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ABSTRACT

This study proposes a method to identify the characteristic parameters of hydrostatic bearing. When
load or supply pressure changed, the inlet and outlet pressures of restrictor, flow rate and worktable dis-

placement are examined for establish identification equations.

The practical values of the characteristic

parameters can be obtained by minimizing the differences between measure flow rate and identify flow
rate. The differences between practical and design values of these parameters can be used to calibrate

design parameters for satisfying the requirements.
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1. INTRODUCTION

Raimondi and Boyd [1], Malanoski and Loeb [2],
and Rippel [3,4] investigated the static characteristics
and optimization of design parameters on hydrostatic
bearing using three types of constant restrictors. Kang
et al. [5-8] investigated the static characteristics of
open-type and closed-type planar bearings compensated
by the constant compensations and variable restrictors
to give that the bearing characteristics is determined by
bearing design and the match of bearing and compensa-
tion. They revealed that variable compensations
achieved infinite and negative stiffnesses at certain
pressure ratio when specific compliances of active ele-
ment are used.

O’Donoghue and Rowe [9], Rowe and O’Donoghue
[10], Yakir [11] presented design the strategy and pro-

cedures for hydrostatic slideway to use for machine tool.

Telingater [12] investigated the three shapes of recesses
in the hydrostatic slideways by the analytical and ex-
perimental methods. Bushuyev [13] investigated the
influences of the recess numbers on tilt of planar
slideway by analysis. Sharma et al. [14] utilized finite
element method to analyze the thrust bearings of four
shapes in comparisons of the static characteristics.
Kang et al. [15] investigated the influences of constant
compensations on the dynamic characteristics of a cir-
cular worktable supported by a closed-type hydrostatic
thrust bearing.

However, between determined values and practical
values of the characteristics have large differences be-
cause manufacturing errors and disregard in design
formula. Kang et al. studied the finite element models
[16] of the membrane-type restrictor and [17] a network
model of flow resistances, the modification of both
models due to experimental data have been presented.
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Kang et al. [18] presented an approach to identify the
restriction parameter and membrane deformation coef-
ficient of single-action membrane-type restrictor by
experimental results which are measurements of the
inlet pressure, the outlet pressure and the flow rate of
restrictor.

This paper studies the method to identify character-
istic parameters which are restriction constant of the
bearing pad, restriction constant of connecting pipe,
initial film thickness with respect to the supply pressure,
effective area of the bearing pad, and the variations of
recess pressures by the loads change. The identifica-
tion equations are derived from flow continuity equa-
tions, which are obtained by minimizing the error
squares between identified and measured flow rates.
The coupled equations for identifying recess pressure
and restriction constant of connecting pipe can be
solved by utilizing the measurements of flow rate, inlet
and outlet pressures of each restrictor. The coupled
equations for identifying initial film thickness and re-
striction constant of bearing pad can be solved by uti-
lizing the measurements of worktable displacements,
recess pressures and flow rates of each restrictor. The
coupled equations for identifying effective areas of
each pad can be solved by utilizing recess pressures to
minimize the error squares between identified and
measured the loads.

The three practical bearings using the same hydro-
static system are investigated in case studies. Two
bearings have different the circular pads and recesses
designs and another is rectangular bearing. In these
cases, the comparison between both results of identifi-
cation and determination reveals that characteristic pa-
rameters of hydrostatic bearing can be obtained by
identification method of this study. Since identifica-
tion results give the differences between designs and
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practical values of characteristic parameters to offer a
powerful calibration facility allowing designers to find
exact matches for the requirement of bearing character-
istics.  Further, identification results due to the various
designs can give the influence of design parameters,
such as oil return grooves and bearings without groove,
recess numbers and shapes, sill sizes and shapes, the
bearing characteristics of all types.

2. PRINCIPLES

The pressurized fluid of hydrostatic bearing is ex-
ternally supplied by the hydraulic pump and is passed
through the restrictors to be compensated by the recess
pressures. The recess pressures can change by the
loads applied on the worktable and fed into bearing
When the fluid is flowing out sill from re-
cess, it forms a film to separate both solid surfaces of
the worktable and bearing pad. The pad is a compo-
site of the recess and sill (or named by land), which can
manufacture on the worktable or on the bearing. The
illustration of an open-type hydrostatic system can be
seen in Fig. 1, the working fluid is pressurized to P; and
compensated to P, of pressure and 7, of temperature by
restrictor. The reduction from P, to P’ of the pres-
sure is caused by flow resistances of connecting pipes.
The flow is fed into recess to the recess pressure P’ to
construct a hydrostatic oil film between the bearing sill
and the lower surface of worktable. This film is utilized
to support the gross load that includes of the worktable
weight W, and applied load W. T’ and T, are average
temperatures that can be measured before the inlet and
outlet of the bearing, respectively.

recesses.

2.1 Identification of the Restriction Constant of
Connecting Pipe and the Recess Pressure

The flow rate passing through the connecting pipe is
proportional to the difference between inlet and outlet
pressures of the connecting pipe, which can be deter-
mined by

r K r
O=x,(F-F)=—(F.-F) (D
n
nD, L . .
where K, = (unit: m’/N-s) is restriction
128ul,

parameter, Kk = L, is restriction constant of the con-
necting pipe, p is dynamic coefficient of viscosity that
can be determined by ASTM D341 formulas , which are
using the average temperature between the inlet and
outlet of connecting pipe (7, and T).

Usually recess pressure P’ can be measured di-
rectly, but additional holes for measuring pressures
maybe induce weakness and leakage. So we presented
the recess pressures can be obtained by the identifica-
tion Eq. (1) which is using the measurements of P, and
flow rate Q. Also, restriction constant of connecting
pipe k can be obtained at the same time.
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Fig. 1 An open-type hydrostatic bearing.

Changing supply pressure and the constant load can
get constant recess pressure, but can induce the varia-
tion of outlet pressure of restrictor.  Each load
measures the N times outlet pressures and flow rates
along with the N times changes of supply pressures.
Q; is expressed to the j-th measured flow rate and Q)
is obtained from identification corresponding to the j-th
measured P,; of recess pressure. The error between
both flow rates is e, =Q;—Q; and the error sum of

square is
E=) ¢ =2(0-0) _Z[u( P/)—Q,} @)

Minimizing E with respect to both P’ and k uses re-

gression analysis by N data of measurements to estab-
lish an identified equation, which gives
-F)- Q} —r}=0 (3a)

e U

N —py-0, |« ]l
ap' 2/2{ — b)) Q_,} (MJ}—O (3b)

where both O; and P,; are measured by all of supply
pressures and substituted into Eqs. (3a) and (3b), y; is
determined by average temperature of j-th measure-
ments of 7' and 7,. Then, recess pressure P’ and
restriction constant of connecting pipe k are obtained
by solving simultaneously both Egs. (3a) and (3b). «
is relation with connecting pipe diameter and length,
and P’ is work pressure which is must greater than
zero. So solving k and P’ have physically mean-
ingful solution that we needed is unique and the other
solutions are the complex variables or negative.

P!

2.2 Identification of Restriction Constant of Pad
and Initial Film Thickness

The worktable has own weight W, which can com-
press the film to make an initial displacement dy. So
ho— dy is defined as the initial film thickness which is
only subjected worktable weight. When a load is
supported on this worktable, an additional displacement
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d is induced as shown in Figure 2. For applying the sum
of W, and the j-th applied load W; on the worktable, d;
and h; are respectively worktable displacement (meas-
ured) and film thickness (identified) due to W, For
the recess pressure P, the flow rate can be

0= r P![hy—d, —dT (4a)
= a
on 12
qI'
By —d, = 12“Q+d (4b)
Py

where & = (hg— dy— d) is film thickness, vy is restriction
constant of a hydrostatic pad, and p is determined by
the average temperature of 7, and T, of the -th pad.

Regardless of the closed-type or open-type bearing,
the practical and determined values of the restriction
parameter y doesn't be on all fours. Also, the practical
value of initial film thickness % — d, cannot be obtained
from measuring or determining. Hence real y and
ho— dp should be identified in the experiments by the
measurement of pressures, flow rates, and displace-
ments. Experiments are by using the constant supply
pressure P, and varying the load W to change the film
thickness / and recess pressure P'. As shown in Fig.
2, displacement meter is utilized to measure the change
of the film thickness d; with respect to the j-th load .
At the same time, flow rate O; and outlet pressure P,; of
restrictor are measured. By rearranging Eq. (1), the
recess pressure P expresses as By = P;—u, 0k
with respect to the j-th load .

For N’ times changing P, the sum of error squares
between determined and measured values of the flow
rate is

Vv
Y
EZ/Z::‘ T

2

Ry,'(hO _do _dj)3 _Qj (5)

where i, is the absolute viscosity corresponding to the
average temperature of 7' and 7 in the j-th meas-
urement. Minimizing the sum of error squares to give
the coupled equations for identifying y and sy — d, as

displacement sensor

worktable

measuring points x 4
for displacement sensors

Displacement measurement of worktable
applied by load.
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r]"(ho_do_djf_Qj}

a(h —d)) i{

x yzp,j'. ><3(h0—d0—dj)2}=0 (62)
o
oy
S AP O
:z;{ (hy—dy—d,)’ Q}lzuj(ho dy d,)}_

(6b)

where d;=hy —d, — h; is caused by adding load W,
Substituting N times experimental data (Q; ~ d; ~ ;) and
P to above equations and to solve simultaneously. y
is relation with bearing pad sizes, and /g —dj is film
thickness which is must greater than zero. So solving
v and ko — dy have physically meaningful solution that
we needed is unique and the other solutions are the
complex variables or negative.

The worktable kept level in the start. The supply
pressure can affect the recess pressure of the four pads
and flow rates which made worktable can’t keep level.
The initial film thickness %y — d; of the four positions
can’t affect by film thickness therefore can’t subject to
the worktable tilting affect. Theoretically, the re-
striction constant of hydrostatic pad is a function of the
length of sill and the recess area. When starting to add
load, the tilting doesn't affect the formula of identifica-
tion /o — dy and restriction constant y of pad.

2.3 Identification of Effective Area and Load
Sharing Ratio of Each Pad

The gross load applied on bearing can be expressed
by

BA+PA,+ - - - +PA

n“'n

=W +W, (7a)

where A, is effective area and P’ is recess pressure of
the r-th pad and # is total number of pads. For the N
times measuring £, with respect to N times loading
with various load W, the effective areas of the n pieces
of pads can be identified and the applied load W; can be

determined by

=Rid+Pd+ - - - + B4, =W, (7b)

Thus, for N times load applying the total error square
between estimated and practical loads is

N
_ 2
b= Ze,-
j=1

N
=Y (R4 +P A+ - - +P 4,

nj“tn

-w)r ®

Minimizing E by the partial differentiating £ with re-
spect to the each A4, equates zero to give

—2Z< VAP A+ -+ BA, -

Jj=1

~W)E; =0
(9a)
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or

N

' +AiZH'j2

Jj=1 Jj=1

POV, + W) (9)

1j5ij

A]ﬁP’AP’. +A2ipzﬁ/.p;j b
j=1

M=

N
’ ’
N
j=1 '

J

Thus, all effective areas Ay, ..., A, can be obtained sim-
ultaneously by solving Eq. (9b). Furthermore, the
average ratio of load sharing ratios of the i-th pad can
be determined by

w3

N
J=1

N
NP
E/"Ai Al; !
wow, | .N (10)
ST N+ YW,

J=1

3. EXPERIMENTS ON IDENTIFICATION
OF BEARING

An experimental installation for the bearing identifi-
cation is illustrated in Fig. 3, which has supply pressur-
ize oil circuit and hydrostatic system in the same. And
the worktable on top with four pads to support vertical
load and with two pads in zygomorphic both sides to
keep worktable in the neutral position without contact-
ing lateral sides. The connecting pipes numbered of 1
to 4 for connecting the side recesses and numbered of 5

to 8 for connecting the bottom pads which are identified.

The pressurized oil is circulated from pump to pass
through restrictors and connecting pipes, which reaches
each recess and then flows out from the clearance be-
tween both surfaces of worktable and base.

This study utilizes a kind of the slideway oils which
the viscosity is 68mm%/s at 40°C. The oil passes
through heat exchanger for keeping due to cooling be-
fore returning the oil reservoir and being pumped again
that the temperature fluctuations of the oil at all meas-
urement points can kept less than 2°C. For conven-
ience in experimental setup, vertical load is applied on
the top of worktable which induces changes of pres-
sures and flow rates. The parameters of bottom verti-
cal pads with their connecting pipes will be identified.

For identifying the pads, the pressures are measured
at restrictor exit, flow rates are measured for each con-
necting pipe, and temperatures are measured at restric-
tor exits and recesses. Additionally, the four dis-
placement meters are used to measure the vertical dis-
placements of four corners on the worktable top.
Pressure sensors locating on upstream of restrictors are
used to regulate the supply pressure for each recess.

4. CASE STUDY

4.1 Hydrostatic Pads and Connecting Pipes

In this study, three designs of hydrostatic pads are
used rectangular pads are fixed and unchangeable as
shown in Fig. 4(a), and circular pads are attachable and
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connecting pipes for identified recesses
5-5,6-6,7-7. 8-8

1 2 3 4 connecting pipes for side recesses
P44 Y 5 10223344
distributor € @ _—
and restrictor A JVVVV\F - restrictor
for side recesses v filter * temperature
PN supply pump sensor
pressure - : flow rate
accumulator | meter
worktable side pad check valve @ : pressure

sensor

heat

|/ oil reservoir

identified pads base  exchanger

Fig. 3 Illustration of an experimental installation.

(b) Attachable circular pads

Fig. 4 Bearing configuration in an worktable with
hydrostatic pads.

changeable as shown in Fig. 4(b). Their geometric
parameters are described in Table 1 and for circular
pads, outer diameter of pad is ¢$76mm and inner diame-
ter has $20 and $60mm of two sizes recesses. Each
pad is fixed on worktable by the four set screws which
can be assembled to change pads. The gross weights
of the worktable with four pads have three types to list
in the fifth row of Table 1.

The restriction constants based on the flow theory
can be determined individually by

B-2b L-2/
S [ 11a
Y ( 7 5 j (11a)
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Table 1 Design parameters and characteristic
parameters of hydrostatic pads.

Pad type | Rectangular Circular Circular
Design pad pad pad
parameter (mm) (mm) (mm)
Recess size 20 x 30 $20 660
Recess area (mm?) 600 314 2826
Outer size of sill 40 x 70 976 76
Diameter of
feed hole 95 95 ¢35
Gross weight (N) 219 248 240
Restriction
constant of pad 8 47 26.58
Effective arezta of 15 15.81 36.14
pads (cm”)

for rectangular pad, where B, L are recess width and
length, b, ¢ are sill length, and

2n
Ry
1

Y= (11b)

In

for circular pad, where R, and R, both are radius of re-
cess and pad respectively. The restriction constant for
three types of pads are determined by using Egs. (11a)
and (11b) as shown in the sixth row of Table 1.

The connecting pipes utilized in this experimental
installation have the same as diameter of D,= 6.35mm,
but have different lengths described in the second row
of Table 2, and their restriction constants are deter-
mined by k= TED: /128L, and listed on the third
row of Table 2.

4.2 Identification Results

In experiments, the same 200N of weight is in se-
quence to add on the worktable. Where supply pres-
sures Py, restrictor outlet pressures P,; and temperatures
T,;, flow rates O, temperatures 7, of pipe ends, and
film temperature 7, in outer periphery of bearing

clearance are measured and recorded for all load adding.

Also, each displacement due to add weight on workta-
ble is measured in the corners of four positions as
shown in Fig. 2 and their average is recorded. This
process is repeated till total weight reaches already-
decided value. Four supply pressures of P, = 0.5, 1,
1.5, 2MPa are utilized at one load to give four sets of
measurement data with respect to each P;. The re-
strictor outlet pressures and flow rates can be risen by
supply pressure increasing. However, the recess
pressures are dependent only on applying load and
cannot be changed by supply pressure.

Recess pressure P’ and restriction constant k of
connecting pipes are determined by Egs. (3a) and (3b).
The identification results are displayed in Fig. 5 for
rectangular pad, Figs. 6 and 7 for circular pad of
020mm and ¢60mm respectively. The same experi-
ment for each type bearings is repeated three times and
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Table 2 Length (L,) and restriction constant (k) of
connecting pipes.

Recess number 1 2 3 4
L, (m) £5mm 2.59 2.86 3.57 2.73
 (107"'m?) 1.54 1.40 1.12 1.46

shown by three types of lines in three figures. In these
figures, the markers are the average of identified values.
When applying load of 0 N, identified recess pressures
must not be zero because have worktable weight. This
identification can be verified that the recess pressures
can be linear function of loads and restriction constants
of connecting pipes and should be constants.

In Figs. 5 to 7, all recess pressures P’ are not zero
when W = 0 because recess pressure P’ must support
the worktable weight. Figures 5 and 7 for the effec-
tive areas are had larger pads, so P are lower but not
zero. In Fig. 6 for the smallest recess area (¢ = 20mm),
so P/ is the largest and in Fig. 7 for the largest recess
area, so P’ is the minimum.

The pad restriction constant y and initial film thick-
ness hy— dy are determined by Egs. (6a) and (6b) with
the measurements of supply pressure Py, flow rate O,
inlet and outlet temperatures of restrictor (7§, 7,), and
displacement average of worktable due to adding
weight.  Both identified values correspond to the
changes of P; (P; = 0.5, 1, 1.5, 2MPa) as shown from
Figs. 8 to 10 for three-types bearings with three times
experiments which as shown by three types of lines and
the markers are averages of identified values. The
right column of this figure illustrates that the initial film
thickness (o — dy) gets larger as Py is increasing but
(ho— dy) can be kept constant when W (which changes
from 0 to 2000 N) is varying as P, (which changes from
0.5 to 2MPa) is constant. The left column illustrates
that vy is kept constant when W (which changes from 0
to 2000N) or P, (which changes from 0.5 to 2MPa) is
changed.

The identification Eqgs. (3a), (3b), (6a) and (6b) identi-
fied the system parameters and then substituting them
into rational formula can give the identified flow rates.
Therefore, the differences measured exist in flow rates
between the valve and identified valve due to measuring
physical valve which is direct measured P,, P,, and Q.

For the evaluation of the identification results, a rel-
ative error ratio (rer) can be defined by

rer = (iv—dv)/dv (12)

where /v and dv are denoted for identified value and
designed value. The dv is determined by using Egs.
(11a) and (11b) to determined y and using Eq. (4b) to
determine initial film thickness 4o — dy with respect to
supply pressure P gives the results as shown in Fig.
11(a). The iv of (hy— dy) can be determined by Eq. (6b)
which using Q, d, p and identified y and P’ as shown
in Figs. 11(b) ~ (¢). In Fig. 11, from A, to A4 are
measured on four locations of worktable top.
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Fig. 5 Identified results of recess pressures of pads and restriction constants of connecting pipes for rectangular
pad ( O : Average of identified «).
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Fig. 6 Identified results of recess pressures of pads and restriction constants of connecting pipes for circular pad of
$20mm ( O : average of identified k).
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Fig. 8 Identified results of restriction constant of hydrostatic pad and initial film thickness for rectangular pad
(O * average of identified v).
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Fig. 9 Identified results of restriction constant of hydrostatic pad and initial film thickness for circular pad of

$20mm ( O : average of identified y).
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Fig. 10 Identified results of restriction constant of hydrostatic pad and initial film thickness for circular pad of

$60mm ( O : average of identified y).
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x : Measurements of displacement.

Fig. 11

Effective area of hydrostatic pad h.y is defined by
area providing uniform recess pressure to give equiva-
lent load capacity of whole pad, which can be described
by

Ay =(L—0)(B-b) (13a)
for rectangular pad, and
R\[(, RY'
Ay =TR; {1—(—0} (2 En—zj (13b)
R, R

for circular pad. The effective areas can be deter-
mined by using Egs. (13a) and (13b) as shown in the
last row of Table 1.

For experiments in identification, the loads and the
worktable weight are obtained by measuring. And
recess pressure can be obtained from measuring results
or identification results. Substituting both already
known data into Eq. (9b) obtains effective areas A4; as
shown in the left column of Fig. 12. Furthermore,
substituting the identified results of effective areas,
recess pressures, and total load into Eq. (10) obtains
load share ratio as shown by the right column of Fig.
12.

Substituting recess pressures with respect to chang-
ing W (the averages in three experiments) into Eq. (7b)
gives the identified load W'. The relative error ratio
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0.9

osl ~ determined £, —d,

0.7}
h() - d() 0.6
(mm) ([

0.3 P, (MPa) .
05 , 10 , 15 , 20
! e

Il hy by iy Bk s by by By

0.2

(b) Rectangular pads

0.8 T T T
—e— determined %, —d, %
0.7 4
0.6 4
hy—d,

(mm) %°f |
04} .
03f » P, (MPa) ]

0.5 1.0 - 1.5 2.0

2 T
Iy, iy, Iy By by Byl by by by gy

(d) Circular pads: $60mm

Average displacement of 11(b) ~ 11(d) comparisons determined values and identified values of /— dy,

Identification and determination result of initial film thickness with respect to supply pressure.

of total load applied on worktable can be determined by
W’— W’/ W which is used to evaluate the integrated
error in identification results of effective areas and re-
cess pressures.

The relative error ratios of all identified parameters
including restriction constant of the connecting pipes (k)
and the restriction constant of pad (y), initial film
thickness (ho —d,), effective areas (4,), and loading
weights () are determined and shown in Table 3.

Table 3  The relative error ratio (%).

K Y ho—do Ar w
MAXIIU 095 | 6.66 | 1684 | 4.66 | 16.49
Rec?:gular MUINIMUM 5 60 | -11.54 [-16.45 | -2.29 |-18.53
mean | 1159 544| 7.19| 2.04 | 1055
square root
Circular | XU 009 | 984 | 118 | 412 | 13.87
pad | THMMUMY 5647 | 3744 |-1821 | -2.11 | 12.22
of $20mm | ™A | y; 55| 186 | 5.73| 1.95 | 6.83
square root
Circular | "M 564|181 2505 | 3.68 | 2018
pad | MMM 46 00 | 584 |-17.84 | -2.41 | 19.36
of p60mm | MEA | 1m0 279 1045 1.81 | 12.54
square root
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(c) Circular pad: $60mm

Fig. 12 Effective areas and load sharing ratio ( x: For three experiments, O: Average).

5. CONCLUSIONS

This paper utilizes the method of minimizing the
square error and flow theory to identify the recess
pressures with respect to load increasing and restriction
constant of connecting pipes. On the basis of film
flow rates, dimensionless restriction parameter of the
hydrostatic pads and the initial thickness of hydrostatic
film can be identified to be constant and a function of
the supply pressure, respectively. On the basis of load
formulations, effective areas of each pad can be identi-
fied. The relative errors between identified and de-
termined results are induced by neglecting in determi-
nation physical details, viscosity variations due to tem-
perature change, and geometric errors caused by manu-
facture or design. However, the case of studies in this
paper have revealed that characteristic parameters can
be verified by identification results which provide the
useful data to calibrate the determined values in design.
The calibration results can satisfy the requirements for
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characteristics of hydrostatic bearings and matching-up
of restrictors.

NOMENCLATURES

A, effective area of the r-th pad
D,, L, diameter and length of connecting pipe
d  worktable displacements due to applied load
dy  initial worktable displacement due to
worktable weight

E  total error square, E = Zef

e; error between measured and estimated flow
rates
h  net film thickness
hy  original film thickness without worktable and
any load
hy— dy initial film thickness that it is only subjected
to worktable weight without any load (mm)
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j  subscript for ordinal number of measurements
N, N' total number of measurements

n  total number of pads

P, supply pressure (Pa)
P,., P! pressure at restrictor outlet and recess pres-

sure of the r-th pad (Pa)

O  measured flow rate (cm®/min)

Q' estimated flow rate from identification
(cm®/min)

T,, T! inlet, outlet temperature (°C)

T, temperature at the clearance outlet (°C)

W applied load on the worktable (N)

W, worktable weight (N)

o, load sharing ratio of the i-th pad

y  restriction constant of bearing pad

K, restriction parameter of connecting pipe
(m°/N-s)

Kk restriction constant of connecting pipe

p  absolute viscosity (N-s/m?)
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