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A novel technique to compute static and dynamic performance

characteristics of aerostatic thrust bearing

1. Introduction

Aerostatic thrust bearing are widely used in industrial metrology, grinding machines,
semiconductor manufacturing equipment, high precision equipment and machines[1].
Bearing in these machineries prevents direct metal to metal contact and provide low friction
environment, they provide almost frictionless environment to the machine. The stiffness and
damping are a desirable property for various industrial application. Although stiffness and
damping provided by these bearing is sufficient, there is a higher demand to improve stiffness
and damping coefficient for precise operation. That is why, several experimental and
theoretical studies pertaining the performance of an aerostatic thrust bearing have been
carried out.[1-7].

These bearings have the capability to provide high accuracy, low heat generation and
near-zero friction running characteristics[2]. Manufacturing error on aerostatic bearing
surfaces generally causes deterioration in the performance of bearing performance[3, 4].
Manufacturing error can occur either on bearing surface or on a restrictor. Further, nano-
fluctuation of objects may cause severe problem in precision based manufacturing system.
Yoshimura[8] studied the cause of theses nano-fluctuation of aerostatic thrust bearing with
surface restriction.

The aerostatic thrust bearing is usually designed to operate under parallel operation
but thrust pad of bearing is tilted due several reasons such as manufacturing errors, thermal
deformation and structural deformation. Tilt in thrust bearing results in a substantial
deterioration in bearing performance[9]. Tilt reduced the bearing load carrying capacity,
minimum air film thickness and increases air film temperature. A significant change in the
bearing performance of the bearing is also observed.

Various types of recess shapes have been proposed for aerostatic thrust bearing. Yabe
and his co-researchers[1, 5, 6] worked on annular and rectangular thrust bearings, but they
focussed on running accuracy aspects only rather than effects on load and stiffness. The
changes in load and stiffness occur in rectangular thrust bearings due to manufacturing error.

Tilt significantly alters the bearing performance. Therefore, in the present paper, the
influence of the tilt parameter on the thrust bearing along with various recess shape has been

studied. In the present work, elliptical, square, circular and rectangular type of recess have
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been considered[1]. Compressible Reynolds equation is nonlinear in pressure therefore,
analytical methods cannot be used to find solution. Therefore, various numerical methods
have been presented to find solution[10]. Ma et al.[11] used finite element method to solve
compressible Reynolds equation for aerostatic thrust bearing. They employed 4™ order
Runge-Kutta method and FEM are used to obtain time dependent behavior of aerostatic thrust
bearing. They also compared stiffness of aerostatic bearing with different number of damping
orifice. Zhou et al.[12] employed CFD approach to the numerical solution of aerostatic thrust
bearings. In this method, they decomposed the solution domain into an inner region near the
restrictor for Navier-stokes and Reynolds equations is used to solve air flow field. The results
of approach had been compared with the numerical solution of aerostatic thrust bearing
having cylindrical and rectangular recess. They proved that the hybrid approach can be used
to efficiently model the complex flow behaviors near restrictor. They determined the pressure
distribution near restrictor. Eleshaky [13] studied the effect of shock wave on the aerostatic
thrust bearing by solving three dimensional average Reynolds equation. Sharma et al.[14]
reported the effect of shape of recess on orifice compensated hydrostatic thrust bearing. The
dynamic (stiffness and damping) coefficient of thrust bearing were studied by using grid
method. Incompressible Reynolds equation for hydrostatic bearing also solved using FEM.
The static and dynamic characteristics had been determined numerically. More recently
Yadav et al.[15] developed a finite element formulation to compute static and dynamic
performance parameter of gas lubricated journal bearing. They computed the gas film
stiffness and damping coefficient and compared the finite element results with the results of
perturbation method.

The open literature in the area of aerostatic thrust bearing reveals that there is no
study that indicates the influence of tilt on aerostatic thrust bearing with different geometries
of recess. Therefore, to bridge this gap in the literature, present study is planned to examine
the performance of tilted pad aerostatic thrust bearings with different geometric shapes of
recess. Furthermore, in past many attempts have been made to compute air stiffness and
damping coefficient of aerostatic thrust bearing by using perturbation methods. The air film
stiffness and damping characteristics of thrust bearing are studied by using dynamic grid
method of ANSYS[16]. As the Reynolds equation governing the flow of compressible
lubricant is nonlinear partial differential equation therefore, the computation of the stiffness
and damping coefficient follow an iterative procedure. It requires lot of computational
supports. Therefore, in the present work, a novel technique based on finite element

formulation is suggested to compute air film stiffness and damping coefficient in aerostatic
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thrust bearing.

Nomenclature

A

pOC

Ps

Qr

Hr

3
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Area, m?
Radius of capillary,

Air film damping coefficient, Ns / m

Resultant air film reaction (Z—P; * 0), N

. . (@
Resultant air film reactlon(a—r: = 0), N

Local air film thickness, m
Reference air film thickness, m
Minimum clearance, m

Air film pressure, N / m*

Pocket pressure(z—rtl = 0), N/m?
Supply pressure, N/m?

Bearing flow, m* /s

Restrictor flow, m® / s

Total number of nodes

Total number of elements

Number of pockets

Total number of nodes in an element
Outer radius of the circular thrust pad, m
Air film stiffness coefficient, N/m
Time, s

Reference viscosity of the air, Pa-s
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A Tilt parameter

Da Ambient pressure

Ds Supplied pressure

p Air viscosity

T Air Temperature

g Acceleration of gravity

K Isentropic expansion index of air
Ry Gas constant

Non-dimensional parameters

c Cf’f;
'
Cs2 APs¢\/% X Forifice
Forifice %
o n
F TSFps
B %
; >
,; o
ot
p p/p,
O o,
4
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p.h;
5 Sh,
rp,
Z —
a X,
B Yl

_ 2
t 1 /( /’lzro j
h,p,

Subscripts and superscripts

b Bearing

e ¢ element

oc Pocket

0 Steady state equilibrium
R Restrictor

— Corresponding dimensionless parameter

s Supply pressure

Matrices

[F1],[F2],[F3],[F4] Assembled air fluidity Matrix

{r} Nodal pressure column Vector

46} Nodal Flow Column Vector

[R,] Right hand side column vector due to squeeze terms

2. Analysis

A schematic aerostatic thrust bearing using orifice compensator having circular recess shape
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has been shown in figure 1. The Reynolds equation governing the flow of compressible

lubricant is expressed in non-dimensional as follows [7, 12, 17-19].

f—a(f—zﬁ%) +%(T—Zﬁ§—§) = a(ff) (1)

Air film thickness is computed by using following expression[20]. Further, for a

compressible lubricant, non-dimensional density may be considered as non-dimensional

pressure.

h=h, + da where A = % is defined as a tilt parameter. (2)

r

3. Finite element formulation

The Reynolds equation governing the flow of compressible lubricant is nonlinear in pressure
and cannot be solved by analytical and direct numerical method. Therefore, in present work,
nonlinear finite element method is used to compute the performance parameters of aerostatic
thrust bearing. The finite element method is preferred due to its advantage over other
numerical technique. Its solution is numerically more stable than other methods. The finite
element discretization of air flow field is shown in figure 2. The air pressure variation over an

element is computed as[17, 21, 22].

R 3)
where, N; is the nodal shape function and nj is number of nodes in a quadrilateral element.
Here value of nj is four. Using Galerkin’s orthogonality conditions and following usual

assembly procedure of finite element method, linearized system of equation is written as

following[23-25].
[F11{p} = {Q} + A[R] (4)
Here matrix F1, Q and R, are depend on the value of air film pressure and which is unknown.

Therefore, a great care is required to initialize the value of pressure.
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For stiffness computation the Eqn. (1) is differentiated with respect to h and following system

equation is obtained

0 (0 (h3 _0p 0 (h3 _op _Ea(ﬁﬁ) o(ph)

ah(aa( paa)+ﬁ( paﬁ)_z a2 T 61’) ®)
0 (gFPon sop |\ R0 0p  h10pop), 0 (;F20h 0p | B 50 0p | R0pop) _
aa(31zaﬁpaa+12paﬁaa 1zaaaﬁ) 63(31zaﬁp63+12paﬁaﬁ 126365)_ (6)
P o5) _ (20 ) _

[F1+ F3] {2} = {22 } - [F2] {p} (7)

The above procedure is applied to compute air film damping coefficient of bearing.
Therefore, Eqn.(1) is differentiated with respect to h.

(= (Gr2) + 5 (5r5) =22 ®)

i(3h26h b , A3 ap E@@) i(hah op , h® _ 9 ap 5_3@@)__ )
da 126hp6a 2P 3R 9a " 1z9aon ap 1zahpa/3 paha/z 12 B ok =bp

[F1+ F3] {%} = R¢ (10)

The matrixes for e element are computed by using following expression[11]

= _[ON;ONj | ON;ON;

Fle ffﬁ [aa Ja + aB aﬁ]aﬂ (Ua)

= h2dh _[ON;ON; = aN;ON;

F2g=[[3%22p [§§+ o aﬁ]an (11b)

= ON; 0 6N i)

F3j = ffu[aa az it e azN]aQ (11c)

= e ON;ONj  9N;ON;

F4 fflz(p-l_ )[aa 6a+6B aﬁ]aﬂ (lld)
_ (720D \ > _ (720D \ >

of =${p (P2 ), +p(h3£ )iz} Ndre (11e)

R¢ = [ pN;0Q (11€)

where 7; and 71, are directional vectors and i, j=1, 2 ...nj (number of nodes per element). '

th

is the boundary of element and e” is the element number. After computing the elemental

matrices, they are assembled into global system of linearized equations[26].
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3.1. Air flow rate from restrictor:
The air flow passing through the feeding orifice is dependent on the air density and supplied

pressure and can be computed from the following equation [27]

Mip = APs(ib\/z_f v (12)
K+171/2
v | HEa N <5 | »
(@t - G0 E]) Boe > i
where
Be = (Kil)ﬁ (14)

A is the cross-sectional area of the feeding orifice, k is isentropic expansion index, pg is the
supplying pressure, P, is pocket pressure of feeding orifice, ¢ is damping of orifice.

By combining all the terms of Eqn. (12), we get the eq(13) in modified form as.

Mi, = C, ¥ where C, = APqu\/% (15)

In non-dimensional form above equation is expressed as.

My = C_VSZ b4 (16)
where, Cs, is restrictor deign parameter and in the present work, value of C,, has been taken

from 0.5 to 1.5.

_ ,2p __ 12nRgT
CSZ - APS¢ P_s X Forifice where Forifice - c3p2

4. Bearing performance parameter

In the present work, pocket pressure, air flow rate and load carrying capacity are presented as
static performance parameter whereas air film stiffness and damping coefficients are

presented as dynamic performance parameters.
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4.1. Air film reaction (F)
For the computation of air film reaction, integration of air film pressure is carried out on all

elements and bearing pocket [24].

FO = FO |contribution due to land area + FO |contribution due to pocket area (17)
n L1/ =4 i=n,,
S {{ S gz S35, ()
e=l |\ =l

4.2. Air film Stiffness Coefficient
Applying differentiation on eq(1) with respect to variable h and applying Galerkin technique

we get the following equation.

[F1+ F3]{%} = {22 } - [F2] {p} (19)

The above equation may be written as.

{38} = [F1+ F3]- 1{{ 2 - [FZ]{p}} (20)

As the matrices F1, F2 and F3 are dependent on the pressure column vector {p} cannot be
computed easily. Hence, a iterative procedure has been performed in two step. In this
simulation, the iteration has been performed on the on the air film pressure and derivative of
air film pressure.

Air film stiffness coefficient is the summation of pressure derivatives on the area and

it is computed as follows.

oF,
Oh

n(‘
e=l1

4.3. Air film Damping Coefficient

S =

. o 21
pl pOC
jl jl [ NJ|J|d§d }+;AM =

The computation of air film damping has been performed by using following expression.
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= op 2Q

[F1 + F3] {%} = {%} +R¢ (22)
The above equation may be written as

P _ _1((aa OR;

()= 1 £ {29+ (2 - ) @
Above equation is solved by performing several iterations. Because, F4 is the function of
{%}. Iterations are continued until convergence on pressure derivative with respect to the h

is obtained. Integration on air pressure derivative is performed on thrust bearing area as

follows.
c-9F
oh o
4 0p, op..
- Li N, |T|aca A
(5w s 57 %

4.4. Boundary conditions

The boundary conditions used to obtain solution as follows
1. All the nodes lying on the boundary have been assigned atmospheric pressure.
2. The nodes lying on the pocket boundary have equal pressure.

3. Air flow rate from restrictor must be equal to air input to the bearing system.

4.5. Newton Raphson iterative method

Newton Raphson method has a very fast convergence than any other numerical methods. The
application of Newton Raphson method is quite involved in case of compressible Reynolds
equation because Computation of derivatives of air fluidity matrix is difficult. The Newton

Raphson method in aerostatic bearing has been applied by using following expression.

ol = [Boli — ((F41) 7 ({Q} + AIR.] - [F1](5}) (25)
k is the iteration number and iteration are performed until the desired performance criteria is

satisfied. In the present work following convergence criteria has been used.
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tol = 0.001 > max (W) (26)
0Jk

5. Solution Procedure

Non-linear iterative finite element method is used to compute bearing performance
parameters as described in earlier sections. The computation of air film stiffness and damping
coefficient also involves an iterative procedure which makes whole numerical computation a
cumbersome and time-consuming task. Therefore, in the present case an efficient finite
element scheme is developed to compute the bearing performance parameters. The developed
finite element matrixes are also function of air film pressure which makes iteration process
sensitive to initial values of pressure. Therefore, a weight factor according to following

equation is used to update the value of pressure.

PIvew = (1 = W{P}oa + WP} computea (27)
To obtain the value of non-dimensional air film pressure, a solution scheme has been
presented in figure 3. The complete solution procedure has been explained in the following
simplified steps.
1. Aerostatic thrust bearing domain has been discretized by using four nodded

isoparametric elements.

2. Values of air film pressure, air film pressure derivative with respect to h and air film
pressure derivative with respect to h are initialized.

3. Gauss points are generated in the elements and the elemental fluidity matrix F1, F2,
F3,F4,Q and R, are computed.

4. Compute global linearized system of equations.

5. Global boundary conditions have been applied onto assemble global system of

equations.
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6. Apply Newton Raphson method and Compute air film pressure matrix by solving the
system of equation.

7. lIterations are performed until the convergence is achieved in air film pressure and
derivatives of pressure.

8. Check the convergence criteria of pressure otherwise repeat step number 3 to 7.

9. Compute stiffness and damping coefficient by using the derivative of air film pressure

derivative with respect to h and air film pressure derivative with respect to h
10. Once all the convergence criteria in air film stiffness and damping are satisfied,

program finalizes the solution.

6. Results and discussion

Four different types of recess shape having same ratio of ;—b = 4 have been chosen for the

oc

analysis as shown in figure 2. On the basis of above formulation, a MATLAB program has
been developed to simulate the performance of bearing. To verify the present solution
algorithm, the results is numerically verified with the available analytical results as shown in
figure 4. The results have been validated with available analytical results for the circular
thrust pad bearing having circular recess shape[28]. As shown in figure 4, results of
numerical methods are reasonably good in agreement with available analytical results in
literature. As the present work suggest a method to compute air film stiffness and damping
coefficient of gas bearing therefore, results of Finite Element Method are compared with the
results of perturbation method. As shown in Table 1, a good agreement has been observed in
the value of air film stiffness and damping coefficient. The maximum difference in the value
of stiffness is 0.23 % and whereas for the damping it is 0.26 %. In the figures 5-13, results are
presented for the following operating and geometric parameters as represented in table 2. In

order to depict the accuracy of the program and more physical insight, three-dimensional
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pressure distribution plots are presented through figures (5-8). The three-dimensional contour
plots show that the tilt significantly changes the pressure distribution on the bearing and
maximum change is observed for the circular recess thrust bearing. The geometric and
operating parameters as indicated in Table 2 has been judiciously chosen on the basis of

available literature.
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Table 1: Comparison of bearing dynamic performance parameter by using perturbation and

direct FEM approach
Restrictor design | Performance Perturbation Present FEM )
% Difference
parameter parameter Method approach
_ S 1.6176 1.6194 -0.12
CSZ = 0.5
c 1.9269 1.9219 0.26
_ S 0.9935 0.9923 0.12
(s2=1
c 1.2991 1.2958 0.25
_ S 0.6552 0.6538 0.23
CSZ == 14‘
c 1.0488 1.0507 -0.18

Table 2: Bearing geometric and operating parameters[4, 9, 27, 29]

S. No. Bearing Parameters Values chosen

1 Bearing diameter (D) 50 mm

2 Clearance (c) 10 pm

3 Orifice design parameter (Cs;) 0.5-1.5

4 Tilt parameter (1) 0-0.8

5 Ambient pressure (P,) 1.01X10° Pa

6 Supplied pressure (F) 6P,

7 Air viscosity () 1.79756 X 10° N-s/m*
8 Air density (p) 1.204 Kg/m’

9 Air Temperature (7) 293 K

10 Acceleration of gravity (g) 9.8 m/s’

11 Isentropic expansion index of air (k) 1.4

12 Gas constant (R,) 29.253s%/(Kg'K)
14

© Emerald Publishing Limited

This is a pre-print of a paper and is subject to change before publication. This pre-print is made available with the understanding

that it will not be reproduced or stored in a retrieval system without the permission of Emerald Publishing Limited.




Downloaded by UNIVERSITY OF TOLEDO LIBRARIES At 23:32 27 November 2017 (PT)

6.1. Pocket Pressure(p,.)

The variation of pocket pressure with orifice design parameter (Cs,) is depicted in figure 9. As
the value of orifice design parameter increases, the value of p,. increases. The value of p,. of
tilted pad thrust bearing is less than parallel thrust bearing. For the selected value of Cy, = 1,
the percentage decrease in the value of p,. is 7.9 %, 13.39 %, 18.23 % and 13.9 % for the
recess shape circular, elliptical, annular and rectangular respectively. The circular recess shape
offers higher value of pocket pressure as compare to other thrust bearing having recess shape
elliptical, annular and rectangular. From the figure 9, following pattern has been observed in
the value of pocket pressure (p,.).

pocICircular > plElliptical > pocIAnnular > poclRectangular and pocIParrallel > pocITilt

6.2. Load carrying capacity(F,)

Figure 10 depicts the variation of load carrying capacity(F,) with orifice design parameter
(Cs2). A positive change in orifice design parameter results a positive change in the value of
pockets pressure therefore, load carrying capacity of bearing increases with increasing value
of orifice designer parameter. The value of Fy of parallel thrust pad bearing is higher than that
of tilted pad thrust bearing. For the chosen value of C, = 1, the percentage decrease in the
value of Fy is 4.90 %, 11.64 %, 17.08 % and 12.34 % for the circular, elliptical, annular and
rectangular recess shape respectively. As the load carrying capacity is an important parameter
for bearing design and designer have the choice of recess shape, the designer can choose the
bearing on the basis of following pattern.

and F

0|Circular > FOlElliptical > FOlAnnular > F0|Rectangular OlParrallel > F0|Tilt

6.3. Air flow rate(Q,)
Figure 11 represents the variation of air flow rate with increasing value of orifice designer
parameter. The value of air flow rate increases with increasing value of orifice restrictor

design parameter and air flow rate of tilted pad thrust bearing is significantly more than that of

15
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thrust bearing of parallel pad. For the selected value of C, = 1, percentage increase in the
value of Qy is 24.04 %, 29.43 %, 11.43 % and 27.44 % for the recess shape circular, elliptical,
annular and rectangular respectively. The thrust bearing that has annular recess shape in tilt
operation has the maximum value air flow rate while the thrust bearing that has the circular
recess shape has the minimum value of air flow rate. From the figure 11, the following general

pattern is observed in the value air flow rate of tilted pad thrust bearing.

QOlCircular < QOlElliptical > QOlRectangular > QOlAnnular d QOlParrallel > Q0|Tilt

6.4. Air film Stiffness coefficient(S)

Figure 12 depicts the variation of the air film stiffness coefficient (S) with the tilt parameter
for various recessed shape thrust bearings. As the value of orifice parameter increases, the
value of air film stiffness coefficient increases. For the chosen value of Cs, = 0.9, the
percentage decrease in the value of S is 22.0 %, 6.5 %, 19.58 % and 2.37 % for the recess
shape circular, elliptical, annular and rectangular respectively. The tilt in thrust pad results in a
significant reduction in the value of air film stiffness coefficient of aerostatic thrust pad
bearing. From the designer point of view stiffness is an important parameter to absorb bearing
vibration and designer has the choice of recess shape, designer can choose bearing from

following pattern.

|Circular < glElliptical > glRectangular > glAnnular and ‘STltilted < ‘S:lWithouf Tilt
6.5. Air film Damping coefficient (C)
Figure 13 depicts the variation of the air film damping coefficient (C) with the tilt parameter
for various recessed shape thrust bearings. The value of damping coefficient increases with an
increase in the value of tilt parameter. For the chosen value of Cy, = 0.7, the percentage
increase in the value of C is 119.1 %, 65.75 %, 13.27 % and 56.96 % for the recess shape
circular, elliptical, annular and rectangular respectively. The value of air film damping

coefficient monotonically decreases with an increase in the value of orifice design parameter.
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As damping is an important capability to absorb vibration in bearing. Higher value of
damping means good ability to absorb vibration and lower value of air film damping

coefficient means bearing has lower ability to absorb fluctuations.

Cleiteea > Clwithouerite a4 Cloy e > Clunipiicar > Cliccranguier > Clanmutar
7. Conclusions

A novel technique based on finite element formulation is presented to calculate the static
and dynamic performance parameters of aerostatic thrust bearing. Further, the effect of tilt
parameter and recess shape has been presented aerostatic thrust bearing. On the basis of
numerical simulated results, following important conclusions may be drawn.

1. The static and dynamic performance of an aerostatic tilted thrust pad bearing is
significantly affected with a change in the value of tilt parameter and the shape of the
recess.

2. Load carrying capacity of tilted pad aerostatic thrust bearing is less than the bearing

without tilt. Whereas the value air film stiffness coefficient of tilted thrust pad is more

as compare to parallel thrust pad bearing.

Folrie < Folwithout raes Slrie < Slwithoue it

b

3. Air film Stiffness coefficient of the bearing significantly changes with tilt parameter
and recess shape of bearing. Maximum percentage change in the value of tilt is up to
22.8% for circular thrust pad bearing. Whereas air film damping of bearing changes
also significantly changes with tilt and recess shape, this change is upto 120% for the
thrust pad bearing having circular recess shape.

Clrae > Clwithout Tite

4. The finite element based numerical method is quite useful and accurate for the

computation of air film stiffness and damping coefficient.

5. It is expected that simulated result will be quite useful for the aerostatic bearing
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designers.

Reference

1. Kwan, Y.-B.P. and J.B. Post, 4 tolerancing procedure for inherently compensated,
rectangular aerostatic thrust bearings. Tribology International, 2000. 33(8): p. 581-
585.

2. Zhou, Y., X. Chen, and H. Chen, 4 hybrid approach to the numerical solution of air
flow field in aerostatic thrust bearings. Tribology International.

3. Nakamura, T. and S. Yoshimoto, Static tilt characteristics of aerostatic rectangular
double-pad thrust bearings with compound restrictors. Tribology international, 1996.
29(2): p. 145-152.

4. Yoshimoto, S., J. Tamura, and T. Nakamura, Dynamic tilt characteristics of aerostatic
rectangular double-pad thrust bearings with compound restrictors. Tribology
International, 1999. 32(12): p. 731-738.

5. YABE, H. and N. WATANABE, 4 study on running accuracy of an externally
pressurized gas thrust bearing. Load capacity fluctuation due to machining errors of
the bearing. JSME international journal. Ser. 3, Vibration, control engineering,
engineering for industry, 1988. 31(1): p. 114-120.

6. Yabe, H. and Y. Ikuno, 4 study on sliding accuracy characteristics of an externally
pressurized gas-lubricated guide way: fundamental sliding accuracy characteristics.
JSME international journal. Ser. C, Dynamics, control, robotics, design and
manufacturing, 1996. 39(2): p. 371-377.

7. Wang, C.-C., Non-periodic and chaotic response of three-multilobe air bearing
system. Applied Mathematical Modelling.

8. Yoshimura, T., et al., Clarifications of the mechanism of nano-fluctuation of aerostatic
thrust bearing with surface restriction. Tribology International, 2012. 48: p. 29-34.

9. Safar, Z.S., Tilting effects on the performance of hydrostatic and hybrid gas thrust
bearings. Tribology International, 1981. 14(4): p. 199-202.

10. Rashidi, R., A. Karami mohammadi, and F. Bakhtiari nejad, Bifurcation and nonlinear
dynamic analysis of a rigid rotor supported by two-lobe noncircular gas-lubricated
journal bearing system. Nonlinear Dynamics, 2010. 61(4): p. 783-802.

11. Ma, W., et al., Improving the pneumatic hammer stability of aerostatic thrust bearing

with recess using damping orifices. Tribology International, 2016.

18
© Emerald Publishing Limited

This is a pre-print of a paper and is subject to change before publication. This pre-print is made available with the understanding
that it will not be reproduced or stored in a retrieval system without the permission of Emerald Publishing Limited.



Downloaded by UNIVERSITY OF TOLEDO LIBRARIES At 23:32 27 November 2017 (PT)

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

19

Zhou, Y., X. Chen, and H. Chen, 4 hybrid approach to the numerical solution of air
flow field in aerostatic thrust bearings. Tribology International, 2016.

Eleshaky, M.E., CFD investigation of pressure depressions in aerostatic circular
thrust bearings. Tribology International, 2009. 42(7): p. 1108-1117.

Sharma, S.C., S. Jain, and D. Bharuka, Influence of recess shape on the performance
of a capillary compensated circular thrust pad hydrostatic bearing. Tribology
International, 2002. 35(6): p. 347-356.

Yadav, S.K., et al., A direct numerical approach to compute the nonlinear
rotordynamic coefficient of the noncircular gas journal bearing. Proceedings of the
Institution of Mechanical Engineers, Part J: Journal of Engineering Tribology, 2017:
p. 1350650117719602.

Chen, X.-D., J.-C. Zhu, and H. Chen, Dynamic characteristics of ultra-precision
aerostatic bearings. Advances in Manufacturing, 2013. 1(1): p. 82-86.

Holster, P.L. and J.A.H. Jacobs, Theoretical analysis and experimental verification on
the static properties of externally pressurized air-bearing pads with load
compensation. Tribology International, 1987. 20(5): p. 276-289.

Chang, S., C. Chan, and Y. Jeng, Numerical analysis of discharge coefficients in
aerostatic bearings with orifice-type restrictors. Tribology International, 2015. 90: p.
157-163.

Vynnycky, M., On the role of radiative heat transfer in air gaps in vertical continuous
casting. Applied Mathematical Modelling, 2013. 37(4): p. 2178-2188.

Safar, Z.S., Design of tilted hydrostatic thrust bearings. Wear, 1981. 70(2): p. 243-
248.

Yadav, S.K. and S.C. Sharma, Performance of hydrostatic tilted thrust pad bearings of
various recess shapes operating with non-Newtonian lubricant. Finite Elements in
Analysis and Design, 2014. 87: p. 43-55.

Yadav, S.K. and S.C. Sharma, Finite element analysis of tilted thrust pad bearings of
various recesses shapes considering thrust pad flexibility. Proceedings of the
Institution of Mechanical Engineers, Part J: Journal of Engineering Tribology, 2016.
230(7): p. 872-893.

Sinhasan, R. and P.L. Sah, Static and dynamic performance characteristics of an
orifice compensated hydrostatic journal bearing with non-Newtonian Ilubricants.
Tribology International, 1996. 29(6): p. 515-526.

Sharma, S.C., S.C. Jain, and D.K. Bharuka, Influence of recess shape on the

© Emerald Publishing Limited

This is a pre-print of a paper and is subject to change before publication. This pre-print is made available with the understanding

that it will not be reproduced or stored in a retrieval system without the permission of Emerald Publishing Limited.



Downloaded by UNIVERSITY OF TOLEDO LIBRARIES At 23:32 27 November 2017 (PT)

performance of a capillary compensated circular thrust pad hydrostatic bearing.
Tribology International, 2002. 35(6): p. 347-356.

25. Yadav, S.K. and S.C. Sharma, Performance of hydrostatic textured thrust bearing with
supply holes operating with non-Newtonian lubricant. Tribology Transactions, 2016.
59(3): p. 408-420.

26.  Awasthi, RK., S.C. Jain, and S.C. Sharma, Finite element analysis of orifice-
compensated multiple hole-entry worn hybrid journal bearing. Finite Elements in
Analysis and Design, 2006. 42(14—15): p. 1291-1303.

27. Lo, C.-Y,, C.-C. Wang, and Y.-H. Lee, Performance analysis of high-speed spindle
aerostatic bearings. Tribology International, 2005. 38(1): p. 5-14.

28.  Engineering Tribology, in FEngineering Tribology (Fourth Edition). 2014,
Butterworth-Heinemann: Boston. p. iii.

29. Chen, D., et al., Characteristics evaluation of gas film in the aerostatic thrust bearing
within rarefied effect. Proceedings of the Institution of Mechanical Engineers, Part J:
Journal of Engineering Tribology, 2017. 231(2): p. 149-157.

Author biographies

Saurabh Kumar Yadav is a Assistant Professor in Department of mechanical and Automobile
Engineering at the Graphic Era University,Dehradun studying under Professor Satish C.
Sharma. He Completed is Master of Technology in Machine Design from IITR (2009-
2011).Before coming to IITR he completed graduation in mechanical Engineering from
Govind Ballabh Pant University of Agriculture & Technology(2005-2009). During his Master
and Doctoral study, he has gained experience in designing clutch, Fluid film Bearing, design
against fracture. He is involved in developing codes for the study of various performance
parameters for surface texture lubrication with Newtonian and non-Newtonian fluids

Dr. Arvind Kumar Rajput is currently Assistant Professor with the Department of Mechanical
Engineering at Shiv Nadar University (SNU). He is associated with the design and analysis
group of the Department. He has also worked as a team member in consultancy project
sponsored by BHEL during his Ph.D. He obtained his Ph.D. degree in the area of Fluid Film
Lubrication from the Department of Mechanical Engineering at Indian Institute of
Technology, Roorkee. His research interest includes fluid film lubrication, Coriolis mass flow
measuring devices.

Dr. Nathi Ram is Associate Professor in Department of Mechanical and Automation

Engineering, IGDTUW, New Delhi, India. He is working in the area of fluid film lubrication

20
© Emerald Publishing Limited

This is a pre-print of a paper and is subject to change before publication. This pre-print is made available with the understanding
that it will not be reproduced or stored in a retrieval system without the permission of Emerald Publishing Limited.



Downloaded by UNIVERSITY OF TOLEDO LIBRARIES At 23:32 27 November 2017 (PT)

since last 10 years.
Dr. Satish C. Sharma is Professor in Department of Mechanical and Industrial Engineering,

IIT Roorkee, India. He is working in the area of tribology since last 35 years.

21
© Emerald Publishing Limited

This is a pre-print of a paper and is subject to change before publication. This pre-print is made available with the understanding
that it will not be reproduced or stored in a retrieval system without the permission of Emerald Publishing Limited.



