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Abstract

Gearsets play vital role in the transmission systems of industrial machines and vehicles
(buses, trucks, earth moving machinery, loco-engines, cars, marine engines etc.). Therefore,
there is increasing demand for hard and efficient working gearsets possessing very high gear
transmission density and long life for use in several mechanical systems. In this situation, the
improvement in the tribological performance at the gear teeth interfaces is needed for
preventing the surface failures and controlling the vibration. Elastohydrodynamic, mixed or
boundary lubrication regimes occur between the contact of the mating teeth surfaces of gearsets
due to its high non-conformity. This increases friction at the teeth contacts. Thus, the existence
of effective lubricating film at the gear teeth interfaces is necessary to avoid the gearsets
operation under mixed/boundary lubrication regime or starved lubrication at elevated loads and
slow speeds. It is worth noting here that since recent past, the tribological performance in
gearsets operating in boundary lubrication regime is being improved by employing nano-
lubricants, extreme pressure additives and increase in teeth surface hardness and surface finish.
It is widely reported by the researchers that the improvement in tribological behaviour at gear
teeth interfaces leads to reduced dynamic problems and increased life/reliability of gear

transmission systems.

After the emergence of surface textures as technology, the researchers are exploring to
improve the tribological and vibration behaviours of conformal and non-conformal contacts
using different surface textures. These studies have shown significant reductions in the friction
and vibration. However, careful selection of various texture parameters such as texture density,

depth, dimensions, and texturing methods are extremely important to achieve the significant



improvement in tribodynamic performance of tribological elements. Therefore, the objective
of this research work is to explore the tribodynamic behaviours of textured teethed gearsets
experimentally and numerically for enhancing the performance parameters in comparison to
conventional teethed gearsets operating at the same parameters under fully flooded/starved
lubricating conditions.

The tribological and vibrational behaviors of conventional and textured spur gearsets
have been experimentally explored under fully flooded and starved lubricating conditions at
different operating parameters. Three different textures on gears’ teeth profiles were created
by placing the dimples of vertically oriented ellipsoid, horizontally oriented ellipsoid and
hemisphere in the zigzag patterns using nanosecond pulsed fiber laser. Tribological parameters
(contact resistance, temperature rise and surface topography) and vibration (in time and
frequency domains) were obtained, compared, and analysed. The results revealed significant
reduction in vibration amplitudes, increase in contact resistance, decrease in temperature rise
and less damage of mating surfaces in the presence of textures. Moreover, the texture involving
vertically oriented ellipsoidal dimples has yielded the best results. Further, to explore the
critical role of texture on the tribodynamics of gearsets, accelerated testing has been done.
Experimental investigation of the tribodynamic behaviour of spur gearsets has been done by
employing conventional and textured teeth (presence of variable size micro-cylindrical dimples
increasing from PCD to tip/root) from comparison perspective. The micro-cylindrical dimples
of non-uniform diameters were fabricated using chemical etching on the gears’ teeth surface.
The vibration results obtained employing conventional and textured gearsets have been
compared and analysed in time and frequency domains. Moreover, the surface topography and
temperature rise have been measured. Based on the experimental results, it is found that in the
presence of texture on gear teeth, the vibration amplitudes, oil film temperature rise and teeth

surface damage have substantially reduced.
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Furthermore, the synergistic effects of surface texture and Molybdenum disulphide
(MoS) blended grease have also been explored on the tribodynamic performance of spur
gearsets. It was decided to use the texture involving the best performing vertically oriented
ellipsoidal dimples, which was explored and established for oil lubricated textured gearsets.
The experiments were performed at different applied torques and a pitch line velocity of 4 m/s
keeping in mind the practical application of the results. Contact resistance, vibrations,
temperature rise and surface topographies have been measured and analysed. Substantial
increase in contact resistance and reduction in vibration amplitudes at gear mesh frequency
were found in the presence of texture. Reduction in interfacial temperature rise and less damage

to teeth surface were also observed.

Numerical investigation on performance behaviour of elastohydrodynamically
lubricated concentrated line/teeth contacts of gearset incorporating surface texture have also
been done. In the numerical analysis, the Reynolds and elasticity equations have been solved
simultaneously and discretized using finite difference method considering cavitation effect.
The performance parameters (film thickness, coefficient of friction, side leakage and dynamic
coefficients) have been numerically investigated and analysed for varying input data. The
results show that the textured line contact having ellipsoidal dimples yields substantial increase
in minimum film thickness and reduction in friction coefficient as compared to the
conventional contact. The side leakage has also decreased in the presence of surface texture.
Overall, the textured contact has shown much better static performance among all the cases. It

has also shown better dynamic coefficients in comparison to conventional contacts.
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Illustration of three-dimensional ellipsoidal dimple with co-ordinate
system

Flow chart of computational procedure

Validation of the present model with prior published work; (a) elastic
deformation profile with the result of authors [153] (Input data: py =
0.3 GPa, radius of hertz circle = 0.104061 mm, elastic
modulus=115.9739 GPa), (b) film thickness profile with the result of
authors[154] (Input data: U=6x10-11, Ry=12.7 mm, L=12.7 mm,
10=0.08 Pa-s, p,=870 kg/m3, G= 5000), (c) comparison of
Coefficient of friction with results of authors [154] (Input data:
Rx=12.7 mm, L=12.7 mm, 1,=0.08 Pa-s, p,=870 kg/m3, G= 5000)

3-D computational domains of contact, (a) conventional, (b) textured
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6.2

6.3

6.4

6.5

6.6

6.7

Variation of minimum film thickness for conventional and textured
contact at different speeds; (a) applied load, pn = 0.3GPa, (b) applied
load, pn = 0.5 GPa, and (c) applied load, pp =0.7 GPa

Pressure profile illustrations: (a) 3-D pressure profile of conventional
contact, (b) 3-D pressure profile of textured contact, (c) comparison
of pressure profiles of conventional and textured contact at mid-
length (Z=0), film thickness profile illustrations: (d) 3-D film
thickness profile of conventional contact, (¢) 3-D film thickness
profile of textured contact, and (f) comparison of film thickness
profiles of conventional and textured contact at mid-length (Z=0) [pn
= 0.3 GPa, speed = 2 m/s]

Pressure profile illustrations: (a) 3-D pressure profile of conventional
contact, (b) 3-D pressure profile of textured contact, (c) comparison
of pressure profiles of conventional and textured contact at mid-
length (Z=0), film thickness profile illustrations: (d) 3-D film
thickness profile of conventional contact, (e) 3-D film thickness
profile of textured contact, and (f) comparison of film thickness
profiles of conventional and textured contact at mid-length (Z=0) [pn
= 0.3 GPa, speed = 4 m/s]

Pressure profile illustrations: (a) 3-D pressure profile of conventional
contact, (b) 3-D pressure profile of textured contact, (c) comparison
of pressure profiles of conventional and textured contact at mid-
length (Z=0), film thickness profile illustrations: (d) 3-D film
thickness profile of conventional contact, (e) 3-D film thickness
profile of textured contact, and (f) comparison of film thickness
profiles of conventional and textured contact at mid-length (Z=0) [pn
= 0.3 GPa, speed = 8 m/s]

Pressure profile illustrations: (a) 3-D pressure profile of conventional
contact, (b) 3-D pressure profile of textured contact, (c) comparison
of pressure profiles of conventional and textured contact at mid-
length (Z=0), film thickness profile illustrations: (d) 3-D film
thickness profile of conventional contact, (e) 3-D film thickness
profile of textured contact, and (f) comparison of film thickness
profiles of conventional and textured contact at mid-length (Z=0) [pn
= 0.5 GPa, speed = 2 m/s]

Pressure profile illustrations: (a) 3-D pressure profile of conventional

contact, (b) 3-D pressure profile of textured contact, (c) comparison
of pressure profiles of conventional and textured contact at mid-
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6.8

6.9

6.10

6.11

length (Z=0), film thickness profile illustrations: (d) 3-D film
thickness profile of conventional contact, (e) 3-D film thickness
profile of textured contact, and (f) comparison of film thickness
profiles of conventional and textured contact at mid-length (Z=0) [pH
= 0.5 GPa, speed = 4 m/s]

Pressure profile illustrations: (a) 3-D pressure profile of conventional
contact, (b) 3-D pressure profile of textured contact, (c) comparison
of pressure profiles of conventional and textured contact at mid-
length (Z=0), film thickness profile illustrations: (d) 3-D film
thickness profile of conventional contact, (e) 3-D film thickness
profile of textured contact, and (f) comparison of film thickness
profiles of conventional and textured contact at mid-length (Z=0) [pH
= 0.5 GPa, speed = 8 m/s]

Pressure profile illustrations: (a) 3-D pressure profile of conventional
contact, (b) 3-D pressure profile of textured contact, (c) comparison
of pressure profiles of conventional and textured contact at mid-
length (Z=0), film thickness profile illustrations: (d) 3-D film
thickness profile of conventional contact, (e) 3-D film thickness
profile of textured contact, and (f) comparison of film thickness
profiles of conventional and textured contact at mid-length (Z=0) [pn
= 0.7 GPa, speed = 2 m/s]

Pressure profile illustrations: (a) 3-D pressure profile of conventional
contact, (b) 3-D pressure profile of textured contact, (c) comparison
of pressure profiles of conventional and textured contact at mid-
length (Z=0), film thickness profile illustrations: (d) 3-D film
thickness profile of conventional contact, (€) 3-D film thickness
profile of textured contact, and (f) comparison of film thickness
profiles of conventional and textured contact at mid-length (Z=0) [pn
= 0.7 GPa, speed = 4 m/s]

Pressure profile illustrations: (a) 3-D pressure profile of conventional
contact, (b) 3-D pressure profile of textured contact, (c) comparison
of pressure profiles of conventional and textured contact at mid-
length (Z=0), film thickness profile illustrations: (d) 3-D film
thickness profile of conventional contact, () 3-D film thickness
profile of textured contact, and (f) comparison of film thickness
profiles of conventional and textured contact at mid-length (Z=0) [pn
= 0.7 GPa, speed = 8 m/s]
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6.12

6.13

6.14

6.15

Variation of coefficient of friction for conventional and textured
contact at different speeds; (a) applied load, pn = 0.3GPa, (b) applied
load, p1 = 0.5 GPa ,and (c) applied load, pn = 0.7 GPa

Variation of side leakage for conventional and textured contact at
different speeds; (a) applied load, pn = 0.3GPa, (b) applied load, pn
= 0.5 GPa, and (c) applied load, p1 = 0.7 GPa

Variation of stiffness contact for conventional and textured contact at
different speeds; (a) applied load, pn = 0.3GPa, (b) applied load, pn
= 0.5 GPa, and (c) applied load, pn = 0.7 GPa

Variation of damping coefficient for conventional and textured

contact at different speeds; (a) applied load, pn = 0.3GPa, (b) applied
load, pn = 0.5 GPa, and (c) applied load, pn = 0.7 GPa
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Nomenclature

hm

heil

Hm
hst
Hst
AH

AH

Half hertzian width, m

Bulk modulus, N/m?

Specific heat capacity of lubricant, J/kg-K
Deformation, m

Reduced modulus of elasticity, Pa
Modulus of elasticity, Pa

Friction force, N

E'RyL

Dimensionless friction force, f/

Switch function

Film thickness, m

Minimum film thickness, m

Film thickness for ellipsoidal dimple, m

Dimensionless film thickness, h/Rx

Dimensionless minimum film thickness, h/Rx

Minimum film thickness for steady state condition, m
Normalized film thickness for steady state condition, hs/Rx
Perturbation parameter-fluid film displacement

Perturbation parameter-velocity

Stiffness, N/m

. - k
Stiffness coefficient, —7—

2Ry

Pressure in lubricating film, Pa
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P Dimensionless pressure in lubricating film, p/E’

Pc Cavitation pressure, N/m?

PH Hertzian pressure, Pa

Pst Steady state pressure in lubricating film, Pa

Pst Dimensionless steady state pressure in lubricating film, pst/E’
PH Dimensionless perturbed pressure for stiffness

P Dimensionless perturbed pressure for damping

Rx Equivalent radius in x-y plane, m

Rz Equivalent radius in y-z plane, m

I Ellipsoidal dimple radius in x-direction, m

ry Dimple depth, m

I Ellipsoidal dimple radius in z-direction, m

u Velocity in x-direction, m/s

Vv Velocity in y-direction, m/s

w Velocity in z-direction, m/s

U1 Velocity of bounding solid-1 in x-direction, m/s

U2 Velocity of bounding solid-2 in x-direction, m/s
Uavg Average rolling velocity in x direction ((ui+ uz)/2), m/s
u Dimensionless average velocity, (:::;)

noa

w Angular velocity, s

W External applied load, N

Wint Load (achieved by pressure integration in domain), N
Wint Dimensionless load, ‘;V,‘:,f

2
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Coordinate axis in rolling direction

Dimensionless coordinate in rolling direction, x/a
Coordinate axis in film thickness direction

Coordinate axis across rolling direction

Dimensionless coordinate across rolling direction, z/(L/2)
Roelands exponent

Dimensionless grid spacing in x direction

Dimensionless grid spacing in z direction

Pressure viscosity coefficient of lubricant, Pa*

Thermal expansivity coefficient of lubricant, K*

Temperature viscosity coefficient of lubricant, K*

no

=)

po

i~

Viscosity of lubricant, Pa-s

Viscosity of lubricant at ambient temperature, Pa-s

Dimensionless viscosity of lubricant, #/ no

2

. . n
Dimensionless parameter, ——
Ry’E

Friction coefficient (F/Wint)

Density of lubricant, kg/m?

Density of lubricant at ambient condition,
Dimensionless density of lubricant, p/po
Density within cavitated region
Nondimensional density in full film, p/pc
Fractional film content in cavitation region

Poisson’s ratio
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