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ABSTRACT

This paper proposes a design for a self-
compensating restrictor for hydrostatic bearings. The
proposed restrictor consists of a compensation block
and two disc springs and offers the advantages of self-
sensing compensation and easy installation. First,
interrelated theories are presented on the self-
compensating  restrictor installed  within  the
hydrostatic bearing. Second, equations are derived that
govern the dimensionless relationship between the
stiffness, gap, and resistance of the bearing land and
the eternally applied load on the bearing. Influences of
the design parameters on bearing performance and the
feasibility of the design are then assessed both
analytically and experimentally. The results of the
theoretical analysis are then compared with the
experimental results. These demonstrate that the
proposed restrictor exhibits superior performance in
terms of stiffness and load-carrying capacity.
Furthermore, it has the advantage of simplicity in its
manufacture and assembly.

INTRODUCTION

The hydrostatic bearing was invented by Girard
(1862). The hydrostatic bearing is composed of several
bearing pads and associated flow restrictors and a
bearing structure. In addition, auxiliary systems are
required to maintain the operation of the bearing,
which include an oil supply unit, an oil filter, and a
cooling unit. The oil supply unit provides oil at high
pressure that flows through the restrictors into the
pockets of bearing pads to create high-pressure oil
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films between the journal and the bearing. The
hydrostatic bearing is therefore characterized by high
stiffness and a large load-carrying capacity, and it
experiences only a small friction force. These
advantages have resulted in the hydrostatic bearing
being widely employed in various types of precision
machinery.

When a load is applied to the bearing, the pocket
pressure, which varies in line with changes in the
resistance of the restrictor and the gap in the bearing
land, increases to bear the load. There are several types
of flow restrictors, the bearing of which may differ in
stiffness and load-carrying capacity. Fixed-type and
pressure-sensing-type restrictors are primarily used in
hydrostatic bearings. The capillary and orifice are
fixed-type restrictors with constant flow resistance.
Raimondi and Boyd (1957) constructed a theoretical
model and developed analytical equations for bearings
with capillary and orifice restrictors, respectively. The
main type of pressure-sensing restrictor is the
diaphragm, where flow resistance changes as pocket
pressure varies. Mayer and Shaw (1963) found that a
bearing with a pressure-sensing restrictor exhibited
better stiffness. Conversely, Moshin (1962) found that
a hydrostatic bearing with a diaphragm restrictor
exhibited better static and dynamic stiffness than a
bearing with a capillary or orifice restrictor under the
same operating conditions. Tully (1977) proposed a
hydrostatic bearing with extremely high stiffness over
a substantial load range. This was achieved by
optimally designing the configuration parameters of
the diaphragm-type pressure-sensing restrictor.

In recent years, most research on pressure-
sensing restrictors has focused on membrane-type
restrictors (Phalle et al., 2011; Kotilainen, 2000; Kang
et al., 2007), the designs of which are more complex
than other fixed-type restrictors (Lai et al., 2017).
Consequently, the design of these manufactured
restrictors is often not as accurate. Membrane-type
restrictors are therefore not widely used in hydrostatic
bearings. The main parameters of membrane-type
restrictors that are affected by accuracy are the
structure size of the membrane, the gap in the
membrane restrictor, and the stress area of the
membrane (Gohara et al., 2014). It is therefore
important to reduce the difficulty of manufacturing
these parameters.
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This paper proposes a design for a self-
compensating restrictor for hydrostatic bearings that
produces a bearing with infinite stiffness and permits
easy manufacturing and assembly. First, the
configuration of the proposed self-compensating
restrictor is introduced. The lumped parameter
modeling method is then used to derive equations
governing the dimensionless relationship between the
load-carrying capacity, stiffness, and externally
applied load. The influences of design parameters,
such as the land length and pressure ratio, on bearing
performance and the feasibility of the new design are
explored both analytically and experimentally. Finally,
the results of the theoretical analysis are compared
with the experimental results.

PHYSICAL MODEL AND
GOVERNING EQUATION

Figure 1(a) shows the geometrical configuration
of the proposed self-compensating restrictor to which
a bearing is connected. The self-compensating
restrictor consists of two disc springs and a
compensation block. The compensation block is
cylindrical in shape, with one circular flange. The disc
springs are mounted on the top and bottom surfaces of
the flange. When high-pressure oil flows into the
restrictor, a gap in the self-compensating restrictor is
formed at the bottom surface of the block, creating an
area of viscous resistance. Because the gap in the self-
compensating restrictor may be inaccurate because of
manufacturing and assembly errors, an adjustment
screw can be used to finely compress or release the two
disc springs and thus define the initial gap. This means
that the gap in the self-compensating restrictor acts as
an area of flow resistance: it can therefore control the
rate of oil flow through the gap through the force
balance between the oil pressure and stiffness of the
disc springs. Oil flowing from the self-compensating
restrictor then enters into the single-pad rectangular
hydrostatic bearing.

Figure 1(b) illustrates this self-compensating
behavior. When a load is applied to the single-pad
hydrostatic bearing, the gap in the bearing land h,;
changes to h; + Ah; to increase the pocket pressure.
As the pocket pressure increases, the gap in the self-
compensating restrictor h, simultaneously changes
to h.+ Ahg, resulting in higher pocket pressure. In
so doing, the variation in the gap in the bearing land is
reduced or even eliminated. This indicates that high or
infinite stiffness of the hydrostatic bearing is achieved
through installation of the proposed self-compensating
restrictor.

The lumped parameter modeling model (Bassani,
et al., 1992) is adopted herein. This simplifies the
hydrostatic bearing as an equivalent electric circuit in
accordance with the following considerations:
® The thickness of the fluid film is small,

compared with its size in other directions.
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®  The flow is laminar.

®  The body forces are negligible, compared with
the viscous forces.

® On the surfaces bounding the fluid film, the
velocity of the lubricant matches the velocity of
the surfaces.

(2)
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Fig. 1.  Cross-sectional view of the hydrostatic
bearing system with the proposed self-
compensating restrictor: (a) description of
parts, (b) force situation.

According to the flow conservation law, the flow
that passes through the gap in the self-compensating
restrictor is equal to the flow out of the bearing land
and can be written as follows:

qdc = q 1)

where g, and gq; denote the flow rates through the
gap in the self-compensating restrictor and the bearing
land, respectively. Based on the lumped parameter
model, Eq. (1) can be rewritten as follows:

Ps—P, _ Pp

& TR )
where R, and R; are the flow resistance of the self-
compensating restrictor and the bearing land,
respectively, and P, and P, are the supply and
pocket pressure, respectively.

The structure of the self-compensating restrictor
and the bearing land is illustrated in Fig. 2. Following
Slocum (1992), the flow resistance of the restrictor and
the bearing land can be obtained thus:

ﬁuxln(rf;l) v
— = <
Re = mxhe® lh?_. ©)
R, = = (4)

axh®  (atb—awirp)h)® T K3

Fw_" e
6u><ln(%) opw

where y, and y, are the structural parameters of the
bearing land and the self-compensating restrictor,
respectively, and h;and h, indicate the gaps in the
bearing land and the self-compensating restrictor,
respectively, and u is the viscosity of oil.

The two flow structural parameters shown in Fig.
2 are related to the shape and size of the bearing
structure. The ratio of the flow resistance of the self-
compensating restrictor to the bearing land can be
derived from Eq. (5).
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(a)

Fig. 2 Schematics of (a) the bottom surface of the saf—
compensating restrictor and (b) the bearing
land.

E=ﬁ=c(ﬂ)3 (5)

Ry yihd he

where C, the configuration parameter, is relative to
the shape and size of the bearing structure. The pocket
pressure P, can then be written as follows:

B=—"rs (6)

1+c(:—i)

The bearing load W, which is also the load-
carrying capacity, is expressed as the pocket pressure
P, multiplied by the effective area of the loading pad
A,, as shown in Egs. (7) and (8)

PgA
e 0
1+C(h_c)
b
A, = ab—aw(l +Z> —4n(r+w)+
m[(rw)?-r%]
2In(1+w/rp)

W = P4, =

(®)

(a) (b)

2
Fig. 3 Free-body diagrams of the compensation block.

To calculate the bearing load W, the gap in the
self-compensating restrictor must first be determined.
Figure 3(a) presents a free-body diagram of the
compensation block where the spring force and
resultant forces are applied to the upper and lower
sides of the compensation block. The force balance
can be obtained thus:
kypAh, = ) + kaownlh ©)
where f(x)are the forces applied to the top and

bottom surfaces of the compensation block, and k,,
and k;,,, denote the stiffness of the two disc springs.
The pressure distribution on the top and bottom
surfaces of the compensation block is shown in Fig.
3(b). Due to the bottom surface of the compensating
restrictor is flange, the compensation block is
displaced by the pressure P; — B, in the region 0 <
x<m, and the pressure P; — P;(x) in the region
T, <x <1, + L. For the region n, +l <x <, the
pressure is balanced. The resultant force f(x) of the
compensation block displaced by the pocket pressure
is given by the following expressions as functions of
the radial coordinate x.
For the region 0 <x <,

f(x) = (P, —PBy) % f07p2rtxdx =(h-P)x
wrd
4

(10)
For the region 7, < x <7, +1
27T(P
fe) =

W)IT”” (5

Tp+l
+ 2mP; f xdx

) [xdx]

<

2rpl+l
=n(P, —B,) % [( TprH) 2+ 7P x (2rl +
1?) (11)
For the region n, + < x <7
f(x)=0 (12)
The gap in the self-compensating restrictor can
therefore be written as follows:

he = heo + 22 (13)
_ f(x)
KC - kupt+kdown (14)

where h, is the initial gap in the self-compensating
restrictor, and K, is the effective rigidity of the
compensation block. Eqg. (13) expresses the
relationship between the gap in the self-compensating
restrictor h. and the pocket pressure B, in the initial
design condition. Substituting Eq. (13) into (6) yields
the following:

Ps—Pp\3
hc3Ps _ (hCO+ K¢ )

P n3+cnd Ps—Pp\3
c l (hco+ SKC p) +Ch®
Because all structural parameters are known, the

relationship between the pocket pressure B, and the

bearing gap h; can then be determined. Again,
substituting Eq. (15) into (5) yields the following:

P; (15)

3

Ps—P
3 _ he S P
h, = ("S ”p)-l- (ot =) (16)

Pp c Py

Eq. (16) is then differentiated to obtain the stiffness
function of the bearing system:
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_ 4 APp _ —3AgrKcPsh3-Chi
€dh;  3penz-chd-Ko(hi+cnd)’
The reference gap in the bearing land h;, was
the gap in the bearing land at the dimensionless load
W /AP, = 0.5.

K =

A7)

EXPERIMENTAL SETUP

Figure 4 presents a schematic and
corresponding photo of the experimental setup, which
was constructed to explore the performance of a
single-pad hydrostatic bearing equipped with the
proposed  self-compensating  restrictor.  The
experimental linear stage consisted of a single-pad
bearing in the vertical direction and an opposed-pad
bearing in the horizontal direction. The single-pad
bearing was the target of the experimental study, and
the opposed-pad bearing was employed to constrain

the horizontal motion degree of freedom of the bearing.

A power screw connected to a load cell was used to
apply a vertical load to the single-pad hydrostatic
bearing. The gap (i.e., oil-film thickness) of the
bearing land therefore changed in accordance with the
applied load. Based on the theoretical relationship
derived previously, the load, oil-film thickness, pocket
pressure, and flow rate were then measured to estimate
the load capacity and stiffness of the bearing. The
accuracy of the governing equation was then assessed
by comparing the experimental results with the
theoretical derivation.

(@ Load cell

Eddy current sensor

Linear stage [7] 1 Flowmecter
Manometer
= L Single pad
® 5 )
= = Restrictor,

osed pad

(b)

Fig. 4 (a) Schematic and (b) photo of the experimental
setup.

RESULTS AND DISCUSSION

The principal dimensions of the self-
compensating restrictor and hydrostatic bearing used
for the theoretical derivation and experimental tests
are listed in Table 1. Figure 5 shows the effect of
supply pressure on the gap in the bearing land and
bearing stiffness. Figure 5(a) clearly illustrates that the
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curves representing the gap in the bearing land tend to
be flat from 0.3 to 0.7 as the oil supply pressure
elevates. The gap in the bearing land for P, = 40 bar
remains almost constant as the dimensionless load
changes from 0.3 to 0.7. Figure 5(b) shows that the
bearing stiffness grows as the supply pressure
increases. The highest static stiffness was obtained at
P, = 40 bar , which verifies that the hydrostatic
bearing exhibits superior performance when using the
proposed self-compensating restrictor.

Table 1: Principal dimensions of the self-
compensating restrictor and hydrostatic
bearing

Parameter | Value Parameter | Value
T 25 mm b 150 mm
l 1 mm heo 0.09 mm
1450
n 75 mm kyup N /mm
1450
w 15 mm Kaown N/mm
a 60 mm
(a) ——10 bar
45
===20 bar
4 weree 30 bar
35 = =40 bar
< 2
\7;
1
0.5
(b) 2 ’ A ——10 bar
f’ \‘\ ===20 bar
! A Y
I N 30 bar
1 7
’ N — =40 bar
£
|z
<
0.5

2 l[;;/AEFS 0.6 0.8 1

Fig. 5 Effects of supply pressure on (a) the
dimensionless gap in the bearing land and (b)
the dimensionless stiffness of bearing.

Figure 6 illustrates the effects of supply pressure
on the flow resistance of the self-compensating
restrictor and the bearing land. Figure 6(a) indicates
that the flow resistance of the self-compensating
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restrictor varies in accordance with the change in load
applied on the bearing. The change in flow resistance
of the self-compensating restrictor is most apparent at
P, =40 bar , which represents the largest
displacement of the gap in the self-compensating
restrictor. Corresponding with the variation in the
resistance of the self-compensating restrictor, Figure
6(b) shows that the bearing land has the largest flow
resistance and tends to be constant in the
dimensionless load range of 0.3 to 0.7, which implies
infinite stiffness of the bearing.

0.0025
a
( ) \ —10 bar
\
——2
0002 | 0 bar
\
\ wesees 30 bar
e \
EU,(!UIS SN — =40 bas
% \
N \
= Ay
=
~ 0001 S
x ~
~
~
~
0.0005 Fre... o
-~
-
0 : =
0 0 0.4 0.6 0.8
W/A:P;
0.002 ¢
(b) ——10 bar ;
===2() bar '
----- 0 bar !
ootsr = =40 bar
£
£ 0001 f
5
o
0.0005 F

Fig. 6 Effects of supply pressure on (a) the flow
resistance of the self-compensating
restrictor and (b) the flow resistance of the
bearing land.

Figure 7 illustrates the effects of the initial gap
in the self-compensating restrictor on the
dimensionless gap of the bearing land and
dimensionless bearing stiffness at supply pressure
P, = 40 bar . When the initial gap in the self-
compensating restrictor is made larger using the
adjustment screw, the effect of the self-compensating
restrictor becomes less obvious. Eq. (16) represents
that, under the same conditions, the gap in the self-
compensating restrictor changes by the same amount.
In Fig. 7(a), as the initial gap of the self-compensating
restrictor is set to 80 um, the dimensionless gap in the
bearing land exhibits minimal change as the
dimensionless load varies from 0.3 to 0.7. When the
initial gap in the self-compensating restrictor is set to
70 um, the increase in load from 0.1 to 0.6 appears to

result in an increase in the dimensionless gap of the
bearing land, a phenomenon known as negative
stiffness. This can cause instability in the bearing
system, which is evident in Fig. 7(b).

Figure 8 illustrates the effects of the effective
stiffness of the two disc springs on the dimensionless
gap in the bearing land and dimensionless bearing
stiffness at P, = 40 bar, where the effective stiffness
of the two disc springs is Kk, + kqown. Figure 8(a)
shows that, as the effective stiffness of the two disc
springs increases, the compensating ability of the self-
compensating restrictor is reduced. Thus, when the
effective stiffness of the two disc springs is
2500 N/mm , almost no change occurs in the
dimensionless gap in the bearing land. This means the
bearing system exhibits the best stiffhess, as shown in
Fig. 8(b). As evident in Fig. 7 and Fig. 8, it is therefore
necessary to optimize the initial gap in the self-
compensating restrictor as well as the effective
stiffness of two disc springs to achieve the best bearing
stiffness.

Figure 9 shows adequate consistency between the
theoretical analysis and experimental results regarding
the dimensionless relationship between the gap of the
bearing land and bearing load for P, = 40 bar. The
bearing system in this paper is a single pad hydrostatic
bearing system. In the absence of a sufficient preload,
the gap in the bearing land will be excessively large,
resulting in the fluid failing to meet the theoretical
simplification assumptions (Slocum, 1992). Therefore,
a large difference exists between the theoretical and
experimental results when the dimensionless load is
lowered from 0.3 to 0. Another main source of error is
attributable to geometric inaccuracies of the restrictor
and bearing.

CONCLUSIONS

This paper proposed a design for a self-
compensating flow restrictor for hydrostatic bearings.
A lumped parameter modeling method was used to
derive an equation describing the relationship between
the pocket pressure and resistance provided by both
the flow restrictor and the gap in the bearing land.
Equations governing the stiffness and load-carrying
capacity of the bearing were also derived. The
theoretical analysis showed that the bearing system
exhibited considerable stiffness because of the
parameters of the self-compensating restrictor being
properly designed. First, an initial gap in the self-
compensating restrictor can be easily corrected using
the adjustment screw. Second, the effective stiffness of
the two disc springs can be changed using the different
stiffness of springs. In this paper, the bearing system
exhibited the best stiffness when the initial gap in the
self-compensating restrictor was 70 um, the effective
stiffness of the two disc springs was 2500 N/mm,
and the supply pressure was 40 bar. Poorly designed
parameters may cause the bearing to display negative
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stiffness.

The theoretical derivation was then compared
with the experimental results. The influences of the
design parameters on bearing stiffness and the
feasibility of the new design were demonstrated both
analytically and experimentally, although some
shortcomings remained. For instance, when the
preload was insufficient, a considerable discrepancy
was observed between the theoretical analysis and the
experimental results. Furthermore, the bearing system
continued to exhibit geometric errors. Nevertheless,
the theoretical analysis and experimental results were
generally consistent in terms of the scope of use (the
dimensionless load varies from 0.3 to 0.7). Superior
performance with regard to stiffness and the load-
carrying capacity to fixed-type restrictors such as the
capillary and orifice was achieved. Furthermore, the
proposed restrictor possesses the advantage of
simplicity with regard to both manufacture and
assembly in comparison with membrane-type
restrictors.

(a)

70 um

w

===80um

seeee 00 um

= =100 um

—70 um
===80um
------ 90 um
— — 100 um

W /AP

Fig. 7 Effects of the initial gap in the self-
compensating  restrictor on (a) the

dimensionless gap in the bearing land and (b)

the dimensionless stiffness of bearing.
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—2300 N/mm
25 F ===2500 N/mm
++2700 N/mm
)
= =2900 N/mm

>
T
I

) 0.2 04 0.6 0.8 1
os | — 2300 N/mm
===2500 N/mm
L 2700 N/mm
W/AgPs = =2000 N/mm

Fig. 8 Effects of the effective stiffness of two disc
springs on (a) the dimensionless gap in the
bearing land and (b) the dimensionless
stiffness of bearing.

—Theoretical

* Experimental

hi/hg

0 0.2 0.4 0.6 0.8

W/AP,

Fig. 9. Comparison of theoretical analysis and
experimental results on the dimensionless
relationship between the gap in the
bearing land and bearing load.
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NOMENCLATURE
a : the width of the bearing land
A, : the effective area of the loading pad
b : the length of the bearing land

C : the configuration parameter

f(x) : the forces applied to the top and bottom
surfaces of the compensation block

h. :the gap in the self-compensating restrictor

h.o :theinitial gap in the self-compensating restrictor
h; :the gap in the bearing land

h;, : the reference gap in the bearing land

K. : the effective rigidity of the compensation block
kaown : the stiffness of the bottom disc spring

kyp : the stiffness of the top disc spring

[ : the thickness of the gap in the self-compensating
restrictor

P, : the pocket pressure
P, : the supply pressure

q. : the flow rate through the gap in the self-
compensating restrictor

q; : the flow rate through the bearing land

R, : the flow resistance of the self-compensating
restrictor

R, : the flow resistance of the bearing land

y, :the structural parameters of the self-compensating
restrictor

y; - the structural parameters of the bearing land
r; : the inner radius of the bearing land

1, . the inner radius of the gap in the self-
compensating restrictor

u  the viscosity of oil
w : the thickness of the bearing land

W : the load of the bearing
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