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The design of active hydrostatic radial bearing with smooth cylindrical surfaces and lubricant output
flow restrictors in the form of movable rings on membrane suspension is presented.

The device is several times less power-consuming compared with known devices of flow control. The
bearing has a negative and zero compliance (infinite stiffness), and therefore can be used in machine
tools to suppress the negative influence of elastic system deformation on the accuracy of processing.
On the basis of two-dimensional model of lubricant flow developed a mathematical model, method
and procedure for calculating the bearing load capacity and flow rate. It is established, that the
calculation of static characteristics of bearing in the entire range of operating loads can be correctly
performed only on the base of two-dimensional model. For small eccentricities the characteristic of
zero and negative compliance can be calculated with sufficient accuracy by the simplified method,
based on one-dimensional motion of lubricant flow. Bearing of zero or negative compliance have
load capacity range, which is 20 — 50% more than conventional bearings of the same overall
dimensions. The setting of input throttling slits resistance decisive influence on the optimal static
characteristics of the bearing. The optimal values of its resistance for conventional and active
bearing are practically identical.

Keywords: energy-saving, hydrostatic bearing, zero compliance, negative compliance, infinite
stiffness, smooth cylindrical surface.

Introduction

In the radial gas and hydrostatic bearings (HB) with input flow regulators (AGH-IR), which are
able to exert an active influence on the performance of important characteristics, in particular the
significant decrease in compliance of the load-carrying lubricant film to zero and negative values
[1]. These bearings can be used in machine tools in order to diminish the negative impact of the
deformation of the elastic system on accuracy. The active bearing of this type characterized by two
major disadvantages — to maintain their working ability requires a considerable flow rate [2] and in this
connection bearing shafts may make limited movement only.

In [3], an opposite principle to control the flow of hydraulic fluid, which is used in bearings the

restrictors of output lubricant flow (AGH-OR). In comparison with the AGH-IR such designs have a
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much better static characteristics and have no disadvantages of AGH-IR [4]. In addition, for example,
not full scope radial or open thrust AGH-OR with little or no increase in energy consumption can make
a significant movement of mobile elements, in which the AGH-IR would obviously inoperable [5]. This
unique property of AGH-OR opens up the possibility of their to use not only in machine tools, but in
micro shock absorbers, energy-saving hovercrafts, low flow rate acrostatic suspensions of ground and
suspended trains and high-load machines.

In [4] presents the method of calculating the characteristics profiled AGH-OR on the basis of
one-dimensional flow model of working fluid in a thin lubricating gaps. In conventional radial bearing
more often used smooth cylindrical compounds, which are distinguished by simplicity of design and
manufacturing technology. For such GH one-dimensional models are not suitable because it does not
take into account the influence of circumferential lubricant overflows on the characteristics of bearings,
which leads to significant errors of calculations. In this paper presents design, mathematical model,
calculating procedure and results of study for radial hydrostatic bearing of this type with smooth

cylindrical working surfaces.

Principle of the bearing

In Fig. 1 shows a longitudinal section of the bearing. The design contains a shaft 2 and the housing
1 with a throttling slits 3, through which fluid from source under pressure pg enters into the bearing. At
the ends of housing there are circular protrusions on the inner side of which are a ring-type membranes
4, forming with the housing and protrusions the cavity 5, hydraulically connected with the slits 3. To
the membrane tightly attached rigid rings 6 with cylindrical surfaces forming with the housing axial
gaps 8. The inner surface of the housing 1 and the surface of shaft 2 form slot gap 9 of main load-

carrying lubricant film of thickness %, and the surface of the shaft and ring elements 6 — end load-
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Fig. 1. Scheme of bearing
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carrying lubricant film with thickness 4, Membrane hermetically attached to the outer edge of the
housing and by inner edge — to the rings.

Bearing operates as follows. The pumped lubricant, overcoming the hydraulic resistance of slits 3,
comes into a thin lubricating gap of cavities 5 and through the channels 8 in carrying lubricating gaps
9 and 7, and then flows from the bearing. Hydraulic forces which created by pressure on the membrane
in cavities 5 and gaps 7, counterbalanced by force of elastic membrane material deformation. The
integral reaction of the pressure forces on the rings 6 in gaps of the cavities 5 is always greater than the
same reaction from side of gaps 7, as can be verified by analyzing the pressure distribution diagrams of
lubrication in these gaps. Therefore rings 6 will always carry opposite direction against the direction
of external force vector f, thereby creating a greater obstruction for lubricant outflow from the bearing
and raising the hydraulic force of the impact on displaced under the load shaft. Depending on the
membrane flexibility, affecting the motion characteristics of rings 6, it provides decrease of capacity

to zero and negative values.

Mathematical modeling

In modeling of AGH-OR work expected that observed parallelism of axes housing, shaft and
movable rings (Fig. 1). Calculations were carried out using dimensionless quantities. For the scales
adopted: radius r, of shaft — for linear dimensions, supply pressure pgs— for pressures, nr,’ps— for loads
and forces, hy*p,/6u — for volumetric flow rates, i, — for gaps, clearances and eccentricities of moving
parts, where £, — thickness 4 of lubricant film in the coaxial arrangement of movable elements (at /= 0),
p — viscosity of lubricant. Dimensionless variables are indicated by capital letters.

Due to the symmetry of bearing was considered his right half (Fig. 1). For the central (c-area) and
end (t-area) parts of the base gap and for gap of cavity 5 (m-area), introduced local coordinate systems.
Longitudinal coordinate Z is measured from the left edge of areas, and the circumferential coordinate
¢ from the line in which indicated vector of external force f.

Function of dimensionless pressure P(Z, ¢) in thin lubricating gaps for an incompressible lubricant

satisfies the stationary differential Reynolds equation [6]

O(,,0P) 0, ;4 an

|+ = B |=o, 1

a(p( kaqyj az[ Yoz M
where function of dimensionless thickness of the lubricant film for c-area H(¢p) = 1 — € Cos(¢), for t-area
H(9) = Hy— ¢,Cos(), for the m-area H,(Z, ¢) = [H,,c — €, Cos(@)](1 — Z/L,); € — eccentricity of shaft and

housing, €,— eccentricity of rings and shaft, €, — eccentricity of rings and housing.

For pressures are obvious conditions

OP.
oy (09 =0 £l.0)=0, £, ,(Z.p)=F,,(Z27-9) , @

where L —dimensionless half-length of bearing (summary length of c-area and f-area), L, —dimensionless
length of rings (length of c-area and m-area). The first and last of them due to the symmetry of function
P with respect to the central longitudinal and transverse planes of bearing on the line of intersection of
which lies the external force vector £, the second defines a function of pressure at the outlet of lubricant
duct.
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Since the cavity 5 is stagnant, then at any point @j on the circle of pairing membranes and bearing

housing, flow rate is absent

0, (L) == j Hm(Ll,(p) (Ll,(p)drp 0, 3)

where R, — dimensionless outer radius of rings.
It is also clear that in the absence of hydraulic resistance of lubricant flow in the channel 8 at the

entrance to the lubricating gaps same functions of pressure are equal

E(L,,p)=F(0,9) = F,(0,9) = F,(9), Q)

and balance of the dimensionless flow rates of working fluid in this section is determined by the

equation

0,(2,)-0,0,90)=-0,(0,90)+0.(L,,9,) = 0. ®)

Here index 7 refers to the channel 8, L, = L-L, — length of c-area.

In mathematical modeling also suggested that the width of the movable ring is small compared
to its diameter. This assumption is justified by the fact that the narrow ends of the bearings have high
carrying load, lower radial and angular compliance. The presence of the narrow ends allowed neglect
the influence of circumferential overflows in the lubrication of #-area and m-area, i. e. assume that for
them OP/0¢ = 0. Simplifies equation (1) and its solution for #-area, taking into (2) can be found as a

function

P(Z.p)=P (w)LL—Z ©)

1

Relative to coordinate Z linear is also the general solution of the simplified equation (1) for m-

area, and (3) is equal

aRn (Ll > (/7)
Oz

=0.

In accordance with condition (4) solution of simplified equation (1) for m-area obtained as

£,(Z,0)=F,(9). (7

At c-area mentioned assumption can’t be applied, so solution of equation (1) founded by numerical
finite-difference method [7]. To do this, the intervals [0, L,] and [0, «t] broke an even number n and m
equal parts of length v = L,/n and t = n/m, respectively.

Split points and function P values in finite-difference grid nodes are
Z,=iv (i=0,1,2,..,n), @, =jr(j=0,12,..,m), P’ =P(Z,p)).

Equation (1) presented in a more convenient form

3 dH oP 62P+62
qu)a(p 62¢) o’z

For interior points of area derivatives changed on symmetric finite-difference relations [6]
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a; (P =P/ )+(P" —2P + P/ )+ B(R] - 2P + P/, ) =0, ®)
where

o - 3zeSin(p,) _(ZT

' o1-eCos(pp | T V)

The desired pressure in nodes presented by the vectors

i i

P=(P",P P, .P""P"), (i=0,12,...n)

and by means of (8) described in matrix-vector form

P +AP+P, =0, (i=1,2,3,..n-1), ©)
where
[ 7 2 0 0o .. 0 0 0 ]
-« n l+a 0
0 -« l+a, .. 0 0 0
a=L 2 7 2 n=-2(1+ p).
B y
0 0 o .. l-a,, n l+ta,,
0 0 0 0 o 2 7 |

System of linear equations (9) is solved by matrix sweep method [7], using the recurrence

formulas

P,=XP+

i— it i

(i=1,2,3,...,n-1), (10)

where X, ¥, — sweep matrixes and vectors.

The system of equations (9) supplemented by vector equation

~P,+4P 3P, =0, (1)

which is a finite-difference analogue of the first boundary condition (2) for Z = 0.

In system of two linear matrix equations (11) and (10) for i = 1, after elimination of P, found
1
PO:(2E+EA]PI, (12)

where E — identity matrix.
Comparing (12), (10) for i = 1, found

X1=(2E+%Aj, Y, =0. (13)

After substituting (10) into (9) found the recurrence formulas

Xo=—(4+X,)", Y, =X,Y, (i=12,.,n-1). (14)

i i+l i+17i
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Next, performed a direct sweep by (13) and (14) and were found sweep matrixes X,, Xj, ..., X, and
vectors Y5, V5, ..., 1.

For perform of reverse sweep requires vector P,. To determine it used the flow rate balance
equation (5) through the gaps in narrow sectors [@,— 1/2, @;+ 1/2]. The general formula for determining

flow rate through a cross section Z is given by [6]

z'

R, OP.(Z
0,,2)=-3* j 1) 20 4 (s)
w, 3
where R,— inner or outer radius of the ring (inner radius R, = 1, outer radius R; = R,).
Since the integration step T is a small quantity, instead of (15) used simplified formula
7R of(Z,9)

O, (Z)=~- "H( )—Z/ (16)
Dependences (6) and (7) provided a formula for local flow rates at the inlet of r-area

0,,00)= H3 P 17)

So far as function (7) does not depend on the longitudinal coordinate, in accordance with (16)

local flow rates at the entrance of cavity 5
Qm,j(o) = O' (18)

Local flow rates on the boundary Z = L, determined by means of the finite-difference formula for

the derivative at the right endpoint [8]

OP(L,,p;) 3P/ -4P/ +R/2 (19)
oz 2v

Substituting (19) in (16), found
0./(L) = —H} (3P 4R/, + PL,). (20)
In the absence of external load the pressure in channel (8) and at entrance to all areas does not
depend of circumferential coordinate and is equal to
= y =Const, (j =0,1,2,....m —l,m),
So full flow rate through the throttling slit is determined by the formula [6]
0,=4,(1-%). @n

In the coaxial arrangement of the movable elements in c-area Q. = 0 and in z-area in view of (6)
and (15) total flow rate through one end of the bearing is equal to

17 HSO)( X 173
= || - =L . 22
Qz() 2” 0{ L (/7 L] 10 ( )

1
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Substituting founded flow rate dependences in equation (5), obtained a formula for calculating the
parameter of throttling slit
X qp3 2H,
An 1_1 :_Ht ’ An:—t' (23)
(1-7) L " L(1-y)
Taking this into account the local flow rates through the throttling slit are determined by the

formula
_ 74,

0, =5 (1=F). 24)

After substituting (17), (18) (20), (24) into equation (15) had obtained a system of equations

3 3
A (1-P)) -2t pr 2 (3p) —ap) + B, ) 0. (25)
L 2v
(] = 0,1,2,...,711)

In matrix-vector form (25) is equal to

BP —4P

n n—1

+P

2 =C, (26)
where B diagonal matrix, C — vector

B:diag{b05b15b27"' b }s C:An(COaclscb---?cm):

>"m

2v H;
¢; ZH—?, bj :3+Cj(An+Tj .

1

Equations (9), (10) for i = n — 1 and (26) are given a system of matrix equations

P, +A4F,_+F,_,=0,
XnPn+Yn :Pn—l’
BR1_4I)nfl+P172:C

n

for determination of unknown vector

P =(B-E-DX,) (C+DY,), D=4E+A.

Using (10) performed reverse sweep and founded vectors P,.;, P,,,..., P, P.
The resulting solution allowed define load-carrying capacity of lubricating area by the general

formula [6]

W, =2 [ Cosp| P2, )z dy,
4 0 0

where a — length of area.

For t-area according to (6)

27 K L-Z L} L
W,==[Cosp[ P(p)=—=dzdp == F,(p)Cospdp=—"J,,
T o L Ty T
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where

J, = [ P(p)Cospdgp. @7)
0

For m-area according to (7)

2R L

W m]J

Integral (27) calculated by mains of quadrature Simpson's rule [9]
= %ijPjCos(jr), (k;=1,4,2,4,2,...,2,4,1).
j=0
For c-area in the calculation of the load capacity used cubature Simpson’s rule [10]

4 LZ
W, :EJ‘COS([)J- P(Z,go)dZd(zJ:% {k COS(JT)ZkPJ}
Ty 0 ez j=0

i=0
Full load capacity of bearing calculated by formula
W= 2(VV1 + VV()
To determine the full volumetric flow rate through the bearing used formula

27 B, 2%
—40 =2 (L ap=-=[HPdp=
0=40,=-~] o MA 0=

' =7 ZkWPf
0

37rL1

The force balance equation of the ring, commits to the membrane-hydrostatic suspension small
radial displacement, based on the use of Hooke's law [11]. As mentioned above, the direction of ring
movement and external force vector are opposite. Therefore, the eccentricity €,, has non-positive value

(€, £0) and is associated with the acting forces on the ring by relation
E —W, +W, =0, (28)
where

Fm = _K/ll /8

m?>

— elastic force of membrane, K,, = Const — dimensionless compliance of the membrane material.

Calculation procedure

In calculations were used the input dimensionless parameters: pressure coefficient ye [0, 1],
lengths L and L,, ring radius R,, clearances H,and H,,, compliance coefficient of membranes K, n
and m numbers of segments for finite-difference grid. Main performance characteristics of interest in
the present study are load capacity W, flow rate Q, eccentricities € and ,.

In calculation of dependences were varied eccentricity g, with small step throughout
the range [—H,, 0]. Successively changing this parameter and using obvious connection of

eccentricities
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g€=¢, +¢g,

for each fixed ¢, by bisection numerical method [12] found the solution of nonlinear equation (28) in

form
Ge)=F,-W, +W, =0 (29)

for one unknown variable g,€[a, b], where a = 0, b = H,y. Process was stopped when b — a < 107,

Simulation results

In Fig. 2 shows plots of function G(g,) of equation (29) for different values of eccentricity ¢,,.

It is seen that the curves on the interval ge[0, H,] are continuous, have a unique point of
intersection with the horizontal axis (the root of the equation) or on this segment does not intersect it
at all (no root). The latter refers to specific cases of contact of rings working surfaces and the shaft, in
which the bearing is losing efficiency.

The effect on the characteristics of the circumferential lubrication overflows in interrow area
can be seen in Fig. 3, which shows the comparative dependences &(/¥), obtained in [4] on the basis of
one-dimensional model (1-D model) and calculated out in this work by using two-dimensional model
lubricant flow (2-D model).

It is seen that for bearings with smooth working surfaces using a one-dimensional flow model of
interrow area gives overestimation of load capacity of 1.5 — 2 times.

Distortion of characteristics is particularly noticeable at moderate and high loads and for low
capacity K,, of membranes, when bearing still has positive compliance K = de/0W. With the increase
K, error in the calculation of compliance K in small eccentricities area observably decreases and at
bearing work on modes of zero and negative susceptibility (K < 0) one-dimensional model gives fairly

satisfactory results.
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Fig. 2. Plots of function G(g,)
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Fig. 3. Comparative dependences &(/) for a smooth (2-D) and profiled (1-D) bearings for various values of mem-
brane compliance K,,, x=0.52, L=1.5,L,=0.3,R,= 1.2, H,=1

For moderate and large eccentricities the error is large for any values of the parameter K,,. An
analysis of the data for the various teachings of elongation L, at high loads, even for short bearing (L <
0.6) on the charts there is a noticeable difference curves.

Analysis of the calculated dependences shows that the decisive influence on the static characteristics
has a pressure parameter y, which defines setting for input throttling slit resistance. It is known that for
conventional bearing function of eccentricity &(y), the load capacity #(y) and compliance K(y) are of
an extreme character.

In Fig. 3 shows the curves of &(y) for being studied bearing.

It is seen that they have the same character. The calculations showed that, regardless of
displacement of mobile elements minimum eccentricity is provided at approximately the same value
of the parameter ).

So for the graphs presented in Fig. 4, the smallest value of the eccentricity and compliance occurs
aty=0.52. The only parameter that significantly affects the optimal value of y, is a clearance H,,. Thus,
when H, = 1.5 optimal y,,,= 0.24, at H,y = 1.25 y,,, = 0.42, at H,y = 0.8 y,,, = 0.68.

Attention is drawn to the fact that an increase in K,, significantly expands the range of perceived
bearing loads (Fig. 3). In Fig. 5 shows the curves that show the relationship with the capacity of the
membranes K, percentage T of increase the maximum load capacity /# under maximum load ordinary
bearing (K,, = 0).

From the Fig. 5 graphs show that the dependences T(K,) are extreme, i. e. for a fixed set of
parameters it can specify a quite definite value of K,,, in which the bearing will have the widest range

of carrying loads.
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Decreasing width L, of rings increases the maximum value of this relationship. Thus, when L, =
0.4 the best result occurs when K,, =7, for L, =03 K,,=9,at L,=0.2 K,, = 14, with L, = 0.1 K,, = 25.
For Fig. 5 data range of load capacity will be 28 — 43%. The increase of relative bearing length also
enhances load range. So, when L =2 T =48%, with L =3 T = 52%, with L >4 T'= 55%.

Conclusion

This study results allow us to conclude that the correct calculation of static characteristics of
hydrostatic radial bearings with smooth cylindrical surfaces and output flow rate restrictors over the
entire range of operating loads can be carried out on the basis of two-dimensional model of lubricant flow
only. However, for small eccentricities characteristics of bearing with zero or negative susceptibility
can be calculated with sufficient accuracy by the simplified method, based on one-dimensional motion
of lubricant flow [4]. Bearings with zero and negative compliances have capacity that is 20 — 50% more
than conventional bearings of the same overall dimensions. The hydraulic resistance setting of input
throttling slits decisive influence on the optimal static characteristics of the bearing. In this case the
optimal values of resistance for conventional and active bearings are practically identical.

Final conclusion on the performance of bearings can be obtained on the basis of dynamic quality

study and experimental investigation of its performance indicators.
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CTaanecKne XapaKTepI/ICTHKH AKTHUBHOI'O
TUIPOCTATHYECKOI0 IBYXPHIHOIO
pazma.m;noro MNOAIINITHUKA
C orpaaneHHeM BBIXOJHOI'O MOTOKA CMa3KH
B.A. Koausinko

Cubupckutl hedepanvrblil yHugepcumenmn,
Poccus 660041, Kpacnospck, np. C60600mbi1L, 79

Paccmompena koncmpykyusi akmugHo20 2UOPOCMAamuiecko2o paduanbHo20 NOOWURHUKA C 2IA0OKUMU
YUTUHOPUYECKUMU PADOUUMU NOBEPXHOCTAMU U OSPAHUYUMENAMY BLIXOOHO20 CMA30YHO20 NOMOKA
CMA3KU 6 8U0e NOOBUNCHBIX KONlely ¢ MEMOPAHHBIM NOOBeCOM. Yempolicmeo 8 HeCKOIbKO pa3 MeHee
IHEP2OEMKO NO CPABHEHUIO ¢ U3BECMHBIMU yempolicmeamu ¢ pegyaamopamu pacxoda. Iloowunnux
obrnadaem ompuyamenvHol U HY1e8ol NOOAMAUBOCMbIO (DECKOHEUHOU HCeCmKOCMbIO), NO3MOMY
Moocem Oblmb UCHOTL30EAH 8 MEMANIOPEHCYUUX CIMAHKAX Ol NOOABNIEeHUS He2AMUBHO20 GAUAHUA
Odepopmayuu ynpy2ou cucmemuvl Ha MOYHOCb 0OPAOOMKIL.

Ha ocnose 06yxmepHoll modeau cMaszouHo2o NOmoxa paspabomana MAamemMamuyeckas Mooeib,
Memoo u MemoouKa paciema Hecyujeli CnocoOHOCIU U pacxo0a cMa3ky NOOWUnHuKa. Yemanosneno,
umo pacuem CMAMUY4ecKux XapaKxmepucmux NOOWUNHUKA 60 6CeM OUanasoHe Oeucmseyouux
HA2py30K Modcem Obimb KOPPEKMHO GbINOIHEH MONbKO HA OCHO8e 08yXMepHOU modenu. IIpu manvix
IKCYEHMPUCUMEMAX XapaKmepucmuKy Hy1e6oll u OMmpuyamenbHol nooamaueocmu mMocym Ovimo
€ YO08AEMBOPUMENLHOU MOYHOCMBIO PACCYUMAHBI NO YAPOWEHHOU MemoouKe, 0asupyoweics
HA OOHOMEPHOM OBUNCEHUU CMA30YHO20 NOMOKaA. Ilodwunnuku Hyneeol u OmMpuyamerbHol
nooamaugocmu 0baadaiom epysonoovemuocmoio, komopas na 20 — 50 % oonviwe, uem y 06b14HbIX
NOOWUNHUKOS meX e eabapumuwlx pasmepos. Hacmpoiixa eudpasiuueckozo conpomugneHus
6X00HOU numarwel wenu pewanwum oopasomM eausem HA ONMUMATbHbIE CIMAmMuYecKue
xapaxkmepucmuxu noowunuuxa. OnmumanvHvle 3HAYEHUs CONPOMUSLeHUs weau O OObIYHbIX U
AKMUBHBIX NOOWUNHUKO8 NPAKMUYECKU COBNAOAIOM.

Kniouesvle crnosa: 3Hep2006epeeaiou4aﬂ, eu()pocmamuuecmm onopa, zudpocmamuqecmzﬁ nodwunHuK,
HYl1eeas nodamﬂueocmb, beckoneunas aHcecmkKocms, ompuyamelbHasl nodamﬂueocmb, 2naoxue
L[uﬂuH()pull€CKl/l€ nOBEPXHOCMU.




