finite element model of gear can be
formulated either as plane stress or plane strain condition. If the ratio between the face width and thickness of the
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tooth at pitch circle (b/%,) is more than five, plane strain condition is considered as controlling and if it is less than
five, the other basis of plane stress condition is selected. An asymmetric spur gear with wide face width is taken in
this FEM study. Hence, only a plane strain condition is considered for stress analysis. A triangular Plane 42 element
is used for discretization of the tooth geometry. Contact element (CONTA 172) and Target element (TARG 169) are
used to define the contact between gear and pinion. The inner hub region of the pinion is constrained in radial
direction and a rotational torque (7=Fy x rpy,) is applied in the tangential direction. In addition, the gear hub is
restrained in both radial and tangential directions. As the fillet and contact regions are the critical ones in the gear
tooth performance, a convergence study has been made for different element sizes at the fillet and contact regions.
The contact and fillet regions are discretized with very fine size of elements (87,000 elements for one pair >
convergence level) and other far field regions are meshed with coarse elements to minimize the solution time (Fig.7
(b)). This mesh refinement study has been made for every parametric study.
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Fig.7
FE model for HCR asymmetric gear drive.

8 RESULTS AND DISCUSSION
8.1 Comparison of gear performance for direct designed NCR and HCR asymmetric spur gears

The addendum pressure angles for NCR (contact ratio ¢;=1.8) and HCR (¢,=2.2) asymmetric pinion and gears are
selected from the AOE diagram (Fig. 3). The asymmetric tooth profiles for NCR and HCR gears have been
generated using matlab code. FEM study is used to estimate the load share and the respective contact pressure on
direct designed NCR and HCR asymmetric spur gears. Apart from tooth load, contact stresses, wear resistance,
mechanical power losses should also be considered as the extra data variables to be taken into consideration in the
effective design of NCR and HCR asymmetric spur gears. The tooth load, load carrying capacity in contact, wear
depth and the respective mechanical power losses are determined along the line action for given gear parameters
(Table 1) and the same are shown in Fig. 8.
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Table 1
Gear parameters for direct designed NCR and HCR asymmetric spur gears.
S.No Name of the gear parameter NCR Symmetric gear HCR Asymmetric gear
1. Module (m) in mm 1 1
2. Gear ratio (7) 1 1
3. Number teeth in pinion (z,) 80 80
4. Top land thickness coefficient (L,)
For pinion 0.25 /z, 0.25 /z,
For gear 0.25 /z, 0.25 /z,
5 Asymmetric factor (k) 1.1 1.1
6. Contact ratio 1.8 2.2
7. Backup ratio (mp) 2.22 2.22
8 Total normal load (Fy) in N 10 10
9. Speed of pinion () in rpm 150 150
10. Modulus of elasticity (E) in MPa 2.1x10° 2.1x10°
11. Poisson’s ratio (y) 0.3 0.3
12. Width of the pinion and gear (b) in mm Unit width Unit width
Determined Parameters Variable
1. Addendum pressure angles at drive side for gear and
pinion (a4, and o4, ) degree 34.78° 31.97°
2. Coast and drive side pressure angles at pitch circle (o, Ope=19.36° Ope =14.2°
and a,4) degree 0,7=30.94° 0,7~28.20°
3. Cutter tip radius (A) mm 0.15702 0.23297
4. Addendum modification factors (x, and x,) x,=0.004, x,=0.004 x,=0.008, x,= 0.008

In NCR spur gear drives (Fig. 8 (a)), a contact begins at A’ and ends at D’. During the transmission, the total
normal load is shared by two pairs in the regions A’B’, C’D’ and only one pair shares the full normal load in the
region B’C’. As the contact ratio increases beyond 2, the triple pair contacts exist, but these triple pair contacts are
missing in NCR gear. In the higher contact ratio asymmetric spur gears, three pairs come in contact at the regions of
AB, CD, EF and two pairs contact occur at BC and DE regions. Hence, the sum of the individual tooth load of each
contact pair in the triple pair contact region is equal to the total normal load. A definite decrease in maximum load
share is observed in asymmetric HCR gear (6.625 N at C) which is mainly due to the triple pair contact whereas it is
almost equal to full load (10 N at B”) due to a single pair contact in NCR asymmetric gear. Because of this reduced
load share and an increased radius of curvature (Figs. 8 (a and b)), the highest contact pressure (154.25< 212.84
MPa) that develops in the direct designed HCR asymmetric gear is lesser than that in the NCR gear drive (Fig. 8
(c)). It is proved from this study that the contact strength of direct designed HCR asymmetric gear drive is higher
than asymmetric NCR gear.

An increased EHL film thickness is noticed throughout the entire contacts in the HCR asymmetric gears due to
the decrease in contact pressure at the respective contact positions (Fig. 8 (d)). A marginal reduction in velocity ratio
at the beginning of the contact (point A) and a significant increase in velocity ratio at the end of the contact (point F)
in HCR asymmetric spur gear are observed form Fig. 8 (e). The rise in radius of curvature leads to decrease in the
velocity ratio ((1- (vae/Vap)). Accordingly, the sliding distance, contact pressure and coefficient of friction decreases
which leads to reduce the sliding wear in the tooth surface of the HCR asymmetric pinion (Figs. 8 (f, g and h)). It is
also noted that in the HCR asymmetric gear, the maximum sliding wear occurs at the contact point B whereas in
NCR asymmetric gear, it occurs at the beginning of the contact (point A’ near root). There is no wear found at the
pitch point due to pure rolling action (Fig. 8(g)). Hence, the direct designed HCR asymmetric gear alternative
improves the wear resistance ultimately.

Even though the coefficient of friction is low, the sliding power losses is more in HCR asymmetric spur gear
which is mainly due to the higher sliding velocity (Fig. 8 (i)). As the contact ratio increases, the sliding power loss
increases due to the corresponding increases in sliding velocity, whereas the rolling power loss decreases due to the
corresponding decrease in rolling velocity and contact load (Figs. 8 (i and j)). In HCR asymmetric spur gears, the
amount of reduction in rolling power loss is more than that of rise in sliding power loss. A small amount of increase
in mechanical efficiency is observed in the HCR spur gear drive (Fig. 8 (k)) which is mainly due to the decrease in
total power loss (sum of rolling and sliding power losses along the path of contact) in the HCR asymmetric spur
gear. Hence, HCR asymmetric spur gear drive improves the life of the spur gear drives.
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Comparison of gear drive performance for NCR and HCR

asymmetric spur gears.

In the present study, Normal and high contact ratio asymmetric spur gears have been developed through direct
design approach. A detailed investigation on the load shares by a teeth contact pair, contact strength, sliding wear,
power losses and the mechanical efficiency of direct designed NCR and HCR asymmetric spur gear drives has also
been carried out using FE tooth contact model. The results found in this work are summarized as follows:

1.

2.

4.

The direct design approach gives more number of design solutions for the given gear parameters than the
conventional gear design method.

The maximum load share by a teeth contact pair is equal to the applied load (F3=10 N) in the direct
designed NCR asymmetric gear, whereas it is almost equal to 66.25% (F= 6.625 N) of the total normal
load in direct designed HCR asymmetric gear. This reduced load share improves the contact load capacity
of HCR asymmetric spur gears (Figs. 8 (a and ¢)).

In spur gears whether it is NCR or HCR, the amount of material loss is more in the flank region than that of
the face region. The maximum sliding wear that occurs at the contact position B in flank region which is
lower in the direct designed HCR asymmetric gear than that of the direct designed NCR asymmetric gear.
As the values of ¢, increase, the mechanical efficiency increases slightly in the HCR asymmetric spur gear.

Through this study on contact strength, sliding tooth wear and power losses in the direct designed asymmetric
gear and pinion, it is decided that an increase of contact ratio more than two, all result in enhancement of contact
load capacity, wear resistance and mechanical efficiency. Thus, asymmetric HCR pinion and gear when properly
designed, by making use of the changed parameters given above will result in enhanced gear performance in the
HCR asymmetric spur gear drive.
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