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ABSTRACT

The squeeze effect of a gas thrust bearing is calculated using both a distributed parameters (DP) model
and a lumped parameters (LP) model. A rectangular thrust bearing with no supply holes is considered
in the analysis. In dynamic conditions, pressure values p1 and p2 are calculated. In steady-state
conditions, these values coincide with ambient pressure pa. The developed LP model was validated with
the DP model for a pad shape ratio (length/width) in the range of 0.5 to 2. Both models are validated in
the literature in about a 1D parallel slider. The LP model has the advantage of faster implementation in
comparison to the DP model. The LP model is also linearized by using a perturbation method to obtain
the analytic expression of the dynamic stiffness. Therefore, it is possible to explain the effect of
geometrical parameters on stiffness and damping coefficients.
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1 INTRODUCTION

Recently in literature, most of the air bearings are analyzed with distributed parameters (DP)
methods, using finite difference technique (FDM) [1], [2] or finite element method (FEM)
[3], [4]. Also, CFD models can be used to study the pressure distribution; for example, in [5]
the pressure depression effect in aerostatic thrust bearing is investigated. In [6], [7] CFD and
FDM methods are applied to investigate static and dynamic behavior of bearings with small
supply holes, the numerical results are also experimentally verified. In [8] a multi-physics
finite element model is adopted to consider the interaction between the air flow dynamics
and the structural flexibility of the bearing.

Generally, all these methods achieve high precision in results but the solution can require
long computation time due to the high number of nodes used for the discretization of the pad
surface. Also, the identification of the parameters that influence the behavior is not easy.

A lumped parameters model can be alternatively used as a fast design tool for air bearings.
It does not require the use of commercial software and can be successfully adopted both for
static and dynamic study. Due to its quite good precision and low number of parameters, this
method allows an easy design and understanding of the phenomena.

For simple geometries, analytical and lumped parameters methods were preferred in the
past, when the computational speed was not high. Paper [9] presents analytical study of static
characteristics of the bearings, papers [10], [11] show dynamic performance and stability
criteria of aerostatic bearings adopting linearized equations of motion.

Recently in [12] a lumped parameters model is proposed to study the static performance
of a multiple supply holes rectangular pad. The results of load capacity, stiffness and air
consumption were obtained in dimensionless form by chancing position, numbers and
diameters of supply holes.

About the dynamic behavior of air pads in [13] the time response of the force to a step
variation of the air gap is analyzed. Results with lumped and distributed model are in good
agreement.
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Further studies on the dynamic of air pads are currently focused on their dynamic stiffness
and damping. By applying a sinusoidal variation of the air-gap it is possible to determine the
stiffness and the damping of the pad for different frequency of the input signal.

In particular this paper analyzes theoretically the squeeze film phenomenon of a
rectangular pad in absence of the supply inlet holes. The dynamic lumped model is presented;
it considers the flow rate due only to the variation of the air gap. The flow rate is linearized
to obtain the transfer function of the pressure force respect to the air gap; the dynamic
stiffness and damping are calculated at different frequencies. The numerical results are
compared with those of a distributed model and are also validated with literature in case of a
1D parallel slider [14].

2 THE LP MODEL
2.1 Air bearing geometry

A squeeze film rectangular air bearing of sides Ly and Ly with uniform air gap is considered.
The pad shape ratio is:
poly (1)
=1
In steady-state conditions the pressure under the pad is equal to ambient pressure p,; on
the contrary in case the air gap changes with time the pressure is not uniform due to squeeze
effect. In the developed LP model two pressure values are considered: pressure p; is supposed
to be constant at distance / from the borders and pressure p; is supposed to be constant inside
volume V;, which is an inner rectangle at distance 2/ from the borders. Fig. 1 represents the
pad with the supposed pressure distribution. In volume V>, defined outside volume V1, the
pressure is supposed linear from the perimeter in which p=p;. Inside volume V' the pressure
is supposed constant and equal to p;.

Pa

V2 /
p2

p2

Lx P2

Figure 1: Sketch of the pad and pressure distribution.
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Figure 2: Sketch of the pad with indication of the mass air flows along x and y directions.

2.2 Flow balance

As illustrated in Fig. 2, mass air flow G; is defined from volume V; to volume V,, while air
flow G is defined from V, to the exhaust. These mass flows can be calculated considering
the formula for rectangular channels.

h® (L,—21 L,—2l (2)
G =Gy + Gyy = . - ?-p}
1 1x T Gy 6,uRT<Lx—2l Ly—Zl) (pi —p3)
h® (L,—2l L,—2I 3)
The mass balance equations for volumes V; and V> are given in eqns (4) and (5):
G, — G, =‘ M, 4)
-G, =my (5)

The air masses m; and m; in volumes V; and V> can be obtained integrating the air density
over these volumes under the hypothesis of isothermal expansion:

p hpy Ly—2l_L,—2l
mi=| - dv=-—2t
! fVlRT RT ¢ =) (6)
m =f Py = L (i + Ly — 41) + 12 + (1 — 20)(L,, - 20)]
2= ), RT RT \P2LA Vi T by 16 % y -
5py(Ly — 21)(L, — 21
Pl 16)(y )+lpa[Lx+Ly—l])

At this level, the resulting continuity equation is non-linear. In the next paragraph, we
consider the linearized equation.
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2.3 Linearization of the equations

Linearization of the problem gives the possibility of obtaining the transfer function between
air gap and load capacity so that it is possible to study the frequency response of the pad and
analyze the sensitivity of the pad characteristics to the geometrical parameters.

The problem is linearized around the operating point defined by the air gap ho. Using the
perturbation method to linearize the problem, all parameters in equations are considered as
the sum of a constant steady state term and a dynamic term:

h = hy + AR (8)

p1 =Do +4p; 9)

p2 = po + Ap, (10)

The steady state values of pressures for a dynamic squeeze film pad are equal to ambient

pressure: Py = Pg.
The continuity equations assume the expressions of eqns (11) and (12)

=G0 —AG =1y (11)
Gl,O + AGl - Gz‘o - AGZ = mz (12)
The steady state air flows are null so the continuity equations simplify into the following
_A61 = 'ml (13)
AG, — AG, = 1, (14)
All parameters are linearized with the first order Taylor expansion:
Ap, (15)
AG, = aglAp; + a,Ap, + aghh = [ag a; 0]|Ap,
Ah
Ap, (16)
AG, = aghp; + ajoAh = [0 ay  as0] (Ap,
Ah
where
—h3py (L, —21 L,—2l
a6 — opo y + X
BURT \Ly—21 L, —2l
a; = —ag
h3 L,—2l L,—-2l
= 0Po (Ly g
6URT l l
h3(pd-p2) (Ly—21 | Ly-21
A0 = O(ALp:RTpa)( yl + 1 ) (a7)
In the Laplace domain, the time variation of the masses will be
. Ap, (18)
Tfll = alA}jl + azAh = [als 0 azs] APZ
Ah
. . . , Apy (19)
mz = a3Ap1 + a4Ap2 + asAh = [a3s a,.s aSS] Apz )
Ah

where
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Ly—2lL, -2l
Y i
L= 2l
27775 ToRT Pe
1 = ho 7o (L 2l)(L —20)
ay = hoﬁ[l(Lx + L, —4l)+ 12+ 1—6(Lx —2D(Ly - 20)]
a5 =22 [20(Ly + Ly) = 412 +2 (L, — 2D)(Ly - 21)] (20)

Finally, the mass balance equations in Laplace domain are written in the compact system:

[a15 —ag —a7] [Apl] a,s ]Ah, (21)

ass+as ass+a;+agl|Ap, ass + aq
from which it is possible to obtain the pressures p; and p»:
Bpy =
Ah | _ _L[ a7095% + [aza10 + a;(a; + ay)ls + azas ]
% a1 L(=aga; + agayo)s® + [~aja; + agas — aja,0ls — a;ask
Ah
where

ay1 = Agaos? + [—ajaq + aga, + a,) + ayagls — a;a, (23)
2.4 Transfer function

The pad load capacity F'is calculated by integration of the pressure distribution under the
pad. An expression of the transfer function in Laplace domain is then obtained:

AF(S) _ prBPa(S) |\ APa(s) 4
Ah(s) M Ah(s) +N Ah(s)’ )

where M and N are coefficients depending on the geometry of the pad:

(L —2D(L, — 21)
16
N =1Ly + Ly = 21) + = (Ly — 21)(Ly — 21) (25)

M=9

The coefficients of stiffness and damping of the pad can be obtained from the real and
imaginary parts of the transfer function:

AF(s) (26)
F(s) =k(s) + c(s)s
which has this form:
AF(s) _ bys* +b,s + bs

— , 27)
Ah(s)  bus? + bss + by

where
b, = —Ma,a, — N(—asa, + a;as)
b, = —=M[—aeas + a;(—as + as)] — N[—asa; + a,a,0 — agas]
bz = (M + N)agag
by, = a,a,
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bs = [—asa, + a;(a; + aq) + asas]

bs = —asay (28)

If the frequency  is introduced it is possible to obtain analytical expressions for stiffness
and damping:

AF(w)  (bs — byw?)(bg — byw?) + bybgw?

= (29)
Ah(w) (bg — byw?)? + bZw?
by(be — b4w2) — bs(b; — b1w2)
T (b — byw?)? + bZw?
3 COMMENTS AND RESULTS
3.1 Static condition
In static condition stiffness coefficient is:
)b _MtNao _ 3(p6-rd) _
k(w=0)= b ™ (M +N) 2hove 0 (30)
as po=pa. The static damping is
c(w = 0) = 222egss 31)
6

In this case damping is not zero. This can be explained due to viscosity which creates a shear
stress which opposes to the pad vertical movement.

3.2 Comparison with the distributed model

The pad was simulated in dynamic conditions with a distributed parameters software which
integrates Reynolds equation under the pad. The air gap was perturbed near 4,=10 um with
a sinusoidal function of amplitude Ah=0.5 um at different frequencies:

h = hy + Ahsin(wt) (32)
Fig. 3 shows the load capacity F and air gap 4 vs angle wt.

10

PaN
s =160 Hz
H =400 Hz
—~ 121600 Hz
z 0oL f=6400 Hz |
w
5] N\
10 . ‘
0 500 1000 1500

wt [deg]

0 500 1000 1500
wt [deg]

Figure 3: Load capacity and air gap vs angle wt for different frequencies.
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From these results coefficients of stiffness and damping were calculated measuring the
phase shift between F and 4. The results are compared in Figs. 4 and 5 with that of lumped
model for a pad of size 30 x 60 mm. Distance /=5 mm was assumed to define volumes V;
and V.

If compared with the DP model, the LP model is much less expensive in terms of
computational time, as it needs few seconds compared to some hours, needed for DP model.
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Figure 4:  Comparison of the damping obtained with lumped and distributed parameter

models.
100 T T T
O Distributed parameter
#  Lumped parameter
o* o ) # (s O%
A o

107 F o 3
=
L2} ~
= #]

waf |
g’ = o
3
*

= [#]
(=] L

103 F ]

*
‘ID"E I I I
10° 107 102 103 104

Frequency [Hz]

Figure 5:  Comparison of the damping obtained with lumped and distributed parameter
models.

WIT Transactions on Engineering Sciences, Vol 116, © 2017 WIT Press
www.witpress.com, |ISSN 1746-4471 (on-line)



128 Materials and Contact Characterisation V111

3.3 Literature validation

The LP model was compared with literature paper [14] in which a 1D slider is considered
and an analytical formulation was given. To approach the pressure distribution of a mono-
dimensional slider, a pad with aspect ratio /=5 was considered. In this case the length of pad
side is sufficiently greater than the other side and it is possible to have a good approximation
of the mono-dimensional slider.

Stiffness and damping are shown in dimensionless form using the following definition:

— khg
k =
LxLypa
— _ chow
c= Lilyva (33)
Dimensionless frequency is defined by the squeeze number:
2
squeeze number = % (34)
a’to

From the figure, it is evident that the pad of aspect ratio /=5 has coefficients more similar
to that of the mono-dimensional air slider. Moreover, the LP model gives a reasonable result
in comparison with literature.

4 CONCLUSION
The LP model can be used to obtain the stiffness and damping coefficients of a rectangular
squeeze film pad. The results were compared with a distributed parameters model and give
good approximation. The LP model was also validated with literature in case of a mono-
dimensional slider.
It is evident that the computational time of LP model is much less than that of distributed
model (few seconds instead of many hours), so LP model is a good instrument for design.

pad 30*60mm
*  pad 30*150mm |
0.8 literature 1

0.6 1

0.2 J

dimensionless stiffness
[}
~
-
.

02 ‘ ‘ ‘
1071 10° 10" 102 10°
squeeze number

Figure 6: Dimensionless stiffness; comparison between LP model and 1D slider from
paper [14].
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Figure 7:  Dimensionless damping; comparison between LP model and 1D slider from
paper [14].
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