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Abstract

Fluid film thrust pad bearings are employed to sustain and guide the axial/thrust loads
in hydraulic and steam turbines, large size air compressors, medium to large size impeller
pumps, and high-power rated helical gearboxes. Such bearings possess inherent high damping
capacity; however, at the same time consume significant amount of shaft power in overcoming
the friction of lubricated film. But due to growing awareness for energy conservation and need
of performance improvement of bearings at elevated operating conditions, great attempts are
being made globally by the research community to address the concerns i.e., minimizing the
power loss without sacrificing the load-carrying capacity and having desirable minimum film
thickness. It is worth noting that since recent past, micro/nano geometries containing surface
textures and pockets have emerged as potential technology to reduce the frictional power loss
and enhance the operational life of pads at elevated operating conditions. In light of
encouraging results achieved in presence of surface textures, there is a scope of study by
conceiving and developing new surface textures/pockets for exploring the performance

improvements of hydrodynamically lubricated fixed and tilting pad thrust bearings.

The main objective of study presented in this thesis is to investigate the performance
parameters of fixed and tilting pad thrust bearings employing new conceived bionic texture
design inspired from the micro-structures of the fish scales. However, the additional objective
reported in the thesis involves the exploration of role of micro-pockets (including new pocket)
on the performance behaviours of water lubricated fixed pad thrust bearing operating at the
elevated speeds. Moreover, a chapter has been added in the thesis having new design charts
involving two different micro-pockets on pads and empirical relations for finding the
performance parameters of tiling thrust pad bearings. The governing lubrication equation
incorporating mass-conserving issue has been discretized using the finite element method
(FEM) and the solution of the non-linear algebraic equations has been found employing the
Newton-Schur method. The mathematical model employed in the thesis has been validated
with numerical and experimental results available in the published literature for developing the

confidence in the numerical results presented in the thesis.

The performance behaviours of sector-shaped fixed thrust pad bearings incorporating
new pad surface designs namely, (1) Labeo rohita fish scale textured pad, (2) Micro-rectangular



pocketed pad, and (3) Micro-rectangular pocketed pad with fish scale texture towards exit side,
have been presented. The effects of texture parameters such as pocket/texture depth, extend of
pocket and fish texture spread in the circumferential and radial directions, the number of scale
texture waves in circumferential and radial directions, have been investigated for improving
the performance of the bearings. On the basis of the investigations reported in this thesis, it has
been found that the fixed pad surface having micro-rectangular pocketed pad with fish scale
texture towards exit side, yields substantial increase (10-45%) in minimum film thickness and
reduction (5-18%) in friction coefficient as compared to conventional pad design.
Investigations were also carried out for determining the performance of fixed pad bearings
employing a new conceived texture (i.e., trapezoidal pocket followed by scale texture) on pads’
surface. It has been concluded that minimum film thickness has increased up to 48%, and the
friction coefficient reduced up to 24% in comparison to conventional plain pad case. Moreover,
the new textured pad has more metal surface area over the pad as compared to the conventional
rectangular pocketed pad, which is beneficial in terms of reduction in load per unit area during

the stopping/starting and mixed lubrication regimes.

To explore the effect of pocket/texture on a water lubricated thrust pad bearing
operating in the turbulent flow regime, the performance parameters (minimum film thickness,
friction coefficient, and bearing dynamic coefficients) of the bearings have been analysed. The
performance behaviours achieved with a new pocketed pad bearing have been compared with
the findings of the plain pad (without any pocket), and rectangular (conventional) pocketed
bearing. With a new pocket, the minimum film thickness has increased in the range of 11-38%
and friction coefficient has decreased up to 2% as compared to the conventional rectangular
pocked pad. The difference between bearing dynamic coefficients of new and conventional

pocket has been found be negligible.

Performance parameters of the sector shaped tilting pad thrust bearings employing the
new micro-structural geometries (i.e., trapezoidal-textured, and trapezoidal-pocketed pads) on
pad surfaces have been investigated. The pad equilibrium in the analysis is established using
the Newton-Raphson and Braydon methods. The influence of attributes of microstructures such
as depth, circumferential and radial positioning extents have been explored on the performance
behaviours. In comparison to the rectangular-pocketed pad, the trapezoidal-textured and
trapezoidal-pocketed pads have produced enhancement in the minimum film thickness varying
in the range of 10-28.5% and 18-37%, respectively. The reduction in the power loss has also



been found up to 3% and 5.5% with trapezoidal-textured and trapezoidal-pocketed pads,
respectively. However, the percentage decrease in maximum temperature is observed up to 5%

and 10% with trapezoidal-textured and trapezoidal-pocketed pads, respectively.

Finally at the end, the thesis presents, new design charts and associated empirical
relations for design of hydrodynamically lubricated rectangular-pocketed & trapezoidal-
pocketed tilting pad thrust bearings. Numerical examples have been provided to demonstrate
the use of the charts. The empirical relations are useful for developing the computer programs
for speedy design of pad thrust bearings.
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profile in 3D with a fish textured pad, (g) Comparison of 2D (mid-
plane) pressure profiles achieved with plain and fish textured pads,
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411

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

(h) Pressure profile in 3D with a pocketed-fish textured pad, (i)
Comparison of 2D (mid-plane) pressure profiles achieved with plain
and pocketed-fish textured pads [ Data: sh=16.2 um, &/& = 0.7, 6
/6 =0.5,b/a=0.5,hg =20 pm , br/ B = 0.7, unit pressure= 1 MPa,
U=9 m/s]

Changes in h2 and p with b/a for a fish scale textured pad [ sh=16.2
pm, /6 =0.7 , hg =50 um , br/ B =0.7], (a) unit load = 1 MPa, U
=4 m/s, (b) unit load =1 MPa, U =9 m/s

Changes in ho and p with b/a for a fish scale textured pad [ sh=16.2
pm, &/6 =0.7, hg = 30 um, br/ B = 0.7], (a) unit load = 2 MPa, U
=4 m/s, (b) unit load =2 MPa, U =9 m/s

Changes in hz and p with b/a for a fish scale textured pad [ sh=16.2
um, &/6,=0.7, hg =20 um , by / B = 0.7], (a) unit load = 3 MPa, U
=4 m/s, (b) unit load =3 MPa, U =9 m/s

Changes in hz and p Changes in hz and p with &/@ for pocketed pad
and fish textured pad [ sh=16.2 um, b/a=0.5, hg =50 um, b/ B =
0.7], (@) unit load = 1 MPa, U =4 m/s, (b) unit load =1 MPa, U =9
m/s

Changes in hz and p with  &/6 for pocketed and fish scale textured
pad [ sh=16.2 um, b/a =0.5, hg =30 um, bs/ B =0.7], (a) unit load
=2 MPa, U =4 m/s, (b) unit load =2 MPa, U =9 m/s

Changes in h2 and p with & /& for pocketed pad and fish scale
textured pad [ sh=16.2 um, b/a = 0.5, hg = 20 um, b,/ B = 0.7], (a)
unit load = 3 MPa, U =4 m/s, (b) unit load = 3 MPa, U =9 m/s

Changes in hz and p with 6,/ for pocketed-fish textured pad [ sh=
16.2 ym, &/é = 0.7, b/a =0.5, hg = 50 um, b,/ B = 0.7], (a) unit
load =1 MPa, U =4 m/s, (b) unit load =1 MPa, U =9 m/s

Changes in hz and p with 6,/ for pocketed-fish textured pad [ sh=
16.2 ym, &/é = 0.7, b/a = 0.5, hg = 30 um , by/ B = 0.7], (a) unit
load =2 MPa, U =4 m/s, (b) unit load =2 MPa, U =9 m/s

Changes in h2 and p with 6,/ for pocketed with fish textured pad [
sh=16.2 um, &/ =07 ,bla=0.5,hg =20 um, b,/ B =0.7], (a)
unit load = 3 MPa, U =4 m/s, (b) unit load = 3 MPa, U =9 m/s

Changes in hz and p with by /B [ sh=16.2 pm, &/ = 0.7, b/a = 0.5,
hg =50 um , &/ = 0.5], (a) unit load =1 MPa, U =4 m/s, (b) unit
load =1 MPa, U =9 m/s

Changes in hz and p with by/ B [ sh=16.2 um, &/ = 0.7, b/fa = 0.5,
ha =20 um ,6/6é = 0.5], (a) unit load = 2 MPa, U =4 m/s, (b) unit
load =2 MPa, U =9 m/s
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4.22

4.23

4.24

4.25

5.1

5.2

5.3

5.4

5.5

5.6

5.7

Changes in hz and pwith b/ B [ sh=16.2 um, &/6 = 0.7, b/a=0.5,
ha =30 um, & /& = 0.5], (a) unit load = 3 MPa, U =4 m/s, (b) unit
load = 3 MPa, U =9 m/s

Variation of performance parameters with unit load, [ sh= 16.2 pum,
G/ =0.7,bla=0.5 br/B=0.7, /& =0.5], (@) minimum film
thickness, (b) friction coefficeint

Variation of bearing dynamic coefficients with unit load [ sn = 16.2
um, &/ = 0.7, /6 =05, bla=0.5 b/ B =0.7 ]; (2) Bearing
axial stiffness coefficient at U = 4 m/s (b) Bearing axial stiffness
coefficient at U = 9 m/s (c) Bearing axial damping coefficient at U =
4 m/s (d) Bearing axial damping coefficient at U =9 m/s

Changes in temerature rise with unit load (a) U =4 m/s, (b) U =9
m/s,[ sh=16.2 um, &/ = 0.7, /6 =0.5b/a=0.5,b,/B=0.7]

Representations of : (a) CAD model of a sector-shaped pad thrust
bearing, (b) Coordinate system used in present analysis

Schematic representations of surface designs of pads employing
CAD models, (a) Pocketed pad, (b) New textured pad

Schematic of (a) top and sectional views of thrust pad bearing
surface with pocket, (b)top and sectional views of thrust pad bearing
surface with new texture

Ilustration of finite elements mesh of fluid computational domains
between runner and pad, (a) Plain pad, (b) Pocketed pad, (c) New
textured pad

(a)-(f) Percentage changes in performance parameters with depth of
new texture/pocket at different unit loads and speeds, [Ghce/éb =
0.70, Oce O = 0.70, Qﬁp 16 = 0.50, br/ar = 0.50, bt/ B = 0.50, bp/ B
=0.70]

(a) Section planes positions in a pocketed pad, (b) Section planes
positions in a new textured pad, (c) Dimensionless discharge at
different section planes of a pocketed pad, and new textured pad,
(d) New textured and pocketed pads pressure profiles at mid radius
plane of bearing [Unit load = 0.2 MPa, speed = 8.0 m/s, hce /b =
0.7, beel b =0.7, G/ =0.5, br/ar = 0.25, hda =50 um, bt/ B = 0.5,
bp/B=0.7]

Pressure profile details; (a) 3D pressure profile for pocketed pad
bearing, (b) Comparison of pressure profiles of plain
(conventional) and pocketed pad bearing at mean radius of bearing,
(c) 3D pressure profile for new textured pad bearing, (d)
Comparison of pressure profiles of plain and new textured pad
bearing at mean radius of the bearing, () Pressure profile of
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5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

6.1

6.2

6.3

pocketed pad as seen from leading edge, (f) Pressure profile of
new textured pad as seen from leading edge, (g)-(h) Hlustration
of film thickness profiles of pocketed and new textured pads,
respectively, [U =8.0 m/s, e /& = 0.70, Gee /b = 0.70, hp/ b =
0.50, br/ar = 0.50, hd = 50 pm, h2 =55 pm, bt/ B = 0.50, bp/ B =
0.70]

(a)-(f) Percentage changes in performance parameters with br/ar
at different unit loads and speeds [éhce /6 = 0.70, Gee /& =0.70, Ghp
/6 =0.50, br/ar = 0.50, bt/ B =0.50, bp/ B =0.70]

(a)-(f)Percentage changes in performance parameters with
dimensionless circumferential extents at different speeds and unit

loads [6hp/6b = 0.50, br/ar = 0.125, bt/ B = 0.50, bp/ B = 0.70]

(a)-(f) Percentage changes in performance parameters with éhp/6b
at different speeds and unit loads [éhce /6 = 0.70, éee/6b = 0.70,
br/ar = 0.125, bt/B = 0.50, bp/B = 0.70]

(@)-(f) Percentage changes of performance parameters with
dimensionless radial extent at different loads and speeds, [ bce/ 6b =
0.70, Gce/6b =0.70, chp/6 = 0.50, br/ar = 0.125]

Variations of hy, & p with unit load (a) film thickness (h2), (b)
coefficient of friction, [Bpce /60 = 0.7, Bce/60=0.7, bhp/b = 0.5, br/ar
=0.125],

(@) — (r) Pressure profiles of new textured and conventional pad
bearings at various loads and speeds, [fhce /b = 0.7, Gee /O =
0.7, 6hp/ b =0.5, br/far =0.125, hd =50 um, bt/ B = 0.5, bp/ B =
0.7]

(@) Variation in the lubricant flow rate of new textured and
conventional pad thrust bearing with unit load, (b) Changes in
temperature rise of the lubricant with unit load

Illustration of the textured and untextured area in (a) a pocketed
pad, (b) a new textured pad

Bearing details; (a) Schematic 3D model (CAD) of the sector-shaped
pad thrust bearing, (b) Polar coordinate system used in the analysis

Schematic CAD models; (a) Rectangular (conventional) pocketed
pad, (b) New pocketed pad

Sectional front and top views of pads; (a) Rectangular (conventional)
pocketed pad, (b) New pocketed pad
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6.4

6.5

6.6

6.7

6.8

6.9

Meshed domains; (a) Fluid film between a runner and new pocketed
pad, (b) Fluid film between a runner and rectangular (conventional)
pocketed pad, (c) Fluid film between a runner and plain pad

Validation with experimental works of authors [63,120] (a)
Grooved bearing [Groove angle = 8.4°% Ng=24, R1 = 0.024 m, R, =
0.032 m, hg = 4.6 um, no = 0.083 Pa-s ], (b) Pressure profile
produced using present model with mass-conservation, (c) Pressure
profile generated using present model without mass-conservation
(d) Plain pad bearing [6o = 40°, R2/R1 = 2, Reg = 1000, sp = 103 pm,
no = 0.001 Pa-s]

Validation and comparison of results; (a) Validation of results with
plain pad [117],[6 =60°, Reg =5000, R2/R1 = 2 ] (b) Validation of
results with textured pad bearing [109] [h2=50.0 pm, Ng =5, L =
0.005m, U=0.017850 m/s, L, = 0.000050 m, p7 = 0.830, s =-0.2770
kr +0.4920 (for B/L = 1.5), s = -0.0950 kr + 0.4120 (for B/L = 1.0), s
= 0.006 kr +0.3720 (for B/L = 0.5)], (c) 3D pressure profile with
consideration of mass conservation, (d) 3D pressure profile without
consideration of mass-conservation, () Comparison of 2D pressure
profiles at mid-width plane with and without consideration of mass-
conservation, (f) Film thickness profile

(a) Variations in hy & p with pocket depth for new pocketed and
rectangular (conventional) pocketed pad with respect to plain pad at
48 kPa, 26.5 m/s, (b) Comparison of pressure profiles of new
pocketed pad and rectangular (conventional) pocketed pad at mid
radius plane of the bearing,(c) A CAD model of new pocketed pad,
(d) 3D pressure profile for new pocketed pad bearing, (e) A CAD
model of rectangular (conventional) pocketed pad, (f) 3D pressure
profile for rectangular (conventional) pocketed pad, (g) Variations
in ho and p with pocket depth for new pocketed and rectangular
(conventional) pocketed pad with respect to plain pad at 48 kPa, 39
m/s, (h) Variations in ho & p with pocket depth for new pocketed and
rectangular (conventional) pocketed pad with respect to plain pad at
48 kPa, 53 m/S, [Cnp = 0.8,Ccp = 08, Rnp = 05, ch 20.6, a= 450]

Variations in h, & p with pocket depth for new pocketed and
rectangular (conventional) pocketed pad with respect to the plain
pad, (a) Applied load = 36 kPa, U = 26.5 m/s, (b) Applied load = 36
kPa, U =39 m/s, (c) Applied load = 36 kPa, U =53 m/s, (d) Applied
load = 24 kPa, U = 26.5 m/s, (e) Applied load = 24 kPa, U = 39 m/s,
(F) Applied load = 24 kPa, U =53 m/s, (g) Applied load = 12 kPa, U
=26.5m/s, (h) Applied load =12 kPa, U =39 m/s, (i) Applied load
= ](.)2 kPa, U=53 m/S, [Cnp = 08, Ccp = 08, Rnp = 05, ch :0.6, o=
45°]

() Variations in hy & p with dimensionless circumferential extent
for new pocketed and rectangular (conventional) pocketed pad with
respect to plain pad, (b) Pressure profiles (at mean radius plane) for
new pocketed pad at different values of dimensionless
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6.10

6.11

6.12

6.13

circumferential extent, (c) Pressure profiles ( bearing mid-plane at
mean radius) for rectangular (conventional) pocketed pad at different
values of dimensionless circumferential extent, (d) Pressure contour
for new pocketed pad at a Cnp = 0.7, (e) Pressure contour for
rectangular (conventional) pocketed pad at a Ccp = 0.7, (f) Pressure
contour for new pocketed pad at a Crnp = 0.8, (g) Pressure contour for
rectangular (conventional) pocketed pad at a Cnp = 0.8; [Rnp = 0.5,
Rep =0.6, & = 45° , hg = 200 pm]

Variations in hy, & u with dimensionless circumferential extent for
new pocketed and rectangular (conventional) pocketed pad with
respect to plain pad, (a) Applied load = 48 kPa, U = 26.5 m/s, (b)
Applied load = 48 kPa, U = 53 m/s, (c) Applied load = 36 kPa, U =
26.5 m/s, (d) Applied load = 36 kPa, U = 39 m/s, (e) Applied load =
36 kPa, U = 53 m/s, (f) Applied load = 24 kPa, U = 26.5 m/s, ()
Applied load = 24 kPa, U = 39 m/s, (h) Applied load = 24 kPa, U =
53 m/s, (i) Applied load = 12 kPa, U = 26.5 m/s, (j) Applied load =
12 kPa, U =39 m/s, (k) Applied load = 12 kPa, U =53 m/s; [Rnp =
0.5, ch :O.G, a = 450 ]

(a) Variations in hy & p with dimensionless radial extent for new
pocketed and rectangular (conventional) pocketed pad with respect
to the plain pad, (b) A comparison of dimensionless side leakage
between new pocketed pad and rectangular (conventional) pocketed
pad, (c) Pressure contour for new pocketed pad at a Rnp = 0.4, (d)
Pressure contour for rectangular (conventional) pocketed pad at a Rep
= 0.4, (e) Pressure contour for new pocketed pad at a Rnp = 0.5, (f)
Pressure contour for rectangular (conventional) pocketed pad at a Rnp
= 0.5, (g) Pressure contour for new pocketed pad at a Rnp = 0.6, (h)
Pressure contour for rectangular (conventional) pocketed pad at a Rnp
= 0.6, (i) Pressure contour for new pocketed pad at a Rnp = 0.7, (j)
Pressure contour for rectangular (conventional) pocketed pad at a Rnp
=0.7; [Onp = 0.8,0cp = 0.8, & = 45° , hg =200 um]

Variations in h, & u with dimensionless radial extent for new
pocketed and rectangular (conventional) pocketed pad with respect
to plain pad, (a) Applied load = 48 kPa, U = 26.5 m/s, (b) Applied
load = 48 kPa, U =53 m/s, (c) Applied load = 36 kPa, U = 26.5 m/s,
(d) Applied load = 36 kPa, U =39 m/s, (e) Applied load = 36 kPa, U
=53 m/s, (f) Applied load = 24 kPa, U = 26.5 m/s, (g) Applied load
= 24 kPa, U = 39 m/s, (h) Applied load = 24 kPa, U = 53 m/s, (i)
Applied load = 12 kPa, U = 26.5 m/s, (j) Applied load = 12 kPa, U
=39 m/s, (k) Applied load = 12 kPa, U =53 m/s; [Cnp = 0.8, C¢p =
0.8, a = 457]

(a) Variations in hy & x with angle alpha for new pocketed with
respect to the plain pad, (b) Film thickness contour for o = 30, ()
Pressure contour of new pocketed pad for a = 30°, (d) Film thickness
contour for a = 45, (e) Pressure contour of new pocketed pad for a =
450, (f) Film thickness contour for a = 60, () Pressure contour of new
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6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

7.1

7.2

pocketed pad for a = 609 [Cnp = 0.8 ,Ccp = 0.8, Rnp = 0.5, Rep =0.6, hg
=200 pm ]

Variations in h, & u with angle alpha for new pocketed with respect to plain
pad, (a) Applied load = 48 kPa, U = 39 m/s, (b) Applied load = 48 kPa, U
=53 m/s, (c) Applied load = 36 kPa, U = 26.5 m/s, (d) Applied load = 36
kPa, U = 39 m/s, (e) Applied load = 36 kPa, U = 53 m/s, (f) Applied load
=24 kPa, U =26.5m/s, (g) Applied load = 24 kPa, U = 39 m/s, (h) Applied
load = 24 kPa, U = 53 m/s, (i) Applied load = 12 kPa, U = 26.5 m/s, (j)
Applied load = 12 kPa, U = 39 m/s, (k) Applied load = 12 kPa, U = 53
m/s; [Cnp = 0.8, Ccp, = 0.8, Rnpp = 0.5, Ry = 0.6]

(a) Variation in hz with unit load for turbulent and laminar flow
model in case of new pocketed pad bearing, (b) Variation in x with
unit load for turbulent and laminar flow model in case of new
poc():keted pad bearing; [Cnp = 0.8,Ccp = 0.8, Rnp = 0.5, Rep =0.6, a =
45°]

(a) Variation in friction force with unit load for new pocketed and
plain pad bearing, (b) Variation in lubricant inflow rate (Qin) with
unit load for turbulent and laminar new pocketed and plain pad
bearing, (c); Variation in lubricant side flow rate (Qsige) With unit
load for new pocketed and plain pad bearing; [Cnp = 0.8,C¢p = 0.8,
Rnp = 05, ch 20.6, a = 450 ]

Changes in bearing axial stiffness coefficient with speed (a) Axial
stiffness coefficient at unit load = 48 kPa, (b) Axial stiffness
coefficient at unit load = 36 kPa, (c) Axial stiffness coefficient at unit
load = 24 kPa, (d) ) Axial stiffness coefficient at unit load = 12 kPa;
[Cnp = O.8,Ccp = 08, Rnp = 05, ch 20.6, a = 450]

Changes in bearing axial damping coefficient with speed (a) Axial
damping coefficient at unit load = 48 kPa, (b) Axial damping
coefficient at unit load = 36 kPa, (c) Axial damping coefficient at
unit load = 24 kPa, (d) ) Axial damping coefficient at unit load = 12
kPa, [Cup = 08, Ccp = 08, Rnp = 0.5,ch :0.6,(1 = 450]

Equivalent stiffness and damping model of fluid film in (a) Plain pad,
(b) New pocketed pad

Displacement vs time plot for plain pad case
Displacement vs time plot for new pocketed pad case

Schematic description of two new surface geometries; (a)
Trapezoidal pocketed-textured pad, (b) Trapezoidal-rectangular
pocketed pad, (c) Top and sectional front views of the trapezoidal
pocketed-textured pad, (d) Top and sectional front views of the
trapezoidal-rectangular pocketed pad

Schematic sketch showing the concept of moment calculation about
the pivot axis due to hydrodynamic force
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7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

Schematic diagram showing the oil mixing region with additional
information

Meshed lubricating films between runner and pad; (a) With
trapezoidal pocketed-textured pad, (b) With trapezoidal-rectangular
pocketed pad

(a)-(f) Percentage change in the h and Ep with two micro-structured
pads with texture depth at different loads and speeds,[6/60=0.80,
01/60=0.85, B¢/B=0.70, By/B=0.55, ts/tw=0.50]

(a) - (c) Percentage change in the hz and Ep with the texture depth at
different loads and speeds, [6p/60=0.80, 6+/6:=0.85, B¢/B=0.70,
B#/B=0.55, ts/tw=0.50]

Dimensionless circumferential velocity (V) contours in film
thickness at pads’ mid-radius plane; (a) Plain pad, (b) Trapezoidal-
pocketed pad having hg = 30 um, (c) Trapezoidal-pocketed pad
having hg= 60 pm

Pressure contours; (a) Trapezoidal-textured pad, (b) Trapezoidal
pocketed pad

(a) - (f) Percentage changes in the h2 and Ep of two different micro-
structured pads with the dimensionless circumferential extents at
different loads and different speeds, [By/B=0.70, B¢/B=0.55,
ts/tW:OSO]

(a)-(c) Percentage changes in the hz and E, of two different micro-
structured pads with the dimensionless circumferential extents at
different loads and speeds, [ Bq/B=0.70, B/B=0.55, ts/tw=0.50]

(a)Vvariation of inlet flow rate with dimensionless circumferential
extents, (b) Section planes on the top surface of trapezoidal-textured
pad, (c) Section planes on the top surface of trapezoidal-pocketed
pad, (d) Variation of discharge in circumferential direction, [Unit
load=1 MPa, U=5.25 m/s,B,/B=0.70, B/B=0.55, ts/tw=0.50]

(a) - (f) Percentage changes in the h2 and Ep of two different micro-
structured pads with the dimensionless radial extents at loads and
different speeds, [01p/00=0.80, O:/60=0.85, ts/tw=0.50]

(a)-(d) Percentage change in the hz and Ep of two different micro-
structured pads with the dimensionless radial extents at different
loads and speeds, [61p/00=0.80, Opt/60=0.85, ts/tw=0.50],(d) Variation
in inlet flow rate with dimensionless radial extent, [Unit load=1 MPa,
speed=5.25 m/s]

(a)-(f) Percentage change in the hz and Ep of a trapezoidal-pocketed

pad with the values of g at different loads and speeds, [/60=0.80,
01/ 60=0.85, B4/B=0.70, B/B=0.55, ts/tw=0.50]
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7.15

7.16

7.17

7.18

7.19

7.20

7.21

7.22

8.1

8.2

8.3

8.4

(a)-(c) Percentage changes in the hz2 and E, of a trapezoidal-pocketed
pad with the p° at different loads and speeds, [6ip/60=0.80,
01/60=0.85, B4/B=0.70, By/B=0.55, ts/tw=0.50]

(a)-(f) Percentage changes in the hy and E, with dimensionless
trapezoidal extent (0i/6o ) at different loads and speeds, [B+/B=0.55,
ts/tW:OSO]

(a)-(c) Percentage changes in the hy and Ep with dimensionless
trapezoidal extent (Oic/6o ) at different loads and speeds, [B/B=0.55,
ts/tW:OSO]

(a)-(f) Percentage changes in h2 and E, with dimensionless spacing
parameter (ts/tw) at different loads and speeds, [Gpt/60 = 0.85, B¢/B =
0.55]

(a)-(c) Percentage changes in the h, and Ep, with dimensionless
spacing parameter (ts/tw) at different loads and speeds, [6pt/60=0.75,
Op/60=0.80, Opi/60=0.85, Bp/B=0.90, B/B=0.70, ByB=0.55,]

Percentage improvement in performance parameters of both micro-
structured pads at different load and speed in comparison to the plain
tilting pad bearing; (a) h2, (b) Ep, (C) Tmax, [ha=40 um, 6/60=0.80,
01/60=0.85, B¢/B=0.70, By/B=0.55, ts/ty=0.50]

(@) CAD model of a conventional rectangular pocketed pad, (b)
Percentage increase in minimum film thickness of both micro-
structured pads as compared to the conventional rectangular
pocketed pad, (c) Percentage decrease in the power loss of both
micro-structured pads in comparison to the conventional rectangular
pad, (d) Percentage decrease in the maximum oil temperature of both
micro-structured pads as compared to the conventional rectangular
pocketed pad

(@ Comparison of mid radius film pressure profiles (in
circumferential direction) of new micro-structured pads with
conventional rectangular pocketed pad; (b) Variation in tilt angles
with unit load

((a) Schematic CAD model of a tilting pad thrust bearing system, (b)
Sketch of a tilting pad interfaced with a runner segment

(a) Top and front sectional views of rectangular pocketed pad, (b)
Top and front sectional views of trapezoidal-pocketed pad
Schematic diagrams of finite element mesh of fluid domains, (a) a
rectangular pocketed pad case, (b) a trapezoidal pocketed pad case

Validation of present numerical results with the work of the authors
[25], (@) Dimensionless minimum film thickness, (b) Dimensionless
friction coefficient, (c) Dimensionless flow, (d) Dimensionless flow
ratio
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8.5

8.6

8.7

8.8

8.9

8.10

8.11

8.12

8.13a

Variation of performance parameters with pivot position for
trapezoidal pocketed fixed pad thrust bearing having B/L = 1, (a)
Dimensionless minimum film thickness, (b) Dimensionless friction
coefficient, (c) Dimensionless flow, (d) Dimensionless flow ratio

Variation of performance parameters with pivot position for
rectangular pocketed tilting pad thrust bearing having B/L = 0.5, (a)
Dimensionless minimum film thickness, (b) Dimensionless friction
coefficient, (c) Dimensionless flow, (d) Dimensionless flow ratio

Variation of performance parameters with pivot position for
rectangular pocketed tilting pad thrust bearing having B/L = 2, (a)
Dimensionless minimum film thickness, (b) Dimensionless friction
coefficient, (c) Dimensionless flow, (d) Dimensionless flow ratio

Variation of performance parameters with pivot position for
trapezoidal pocketed tilting pad thrust bearing having B/L = 1, (a)
Dimensionless minimum film thickness, (b) Dimensionless friction
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Ae

Bnp, Dep

br

hd
hat

hdp, hcp

hy

h2

kr

Nomenclature

width of a fish texture in the Fig. 4.3(b), m
area of the e element
spacing between two adjacent fish textures in the Fig. 4.3(b), m

width of new pocket and conventional pocket respectively (in the radial
direction), m

radial width of pocket, m
bearing width in radial direction, m

radial length of trapezoidal-pocketed & trapezoidal-textured pads,
respectively, m

fluid heat capacity, J/kg-K

dimensionless circumferential extents of the new pocketed and rectangular
(conventional) pocketed pads, respectively

power loss, W

fluid friction, N

film thickness, m

depth of texture, m

fish scale texture depth, m
pocket depth, m

depth of new pocket, m

inlet film thickness, m
minimum film thickness, m
index used in fish textured pad equations
convergence ratio [(h1/ h2) -1)]
length of bearing, m

width of taper land, m
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Nr

No

Finitial
R1
R2
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Tmax

Wext

W1 Wint

untextured length at inlet, m

moment of a fluid force about the pivot axis, N-m
index used for updating viscosity

number of nodes in an element

component of unit normal vector in radial direction
total number of nodes in computational domain
component of unit normal vector in circumferential direction
shape function

number of elements

number of grooves

number of elements in radial direction

number of elements in circumferential direction
gauge pressure, N/m?

radial coordinate, m

starting point of texture defined by (0.5*B—b,)
bearing inner radius, m

bearing outer radius, m

local Reynolds number (p@wrh/n,)

global Reynolds number (pws,R, /1,)

shoulder height (h1 - h2), m

temperature, K

maximum oil temperature, °C

speed of runner defined at mean radius of bearing, m/s
external applied load on bearing, N

load carrying capacity, N
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Op, O

0.0

pce » “tce

n

Ty
porf

Po

Q

Pivot circumferential position from inlet, m

axial coordinate, m

number of pads

circumferential coordinate, degree

half-wave extents in @ direction for new textured pad, degree
circumferential half wave extents of fish texture, degree
circumferential extents of texture, degree

pad angle, degree

circumferential extents of pocket in case of pocket with fish texture pad,
degree

extents of the pocketed pad in the circumferential direction in case of new
textured pad

pivot circumferential position from inlet of a pad, degree

circumferential extent of trapezoidal portion of trapezoidal-textured pad,
degree

circumferential extents of trapezoidal-pocketed & trapezoidal-textured pads,
respectively, degree

circumferential extents of the pocketed pad and new textured pad
respectively, degree

lubricant dynamic viscosity, N-s/m?

lubricant dynamic viscosity at inlet temperature, N-s/m?
coefficient of friction

lubricant density, kg/m?

lubricant density in full film region, kg/m?3

texture density

rotational speed, s

inclination angle of an edge in the Fig. 6.3(b), degree
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B inclination angle of an edge of trapezoid for trapezoidal-pocketed pad,

degree
@ cavity fraction
y temperature viscosity coefficient, K

Dimensionless parameters

c Chy / uR;

A h/h,

h (h+h,)/h,

P ph; / (17,42R})
r r/'R

5 ha/ h2

S Shy / pwRy

z z/h

0 0

n nln,
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