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Abstract

Gears are the critical components for motion and power transmission in the
desired ratio and high efficiency. These factors can be satisfactorily achieved if the
gears have no faults. Whenever a fault or defect occurs in a gear system (e.g., wear,
scuffing, plastic deformation, Hertzian fatigue, crack, fracture, and bending fatigue),
the performance of the gears deteriorates. The demanded motion and power cannot be
transferred under deteriorated conditions—the early detection of these defects results
in saving of catastrophic failure and substantial economic losses. The condition-based
maintenance (CBM) helps in the early detection of machinery faults so that the
appropriate action can be taken before failure and the system's reliability can be
improved. In the literature, various reasons were reported for the gearbox failure, like
misalignment, lubricant deterioration, bearing failure, foreign particles contamination,
etc. Out of these reasons, misalignment and lubricant deterioration play an important
role in gear failure. Misalignment may result from installation errors, manufacturing
errors in gears, distortion of the gearbox housing, excessive radial spacing in bearings,
excessive stresses and thermal effects, design failure, etc. The lubricant degradation

may result from contamination from foreign particles, water ingress, oxidation, etc.

In the present work, a mathematical expression is developed for the effect of
different types of misalignments (angular, radial, and axial) on the surface wear of
gears. Misalignment leads to a change in contact pattern and load distribution, which
results in increased surface wear that further leads to the change in contact pattern. The
resulting mathematical model results were validated with the existing literature and
experimentally obtained wear results. Additionally, the effect of different parameters

(module, pressure angle, number of teeth on the pinion, and gear ratio) on wear



resistance is studied. It was found that the load share ratio in the double teeth pair region
increases with an increase in the module, gear ratio, and number of teeth on pinion and
decreases with an increase in pressure angle. The wear depth decreases at the transition
from double teeth pair region to single pair region with an increase in module, gear
ratio. The wear depth decreases at the initiation of the contact point and overall mesh

cycle with increased pressure angle and the number of teeth on the pinion, respectively.

Further, run-to-failure experiments were conducted on a single-stage spur gear
test rig developed in-house. The real-time vibration, wear debris, and oil quality have
been obtained. The classical time synchronous averaging was used to denoise the
vibration data, and statistical features were obtained from the denoised signal. These
vibration features were then compared with the online wear progression. It was
observed that the wear debris progression provides early detection of the fault
progression compared to the vibration signature. The oil samples were collected
periodically for offline analysis. Scanning electron microscopy (SEM) imaging of the
wear debris harvested from the oil samples was done to study the wear debris
morphologies. It was observed that the morphology of the wear debris changes from a

fiber-like structure to a more spherical one as the wear progresses.

Further, the study extends to see the effect of nano-lubricants on degraded
lubricant and the wear of the spur gears. An artificial lubricant ageing by chemical
degradation (mixing the aqueous HCI (36.46% HCI + 63.54% aqueous) is proposed to
simulate the ageing process of gear lubricants. The pH value of the oil is used to
estimate the ageing time of the lubricant. The oil samples were analyzed using ATR-
FTIR spectroscopy by monitoring the degradation of additives, level of moisture, and
sludge formation. The aged gear lubricant was tested on the developed gear test setup.
Initially, three nano-additives were selected: graphite, graphene and “graphene oxide

Vi



functionalized with silicon oxide (GO@SiO2)”. A preliminary study on the chosen
nano-additives (two levels of each nano-additives) was conducted using L8 orthogonal
array to estimate the performance and interaction of nano-additives. Based on the
analysis of variance (ANOVA), graphene was eliminated due to its least (0.31%)
contribution. The L16 (four levels of graphite and GO@SIO>) orthogonal array was
used to optimize the percentage of nanoparticles. Finally, the optimum percentage of
nano-additives (Graphite:0.125% w/w, GO@SiO2: 0.15% w/w) was applied for the
experimental study on the gearbox test rig. ATR-FTIR studies have been performed to

understand nano-additives' effect on the fresh and degraded gear lubricant.

Overall current work analyses the significance of misalignment in gear and oil
degradation on the wear behavior of spur gear in lubricated conditions. Further, the
study identified the effect of variation in pH value as a critical aspect of oil deterioration
which leads to accelerated wear. Also, this thesis portrays the effect of different
parameters on spur gear surface wear for effective detection and quantification.
Furthermore, the different mode of wear detected by this study clarifies the

understanding of gear designing for the reliability of the transmission systems.
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IS 3T 3R 3T g&Tdl & i 3N Ao FeRoT & v g Ageaqor

e &1 ST PRhl P GASTeTh &1 & Ued foram ST orar & e TR & F5 Qv

o g J9 ff TR [@EeA & 18 QY a1 AV gar ¢ (319, foamE, i, confees

faguor, gefoae Farfed, R, $heerR IR g Forfeq), dl TR &1 ved= ferg
ST &1 & &y 9 Afa 3R afFa & wue aRfEufaEt J caeaRa a8 R s
Hercl § - &1 arst o1 ffer gal ool & ey fatherar 3R waie 3 Feare

T IIT gdr g1 FEREA-a%3 FAeord (CBM) #NT Fr TRIET &7 STeg, IdT o9l &
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# GUR fRar o &) wifgey &, TReleq & fAherar & fav R_ffe sroim &

e & a8 oY, S fAafaeede, wigh &1, dge fawherdr, fagel ot dqwor, 3l

g RO # ¥, fAAfoeeae 3R g &7 T fawerdr # AgcaqoT sifae fosma
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A & A, R Hr Fag Oae |® [fee ger & Rafeesae (@i,
Weaer 3R 3f) & gomg & fov v afod sffcafea fwfaa @ o &
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MgUS €I foig 3R oI SiTeT sk 1 YR3TT A &o1d HioT 3R erer: Wiee |

gidl &7 §&AT & gy g ST gl
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RveeR &1 oo & faTX Sfoe 919 Biee Wi &1 Qe 9al o6l # #Heg il
g1 3herrse faRelyor & fAv FHT-THT W del & Aefe Tehd fohT 70| el & ot
¥ e v T & Ade f T geagia AR (SEM) safser foama
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ufsfeeq T TaaT Fam I ar: Awrse, Ah 3R "I 3iearss RAfee iFass
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ol & fAT L8 ifeifelerer AROM &1 32T ok gt §U Al-f3fecd (Fde el
ufsfeed & gf TR) W U URTAS 3reaasT fhar s am| 3marRa fa=Ror (ANOVA)

Xi



& faeavor W, 39 A & FA (0.31%) IS & HROT IThIT F ger fear =
a7l L16 (AwEe & IR TR 3R GO@SIi0,) 3imfeiaer aRol &1 3uAier Axdrica
& Gfderd @ 3efhiod el & fow fhar @ ol 39 &, frReied e R w
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uf3fecH & YHIT FI TFST & [T TERR-URERMSIR 3eqd« fHar = g

Fol fAER adA S offdehes FUfodl # TR X & O & sgaer

9T T 3K O & eRor F Agfoeedic & #Agca &1 92T Har &1 s@e 37aar,
HEFGST o Al & &ROT & Ueh HgcdqUl Uge] & ®9 & UIUd A # fHeetar & TG
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gl $H% AN, $H JEIAT GaRT IdT v ¢ fodT & Affied adsd grafaeeT

RArew $r awdaar & for TR Bemsfer fr a@st & Tose i g
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driver gear teeth for experimental and theoretical; (a) SEM image of the cut
tooth, (b) and (c) modeled wear depth without and with misalignment,

respectively.

Figure 4.1. Different types of misalignments (radial, axial, angular, and

combined) and the contact patch generated during a mesh cycle.

Figure 4.2. Influence of different types of misalignments on (a) contact
pressure, (b) semi-Hertzian contact width, (c-d) sliding distance variation ((c)
pinion and (d) gear), and (e-f) wear depth ((e) pinion and (f) gear) for equal

contact patch during a mesh cycle.

Figure 4.3. Influence of module on combined (radial, axial, and angular)
misaligned gear pair

Figure 4.4. Influence of pressure angle on combined (radial, axial, and
angular) misaligned gear pair

Figure 4.5. Influence of gear ratio on combined (radial, axial, and angular)
misaligned gear pair

Figure 4.6. Influence of the number of teeth of the pinion on combined (radial,

axial, and angular) misaligned gear pair
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Figure 4.7. Influence of the angular misalignment about coupling position on
gear pair

Figure 5.1 (a) Photograph of the experimental setup, (b) different sensor
locations, and (c) schematic representation of the experimental setup and
instrument used in the study.

Figure 5.2 (a) Calibration of the accelerometer and (b) proximity probe.
Figure 5.3 Photograph of (a) metallic wear debris sensor and (b) oil sensor
suite.

Figure 5.4 Flow chart for calculating the TSA signal, filtered signal
(difference signal, residual signal, and regular signal)

Figure 5.5 Synchronous time-averaged signal

Figure 5.6 Filtered signal from the raw vibration signal (a) TSA signal and
filtered signal from TSA signal (b-d) residual signal, difference signal, regular
signal.

Figure 5.7 Wear particle extraction from the oil sample.

Figure 5.8. Image analysis steps using ImageJ software.

Figure 5.9. Example problem for validation from reference [165].

Figure 5.10 Schematic to understand different wear particle morphological
parameters.

Figure 5.11. Oil and vibration parameters obtained for the first set of the
experiment (a) Oil wear debris particle per minute, (b) Energy ratio, (c) FMO,
(d) RMS, (e) Kurtosis, (f) Crest factor, (g) CCR. The vibration parameters (b),
(c), (d), (e), (F), and (g) are obtained at input and output bearing positions,

respectively.
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Figure 5.12. Oil and vibration parameters obtained for the second set of the
experiment (a) Oil wear debris particle per minute, (b) Energy ratio, (c) FMO,
(d) RMS, (e) Kurtosis, (f) Crest factor, (g) CCR. The vibration parameters (b),
(©), (d), (e), (f), and (g) are obtained at input and output bearing positions,
respectively.

Figure 5.13. Percentage variation of oil and vibration parameters (a) Run-in
to normal wear, (b) Normal wear to medium wear, and (c) Medium wear to
severe wear

Figure 5.14 Waterfall spectral plots for (a-b) input and output bearing position
of experiment 1 and (c-d) input and output bearing position of experiment 2.
Figure 5.15. Distribution of Fe PPM and wear mass for experiments 1 and 2.
Figure 5.16. Ferrous particle size distribution for experiments 1 and 2.
Figure 5.17. The SEM images and surface plot images of the wear debris
particles at different stages (experiment 1) (a) stage 1, (b) stage 2, (c) stage 3,
and (d) stage 4.

Figure 5.18. The SEM images and surface plot images of the wear debris
particles at different stages (experiment 2) (a) stage 1, (b) stage 2, (c) stage 3,
and (d) stage 4.

Figure 5.19. The variation of morphological parameters from stage 1 to stage
4 over the operation time.

Figure 6.1. Photograph of pH meter (Metrohm)

Figure 6.2. Variation in pH value during running conditions

Figure 6.3. The effect of aqueous HCI addition on oil. (a) Oil samples for
fresh and aqueous HCl-mixed and (b) ATR—FTIR spectra of fresh and

aqueous HCl-mixed (0.0025% v/v) oil.
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Figure 6.4. (a) Effect aqueous HCI concentration on pH value of lubricant and
(b) effect of aqueous HCI concentration on ageing life of the lubricant.
Figure 6.5. Variation of pH under mechanical shearing for the chemically
aged lubricant.

Figure 6.6. SEM images of the nano-additives (a) Graphene, (b) Graphite, (c)
GO@SiO,, and (d) the Raman spectra recorded at 532 nm excitation
wavelength for the graphite, graphene, and GO@SiO..

Figure 6.7. Effect of weight concentration on particle sedimentation.

Figure 6.8. Theoretically estimated (a) peripheral velocities and (b) contact
pressure for gear at “SONm” applied torque and “483.52 mm/s”.

Figure 6.9. Variation in pH value of the aged lubricant doped with nano-
lubricant

Figure 6.10. ATR-FTIR spectra of the three tests Case 1 (fresh oil), Case 2
(0.0025% v/v aqueous HCI mixed oil), and Case 3 (0.0025% v/v aqueous
HCl—mixed + nano—additive—mixed oil).

Figure 6.11. ATR-FTIR of test 3 (0.0025% v/v HCI + nano-additives) for
every 10 minutes and compared with the fresh oil and fresh oil mixed with
0.0025% v/v aqueous HCI.

Figure 6.12. Distribution of Fe PPM and wear mass for test 1 (without
aqueous HCI), test 2 (with 0.0025% v/v aqueous HCI-mixed), and test 3 (with
0.0025% v/v aqueous HCI mix + nano-additive-mixed).

Figure 6.13. Ferrous particle size distribution for test 1 (without aqueous
HCI), test 2 (with 0.0025% v/v aqueous HCI-mixed), and test 3 (with 0.0025%

v/v aqueous HCI mix + nano-additive-mixed).
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Figure Al. Effect of radial misalignment on (a) pitch point, (b) working
pressure angle and its variation along the tooth profile, (c) contact ratio, and
(d) circular pitch.

Figure B1. Lab report of TAN measurement for (a) fresh oil June 2021, (b)
fresh oil March 2022, (c) fresh oil doped with 0.0025%v/v HCI, (d) after 90
minutes’ mechanical shearing of fresh oil , and (e) after 90 minutes’
mechanical shearing of HCI doped oil.

Figure B2. The effect of different agueous HCI concentrations on gear
lubricants.

Figure B3. The effect of nano-additives on the aqueous HCI-doped gear
lubricants.

Figure B4. Lubrication mechanism for (a) without aqueous HCI, a perfect
layer of lubricant is formed, (b) aqueous HCI damage the lubricant layer, and
(c) the damaged lubricant layer is partially repaired by the combined action of
graphite (activated in shear) and GO@SiO2 (head is spherical attached to the

surface and provide rolling).
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