Hindawi

International Journal of Rotating Machinery
Volume 2021, Article ID 6690479, 10 pages
https://doi.org/10.1155/2021/6690479

Research Article

Hindawi

The Air Lubrication Behavior of a Kingsbury Thrust

Bearing Demonstration

Wanjun Xu®"? and Jiangang Yang (>

ISchool of Energy and Power Engineering, Nanjing Institute of Technology, Nanjing 211167, China
2School of Energy and Environment, Southeast University, Nanjing 210096, China

Correspondence should be addressed to Jiangang Yang; jgyang@seu.edu.cn

Received 22 October 2020; Revised 4 January 2021; Accepted 11 February 2021; Published 27 February 2021

Academic Editor: Keiichi Okai

Copyright © 2021 Wanjun Xu and Jiangang Yang. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

In order to understand the air lubrication behavior of Kingsbury thrust bearing demonstration, an experimental and theoretical
investigation on a simulated Kingsbury thrust bearing was presented. The motions of the thrust disk and tilting pads were
measured by eddy current sensors for three mass load cases. A simplified theoretical model governing the motion of the thrust
disk was established. The bearing successfully passed the examination of lamp extinction and maintained the maximum rotation
time of 16s. The effective hydrodynamic film with a thickness of about 5um was concentrated on the middle region of the
working surface under a flatness of 0.010 mm. The adverse effect of the three surface bumps was minimized by the swing
motion of tilting pads. Moreover, about 1/3 air film thickness was shown to be wasted due to the surface irregularity. However,
the requirements of surface quality and misalignment were appropriately relaxed through the design of the centrally pivoted

tilting pads. This design is conducive to thin-film lubrication and is a potential application for microturbines.

1. Introduction

The Kingsbury thrust bearing demonstration represents a
class of tilting pad gas thrust bearings. It was used by the
Kingsbury Company’s salesmen to demonstrate the existence
of a complete air film. The bearing was simply designed by a
thrust disk with three tilting pads, enabling it to operate in a
well air-lubricated condition when set in motion by hand.
The thrust disk can spin continuously from several seconds
to minutes without contact.

The design and manufacture of the bearing are old-
fashion without state-of-the-art manufacturing technology.
Particularly, emery paper can even be used to grind its
working surface. However, this bearing can steadily oper-
ate under unfavorable factors such as large surface irregu-
larity and low rotational speed. The adaptive ability to
maintain effective lubrication is impressive and worth tap-
ping for modern industrial applications. Gas bearings in
microturbines, for example, may learn the bearing design.

To date, there is little research on this bearing from an
experimental or theoretical perspective. The internal lubri-
cation condition and necessary mechanism remain
unclear. This paper is aimed at (1) systematically studying
this bearing and presenting its dynamic characteristics in
detail, (2) providing an effective measurement method
for air film thickness and the swing motions of tilting
pads, and (3) discussing the controversial design of cen-
trally pivoted tilting pads.

Since Hirn [1] proposed the idea of using gas as lubrica-
tion in 1854, the technology of gas lubrication has been
developed over 160 years. Compared with oil bearings, gas
bearings are particularly suitable for high-speed and light-
load spindles in precision machinery [2, 3]. Their main
advantages include less friction, high accuracy, and a long
lifetime. The applications of gas bearings [4-9] have been
extended from traditional gyroscopes and accelerometers to
spacecraft simulators, industrial measurement, medical
equipment, and microturbines. In the early stage of gas
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F1GURE 1: Simulated Kingsbury thrust bearing.
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FIGURE 2: Test system.

lubrication development, research focused on the measure-
ments of a micron-scale gas film. The method to precisely
pick up a micron-scale air film thickness was concerned. In
a pioneering work of Kingsbury [10], a small screw of the fine

thread was utilized as a sensor to measure the distance
between the piston and the cylinder in the test device.
The possibility of gas lubrication was verified by this
experiment for the first time. With the development of



International Journal of Rotating Machinery

Air film force

Gravity i

>

Air film friction force

Supporting force lAir film force

Gravity

FIGURE 3: Force analyses of the thrust disk and tilting pad.

h (pm)
Y (=) 0~ .
-lllllllllllllllllllll’ 6.8
-0.5
6.6
1 6.4
154 6.2
' 6
-2 4
h, « 5.8
-25 : . : : , 5.6
0.5 1 L5 2 2.5 3 X ()

(a) Air film thickness

P (Pa)

Y (-)0 -
1200

,05 4
1000
11 800
154 600
400

-2
200

—25 T T T T 1
0.5 1 1.5 2 2.5 3 X(-)

(b) Air film pressure

F1GURE 4: Numerical results.

testing technology, eddy current sensors were largely
applied. The measurement of dynamic variation of air
films was realized. Many researches [11-14] have shown
that the film thickness from 3 ym to 50 ym was a general
working clearance for most gas lubricated devices. What is
more, a large film thickness is required for dynamic loads
to reduce the possibility of contact.

Benefited from the advanced processing technology, the
surface flatness of modern bearings can be minimized to less
than 1 ym [15, 16]. The effect of flatness on the air film is less.
Research focused on the improvement of the load-carrying
capacity [17-20]. In the Kingsbury thrust bearing demonstra-
tion, however, the quality of the surface made by the grinding
process of emery paper is relatively low. It implies an imperfect
lubrication condition. The possibility of surface contact is
increased, especially when the bearing operates at a low rota-
tional speed; in addition, the misalignment of shaft-bearing
is required more strictly. In this study, a simulated Kingsbury
thrust bearing was tested for three mass load cases at a speed of
less than 350 r/min. The internal lubrication condition and
dynamic characteristics of the bearing were studied. The axial
motion of the thrust disk and the swing motion of the tilting
pads were measured. A simplified theoretical model was estab-
lished to explain the operating behavior of the bearing.

2. Apparatus

The Kingsbury thrust bearing was simulated to explore its
operating behavior, as illustrated in Figure 1. The bearing
elements consist of a thrust disk, three tilting pads, three
supporting bolts, and a base. The thrust disk was flexibly
positioned on the three tilting pads, and the bottom center
shaft was inserted into the insulated journal bearing of the
base. The tilting pads were placed in the slots of the base
and supported by the point pivots of the bolts. This
arrangement allows the pads to more freely. Besides, the
surfaces of the thrust disk and tilting pads can contact
closely by adjusting the bolts to a suitable elevation. The
thrust disk is composed of aluminum with a diameter of
100 mm. Its mass is 0.15kg and can be increased by the
addition of extra metal rings on the surface. The tilting
pads are the 50-degree fan-shaped stainless steel with the
inner and outer diameter of 35mm and 95mm, respec-
tively. The working surfaces of the two parts were ground
smooth with 2000-grit emery paper.

An eddy current sensor, Sensor 1, with a probe diam-
eter of 5mm was placed on top of the thrust disk to mea-
sure the axial displacement, as shown in Figure 2. The
diameter of the measured surface was enlarged to 20 mm
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TaBLE 1: Initial conditions and parameters.

Cases ™M G, N, hy T Common
(kgy (N) (r/min) (um) (s) parameters
— -5
Case 015 147 350 63 16 H=186x10
1 Pa-s
gase 030 294 280 48 95 ¢ =0Ns/m
gase 045 441 300 41 45 a=0.002°

after being glued on a steel ring. Another eddy current
sensor, Sensor 2, was positioned on the base between the
tilting pads. Its probe faced the auxiliary steel plane, which
was combined with the tilting pad (see Figure 2(b)). This
combination allows the swing displacement of the tilting
pad to be measured. The rotational speed of the thrust
disk was measured by a photoelectric sensor, Sensor 3.
All of the test data was recorded in the software of eZ-
TOMAS 8.0 when the thrust disk was set in motion by
hand.

3. Simplified Model

The force analyses of the thrust disk and tilting pads are pre-
sented in Figure 3. The thrust disk was floated on an air film
and subjected mainly to the air film force, air film friction
force, and gravity. The angular motion is ignored. Then, the
axial motion of the thrust disk is simply governed by

mz+cz+3W(z) =G, (1)

where m is the mass of the thrust disk, z is the axial displace-
ment, ¢; is the axial damping of air film, W is the air film
force, and G is the gravity of the thrust disk.

The tilting pad swings on its pivot and is subjected
mainly to the air film force, supporting force, and gravity.
Its swing motion is determined by

J& + c,& + My (a) = M, (2)

where ] is the rotational inertia of the tilting pad, « is the
swing angle, ¢, is the swing damping of air film, M, is the
moment of the air film force, and M is the gravity moment.

The air film force W can be better calculated by numeri-
cal methods due to the finite size of the tilting pads. The com-
pressible dimensionless Reynolds equation (Equation (3))
was solved by a finite difference method (FDM):

d PRI oP L 0 i oP _ARa(PH) 3
OR OR| ROO 20| 00

The parameters in Equation (3) have been illustrated in
Reference [21]. The dimensionless thickness H of air film
must be determined. It is characterized by the air film central

5
thickness /. and the swing angle a, as expressed in
He h.+ (8- Z:)Rri tan (x’ (4)

[

where ¢ =0.4364 radians (25 degrees) indicates the half-
angle of the tilting pad, r; = 0.017 m indicates the inner radius
of the tilting pad, and & = 0.002° indicates the assumed swing
angle. The discretization and iterative scheme were detailed
in Reference [21]. The air film force is calculated as

7, (500
W= J J prdrdo. (5)
0

The obtained results were explained for the case of h, =
6.3 um and N =350 r/min. The air film thickness and pres-
sure distribution are presented in Figure 4. The maximum
and minimum film thicknesses appear at the sides of the tilt-
ing pad along the outermost diameter. The primary hydrody-
namic pressure is concentrated on the center of the tilting
pad. The boundary pressure of the tilting pad is kept at zero.
The air film force is calculated as W = 0.49 N after the pres-
sure integral performs. The total air film force is three times
that of the single air film force and equals the gravity of the
thrust disk.

4. Results and Discussion

The bearing was measured under the thrust disks with a mass
of 0.15kg, 0.30kg, and 0.45kg, respectively. The bearing
passed the examination of lamp extinction at each mass load
case. The behavior of the lamp in a complete testing process
was presented as completely extinguished to flicker and
finally to normal light. The flicker implies that local contact
appeared at the end of the testing. The experiment verified
that a complete air film was formed between the thrust disk
and the tilting pads.

Figure 5(a) illustrates the axial displacement of the thrust
disk, which represents the air film central thickness. The ini-
tial displacement was observed to be negative, inconsistent
with the actual condition. This is mainly caused by the algo-
rithm or hardware problem of the test system, in which the
starting point cannot be calibrated accurately. However, the
negative displacement does not affect the validity of the test
results because the required data is the displacement differ-
ence. The thrust disk was rapidly floating up to about 5ym
once it was set in motion by hand; then, it gradually dropped
until complete contact. The longest-running time is 16s in
the light case of the 0.15kg thrust disk. The running time
depends on the initial speed and surface conditions. Once a
smoother surface is offered by extended polishing, an
increased spin time will be obtained. In the process of disk
dropping, the thrust disk motion was accompanied by a fluc-
tuation at the rotational frequency resulting from the unpar-
alleled measured surface (see Figure 2(a)). Its rotational
motion generated a harmonic fluctuation that was combined
in the axial displacement curve. This scenario was more evi-
dent when there was a larger misalignment between the
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sensor probe and the thrust disk axis. Those fluctuations are
hard to be completely removed based on the current mea-
surement method. They are just considered interference
and ignored.

Two assumptions were made to close Equation (1) to the-
oretically calculate the air film thickness. The rotational
speed was set to a linear decrease, in line with the experimen-
tal results (see Figure 5(c)), as follows:

T t, (6)

where N is the initial rotational speed, T is the total running
time, and ¢ is the time. The swing angle of the tilting pads was

set to a fixed value (The tilting pad motion will be discussed
later.). Based on these assumptions, Equation (1) was solved
using the 4™ Runge-Kutta method. The corresponding initial
conditions and parameters are listed in Table 1. The flow
chart of the solution process is provided in Figure 6. The
air film force at each time step was updated according to
the solution of the Reynolds equation. There is a large time
consumption in the solution of the Reynolds equation in
practical calculation. To overcome this problem, the air film
force from the Reynolds equation was predetermined
through the calculation of a series of film thickness and rota-
tional speed, as illustrated in Figure 7(a). The air film force
used in Equation (1) at each time step was calculated by the
interpolation of two adjacent curves, contributing to
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avoiding large time consumption. Moreover, these curves
were fitted through an exponential relation to ensure the
smoothness of the solution (Figure 7(b)).

Besides, the initial air film central thickness h, one of
the initial parameters of Equation (1), needs to be prede-
termined. The total air film force is always equal to the
thrust disk gravity in the operating process. The value of
h, was calculated using the force equilibrium relation.
Additionally, the air film damping ¢, was ignored owing
to the weak effect.

The air film thickness was calculated based on the
assumed rotational speed. Essentially, it is a pseudotransi-
ent analysis that the whole transient solutions are made up
of a series of steady-state solutions. The pseudotransient
analysis is a simplified theoretical model that reduces cal-
culation cost and shows the variation of air film thickness.
The air film thickness between the experiment (the fluctu-
ation was ignored) and the model was compared in
Figure 8. The same trend for air film thickness is observed;
however, the calculated air film thickness is about 2 times

higher than that of the measurement. The air film thick-
ness was overpredicted because the theoretical model
neglected the adverse effects such as surface irregularity.
The flatness of the bottom surface of the thrust disk was mea-
sured by a Coordinate Measuring Machining (CMM) to
present the details of the actual lubrication (Figure 9(a)).
The height contour is presented in Figure 9(b). The circum-
ferential region at the middle radius is higher than the side
regions. The maximum height difference is around 10 ym,
implying that the surface flatness is 0.010 mm. In this case,
the effective air film must be concentrated on the middle
region, which occupies 2/3 of the total area of the surface.
Regarding the side regions, the large gap hinders the genera-
tion of effective load-carrying capacity. The thrust disk grav-
ity is entirely born by the middle air film. Therefore, the air
film thickness has to become about 1/3 of the theoretical air
film thickness to achieve higher load-carrying capacity. This
causes the air film thickness in the actual lubrication to be
smaller than that in the model. Consequently, the dynamic
performance is reduced by the surface irregularity.
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FiGure 10: Comparison of surface flatness and tilting pad motion.

The swing displacement of the tilting pads is shown in
Figure 5(b). The tilting pads were initially horizontal and
suddenly swung when the rotation began. The swing motions
of the three mass load cases were the same. These fluctuations
in the measurements were represented by two or three peaks
and repeated in each rotational period. The peak amplitude
h, is about 1 um, suggesting that the swing angle « is about
0.002°, as calculated by

a=tan ' L, (7)

where 7, =0.033 m indicates the radius positioned Sensor 2
and v =0.8727 radians (50 degrees) indicates the angle
between Sensor 2 and the tilting pad center.

The swing motion of tilting pads may be caused by
two reasons: the design of central pivots and the surface
irregularities. The tilting pads were designed by pivoting
centrally to effectively eliminate the misalignment. How-
ever, this design has been criticized in [22] because the
pivot should be placed in the center of pressure in theory;
otherwise, the bearing becomes unstable. The total air film
force always appears at the side of the small gap, resulting
in an unbalanced moment. The tilting pads may swing at
a frequency.

However, the tilting pads did not strictly pivot centrally
during the testing. The top diameter of the supporting bolts
is 2mm, and the width of the slot at the bottom of the tilting
pads is 3mm. The tilting pad can self-adjust to a suitable

position, making the air film force point to the pivot to elim-
inate the unbalanced moment. The experimental results indi-
cated that the swing frequency was related to the rotational
frequency. Thus, the surface irregularity is the main reason.

According to the flatness measurement, the surface
was subjected to three bumps with a height of 1.1 um,
3.1 um, and 3.3 ym, respectively. When the bumps passed
through the top surface of the tilting pads, the tilting pads
had to be swung to maintain the necessary convergence
gap and generate load-carrying capacity. These bumps
caused the swing motion of the tilting pads in each rota-
tional period. The surface irregularity and the tilting pad
motion were compared, as illustrated in Figure 10. The
height curve was plotted at the middle radius of the sur-
face. The three bumps basically corresponded to the
three-time swings of the tilting pad in each rotational
period. Due to inertia and multidimensional effect, the
swing of the tilting pad was smooth and lagged behind
the variation of the surface height. Compared with fixed
pads, the tilting pads self-adjusted the air film thickness
with the changing surface height. Consequently, the possi-
bility of contact was extremely reduced, and the lubrica-
tion ability was improved.

5. Conclusion

The excellent adaptive ability was presented by the simu-
lated bearing. The adverse effect of the surface bumps
was minimized by the swing motion of tilting pads, and
a complete air film was formed between the gap. The
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effective air film thickness of about 5um was concentrated
on the middle region of the surface, though the surface
flatness reached 0.010mm. However, the theoretical
models indicated that about 1/3 air film thickness was
wasted due to the surface irregularity. The design of the
centrally pivoted tilting pads is of particular significance,
making the bottom surface of the thrust disk completely
fit the tilting pads. The requirement of surface processing
technology is appropriately relaxed. This design does not
make bearing unstable. It contributes to thin-film lubrica-
tion and is a potential application for microturbines.

Nomenclature

H: Dimensionless air film thickness
G:  Gravity of thrust disk

J: Rotational inertia of tilting pad

Mg:  Gravity moment

M,,: Moment of air film force
T: Total running time

N:  Rotational speed

N,:  Initial rotational speed
W:  Air film force

¢}, ¢,: Damping

h.:  Air film central thickness

h,:  Initial air film central thickness
h,:  Peak amplitude

m:  Mass of thrust disk

r;: Inner radius of the tilting pad
rg Radius positioned Sensor 2

t: Time

z: Axial displacement

% Swing angle

@: Half-angle of tilting pad

y:  Angle between Sensor 2 and tilting pad center.
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