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Abstract

In this paper, finite element method is used to calculate the static performance of gas journal bearing, in which rotation speed
term is introduced into the stiffness matrix of linear triangular element to realize the performance calculation of the bearing
with rotation speed. The results indicate that the average gas film thicknesses corresponding to the maximum load capac-
ity and stiffness, and the minimum attitude angle increase with the growth of orifice diameter. Load capacity and stiffness
significantly improved with the increase of rotation speed, eccentricity ratio and supply pressure when the bearing has thin
average gas film thickness. Attitude angle increases with the growth of rotation speed, while the growth rate slows down
or even decreases at high speed. The most effective way of reducing attitude angle is to increase supply pressure. It can be
found that rotation speed affects attitude angle through changing gas pressure difference between two orifices, while other
parameters have the same effect by changing gas pressure at orifice outlet.

Article Highlights

1. Analyzing performances of gas journal bearings by solv- 3. Investigating the effect of bearing parameters on attitude
ing Reynolds equation with FEM. angle, stiffness, and load capacity.
2. Solving Reynolds equation with speed term using FEM.
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EU e Eg - ET . Dimensionless gas film thickness at nodes My Ratio of the orifice area located in the kth
q qK q .
of the kth element related to the gth node element to the orifice area '
k Numbers of the elements related to the Ap A Dimensionless bearing number in the x
gth node and z directions, respectively
K, Stiffness Po Supply gas .densit}f
L Bearings length Pa Atmospheric density
N, .N. ,N,  Shape functions at the nodes of the kth O gk» Sqk> Tgk Nodes of the kth element related to the
q/ q q
element related to the gth node thh n}? de ficient
m, Mass flow rate of the rth orifice ¢ 1seharge coetticien
G Q@ Attitude angle
P as pressure Q Computational domain
P Dimensionless gas pressure P
Do Supply pressure
D Atmospheric pressure 1 Introduction
Da Dimensionless atmospheric pressure
7 Dimensionless gas pressure at orifice . . . . C .
Pa outlet gasp Gas journal bearings are extensively utilized in high-preci-
. sion and high-speed machine tools owing to their low heat
D4 Gas pressure at orifice outlet ion. hich .. d . fricti
q Node number generation, high precision, and approximate zero friction.
T Constant matrix Bearing performance (the key component of equipment)
0 Flow factor is directly related to machining accuracy. Over the years,
. various experts have worked on parameter optimization
R Number of orifice .
o N and structural design to enhance the performance of gas
u, w Gas velocities in the x and z directions . . >
- . . journal bearings. Xiao et al. [1] concluded that the aero-
v Gas velocity at the orifice outlet ) . . .
dynamic effect improves static performance of aerostatic
14 Reference speed . | micro-beari ¢ hich ds with 1
W Load capacity journal micro-bearings at high speeds with large eccen-
- . . . . tricities. Yang et al. [2] conducted an investigation on how
W, Dimensionless load capacity of linear . . . .
triangular element static and dynamic performance of the gas journal bearing is
W Di ionless load ity in th influenced by numbers and locations of orifice-type restric-
c imensioniess load capacity In the 2 tors. Otsu et al. [3] conducted numerical and experimental
direction o o . P .
= . . o verifications, which demonstrated that gas journal bearings
w, Dimensionless load capacity in the y . o . >
) direction equipped with circumferential shallow grooves between ori-
Xz Coordinates in axial, radial, and circum- fices had large stiffness and high threshold speeds. Chen
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ferential directions
Dimensionless coordinates in the x

direction of the nodes of the kth element
related to the gth node

Grid length in the x and z directions,
respectively

Dimensionless coordinates in the z
direction of the nodes of the kth element
related to the gth node

Kronecker delta

Cross-sectional area of orifices
Dimensionless area of linear triangular
elements

Angular coordinate in the circumferential
direction

Eccentricity ratio

Air specific heat ratio

Air dynamic viscosity

Bearing number

et al. [4] discussed the length and depth effects of axial and
circumferential grooves, orifice diameter, and misalignment
angle on static performance of aerostatic journal bearings.
Moreover, suggested values to achieve superior static per-
formance were provided on the basis of simulations. Zhang
et al. [5, 6] concluded that the horizontal deviation had a
significant impact on static and dynamic performance of
gas journal bearings. Load capacity and stiffness decreased
as the degree of journal misalignment at stationary state
increased, while they increased as misalignment at high
speeds increased. Furthermore, the stability threshold of
the inertial force increases with the growth of misalignment
degree, whereas the stability threshold of the vortex ratio
decreases with the increase of misalignment. Lu et al. [7]
studied how structural deformation affects performance of
aerostatic bearings based on a multi-physics coupling model.

Computational fluid dynamics (CFD) is frequently uti-
lized in structural design and performance calculation of gas
journal bearing to obtain detailed flow field in bearing clear-
ances. Eleshaky [8] employed CFD to discuss phenomena
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of pressure depression in aerostatic bearings. The research
showed that this phenomenon resulted from the transition of
supersonic flow into subsonic flow through a pseudo-shock
region. The CFD simulation was accompanied by numerous
calculations. Therefore, finite difference method (FDM) and
finite element method (FEM) were extensively utilized in
performance analysis of gas journal bearings due to their
high calculation efficiency. Lo et al. [9] adopted FDM for
obtaining the gas pressure distributions in gas films, in
which the rate cutting method was used to guarantee calcu-
lation convergence at a gas film thickness thinner than 8 pm.
Furthermore, their discussion covered load capacities, mass
flow rates, and stiffnesses, which were conducted using vary-
ing orifice diameters and supply pressures. Liu et al. [10] uti-
lized FDM to calculate nonlinear Reynolds equation, taking
into account shaft-rotating effects of the external pressure
air journal bearing. Moreover, gas pressure distributions in
bearing clearance at varied rotation speeds and eccentricity
ratios were illustrated. Li et al. [11] utilized flow difference
as the feedback in Gauss—Seidel iteration when calculating
Reynolds equation through FDM and analyzed influences
of bearing parameters on load capacity and stiffness. Their
results verified that this method was insensitive to initial
conditions and was helpful for reducing iteration times.

Compared with FDM, FEM was used to analyze the per-
formance of gas journal bearings with complicated struc-
tures because of the flexibility of meshing grids and high
precision. Gao et al. [12] employed FEM to research gas
pressure distributions, mass flow rates, load capacities, atti-
tude angles, and stiffnesses of gas journal bearings at rota-
tion speeds higher than 100 krpm and varied eccentricity
ratios. Du et al. [13] established the mathematical model for
gas journal bearings with externally pressurized featuring
circumferential or axial pressure-equalizing grooves (PEGs)
and researched static performance by using FEM. They con-
cluded that bearings with one or two axial PEGs situated
close to the thinnest gas film thickness were advantageous
in enhancing load capacities and stiffnesses. Cui et al. [14]
researched effects of manufacturing error (surface waviness
and non-flatness), bearing parameters, and journal misalign-
ment on angular stiffness of aerostatic bearings by using
FEM. Their results indicated that angular stiffness was sig-
nificantly influenced by gas film thicknesses, orifice diam-
eters, and eccentricity. Furthermore, misalignment angle
and manufacturing errors exerted an enormous influence on
distribution of gas pressure. Average gas film thicknesses
according with the minimum angular stiffness increased as
the orifice diameter enlarged.

The discharge coefficient is the correction factor between
mass flow rate of the orifice and that of the ideal nozzle. This
coefficient markedly influenced the calculation accuracy of

FDM or FEM. Numerous scholars consider the discharge coef-
ficient to be a constant of 0.8. Renn and Hsiao [15] compared
the mass flow rate of aerostatic bearings obtained through CFD
simulations with the results of experiments and verified that
differences existed between orifice-type restrictors and ideal
nozzles. Moreover, the discharge coefficient and the critical
pressure ratio (the intersection of choked and subsonic flows)
were recommended to be 0.8-0.85 and 0.35-0.4, respectively.
Belforte et al. [16] experimentally given an empirical equation
for calculating discharge coefficient of the bearing with the
orifice-type restrictor. Furthermore, Song et al. [17] proposed a
modified formula for discharge coefficient of gas journal bear-
ing considering rotation speed and gas film thickness based on
CFD results. Neves et al. [18] defined discharge coefficient as
a function of pressure ratio (p4/p, p4 1S gas pressure at orifice
outlet, and p, is supply pressure) at subsonic flow region and
as a constant of 0.88 at the sonic flow region.

Attitude angle characterizes the relative positions of the
rotor and sleeve centroids of gas journal bearings, which
results from the aerodynamic effect and directly relates to the
machining precision of high-speed and high-precision machine
tools. However, introducing the rotation speed term into the
stiffness matrix is difficult, and the impact of the speed term
on the calculation results is rarely considered when FEM is
employed to calculate Reynolds equation in existing literature.
Some studies discussed performance of gas journal bearings
with rotation speed using FEM, but the derivation process was
incomplete. FEM is used in this paper to calculate Reynolds
equation with speed terms and analyze performance of the gas
journal bearing, in which the proportional division method is
employed to enhance calculation accuracy and efficiency. The
stiffness matrix calculation formula suitable for linear trian-
gular element bodies with the rotation velocity term is also
provided. The impact of speed changes on static performance
of bearings is comprehensively analyzed, and the theoretical
derivation process is complete. Furthermore, the influences
of restriction parameters (average gas film thicknesses and
orifice diameters) and operation parameters (supply pressure,
rotation speed, and eccentricity ratio) on load capacity, stiff-
ness, and attitude angle are discussed. The following sections
in the article include as follows. Section 2 studies FEM for
solving Reynolds equation with the rotation speed term. Sec-
tion 3 analyzes influence of bearing parameters on the attitude
angle, load capacity, and stiffness. This section also discusses
the circumferential pressure distributions with varied restric-
tions and operation parameters. Finally, Sect. 4 summarizes
the conclusions. The stiffness matrices in FEM are provided
in Appendix A. Meanwhile, the derivation of the modified
proportional factor in the proportional division method is pre-
sented in Appendix B.
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2 Mathematical model
2.1 Structure of Gas Journal Bearings

Figure 1 shows the typical structure of the gas journal bear-
ing, in which two rows of orifice-type restrictors are evenly
distributed inside the sleeve in the circumference located at
the L/4 bearing edges. The x, y, and z are the axial, radial,
and circumferential coordinates of the gas journal bearings
rotor, respectively. Pressurized gas flows into bearing clear-
ances through orifices and discharges to the atmosphere at
bearing edges. The rotor centroid is located at O’ in static
conditions due to rotor gravity and external loads. However,
pressurized gas is driven into the wedge-shaped film when
the rotor rotates due to gas viscosity, which generates aero-
dynamic pressure and deviates the rotor centroid from O’ to

O,. This attitude angle @ is a angle between m and TO;
This angle changes the bearing clearance between the sleeve
and rotor and markedly influences performance of the bear-
ing. The gas film thickness in this bearing clearance is

h=h,[1—ecos(0 — @)] (1)

where eccentricity ratio € = ¢/h,,. The pressure difference in
this bearing clearance caused by eccentricity ratio provides
load capacity of this bearing.

2.2 Governing Equation
The flow field is assumed to be isothermal and laminar for

performance analysis of bearings. Moreover, the lubricant
is regarded as an ideal gas, and its viscosity is constant.
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Fig. 1 Typical structure of gas journal bearing
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Wedge-shaped film

Therefore, the dimensionless steady-state Reynolds equation
is

—30p° —30p°\ = ohp ohp
RPN L RE ) 155, =0, 22 1 2,92 o
d ox Z

ax\ ox 07 z

where §; is the Kronecker delta, 6, = 1 at locations where an
orifice exists, and 6; = 0 at other locations.

The dimensionless parameters X, z, ﬁ, p, and @ are
defined as follows (p is the air density)

- —  24yl?
}:f,zzg,hzi,l_jzﬁ’gz 3’72 a 7
L L /’lm Po hmpopa

A, and A, are dimensionless bearing numbers in the x and
z directions, respectively.

A= 12nul

! hfnpo |

_ 12pwL
: hrznpo

where u and w are gas velocities in the x and z directions,
separately. The square of dimensionless gas pressure is

2
F= <£> = P2 =f(%.2) 3)

Po

Substituting Eq. (3) into Eq. (2), the dimensionless Reyn-
olds equation can be written as
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where
- U —- w 124y VL
U= —,w=—, A= 5
\%4 Vv hZ po

Boundary conditions are as follows:

. 2 -
(1) Atmospheric boundary: f = Z—g =f,
0

(2) Symmetric boundary: o__} =0or 575 =0.

N

2 —_
(3) Oirifice boundary: f = —‘2‘ =fq4
()

where 7, is the dimensionless normal direction of the sym-
metric boundary. The weak solution of Eq. (4) is obtained
through Galerkin weighted residual technique.

L) (7)o

of!/ 2h afl/ 2 o
—/1< = = >] of dxdz )
of . _
- / a—nséfd 5=0

where Jf is the square variation of dimensionless gas pres-
sure, s, is the symmetric boundary, and Q is the computa-
tional domain.

The following equation can be obtained by integrating

Eq. (5).

/ [;3(‘1:@ + a—fﬁ) —06.5f
Q ox 0x 07 @ ©
s 2h< aaf il )]dxdz 0
ax az

FEM is used to numerically solve Eq. (6). The rotor cur-
vature is neglected because thicknesses of the gas film are
significantly thinner than diameters of the bearing. There-
fore, the gas film can be expanded to a plane, as illustrated
in Fig. 2a. (n+ 1) and (m + 1) nodes are distributed in the x
and z directions, separately. The computational domain is
divided into 2mn linear triangular elements, and Eq. (6) can
be written as

of dof

2’"” 3 [ of 96 —
/[ (55% a‘>_Q5"5f

03f | 08 @
/lfl/zh< f f)]dxd‘_o

dx

where e and A, denote linear triangular element and
dimensionless area of the element, respectively. Thus,
A, = (AXAZ) /2.

Figure 2b shows six linear triangular elements related to
node (i, j), 2 <i <n,1 <j < m). Supposed node (i, j) as o,
(g=1,2,...,m(n—1)). The elements related to node o are E
(k=1,2, ..., 6). The nodes of Eqk are denoted as O gks Sqks and
7, in the counterclockwise direction.
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Fig.2 Computational domain: a meshing grids; b elements related to nodes (i, j)
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The interpolation functions are presented as follows:
f — NeTfe’ 5f — NeT(sfe — 5feNe’
f1/2 — IVeT(fl/Z)e E — NeThe

where
€ T '~ T
N =[N0'k Ngk NTk] s f =|:faqkfqufrk:|

(R N T N B TR R

O ak §qk Tak

The integral terms in Eq. (8) are calculated as follows:

/A(NeThe == [(h +hg, +h,,)

e

— ) -2
(h +h +h ) )
O gk Sk Tak
hoqkhquhqu]
Al2z 11
/ NeNerxdz=1—2e 1 2 1 (10)
Ae 1 1 2

According to Egs. (8)—(10), the functional of dimension-
less Reynolds equation is expressed as follows:

7 72 72 T T T T\ peT
eEZA- 40A, [(haq +h Sak +h )( h h h hquhrk (cache +b0’qkbe )fe
ij (11)
- aukmrai—eEZA jél(c u+b, w heT }(fl/z
Applying Eq. (11) to elements E , (k=1, 2, ..., 6), the

Meanwhile, the shape functions are

1 - - 1 - -
N,, = n (a%k +b,, 7+ c%x),Nqu = A (aqu +b,, 2+ cqux>
€ (<
- +b, 7+c, X
T 2A aqu quz Cqux ’
(<
where
a"qk = quk Tk - ZquZQ,k’ b%k = xqu - quk C"qk = Zqu - quk’
aqu = Zqux%A Z"qk Tak’ bqu = quA - 'xo'qk ngk = Z%k - Zqu
aqu = Z"qk Sak Sak ‘qu’bT k = x%k - xqu’chk quk - O gk

Substituting the interpolation functions into Eq. (7):

> [y (N @, e + by 5T
&0 o ﬂ (22.)
- —\z,eT enreT 3= 3= | 1/2\¢
-3 /l(c%ku+b%kw>h Ju NNTdRdzs (£1/2)° = 0
(3)
T T
¢ = e, oy cay | b= [ b, by, by, | and
k,=24np, [ (3 p2py).
where e € A, ; are the elements including node (i, j). r is the
orifice number in each row (r=1, 2, ..., R), and the mass
flow rate of the rth orifice is represented as 7i1,. y; denotes

the ratio of orifice area located in the kth element to the
orifice area.

- ka/"kmréi

@ Springer

square of dimensionless gas pressure of nodes (i, j) (2 < i < n,
1 <j < m) can be expressed as

af — pf'/* -

Forthenodes (i,j)) 3<i<n—1land2 <j<m—1),

ki, 5, = 0 (12)

@ = [y Fyrjog Gogy Gy gy Goyjer Fje | (13)

Table 1 Vector at nodes adjacent to atmospheric and symmetric
boundaries

Node (i, j) f

i =2,j=1 T

= [ Fin v T Fig Fivrg Fo Bt |

[ =2,2<j<m-1 T
l ! " |:1,11f+1,/lfafl,1f+l/faf;,]+1]

[ =2,]= . . i - L
l J=m [fi,f—l Sivrgor fa Sij Sfrg Sfa Sia ]

[fim it Firy By Fiwrg icjir fign |
[fist Fivror Fiorj fi By Frs fr |
_ _ T

i Fo S By Fo Fagor i |

3<i<n—1j=1
3<i<n-1,j=m
i=n,j=1
i=n2<j<m-1 - _ T
[Fimt Fo fig £y Fu Fovgor Fin |

i=n,j=m

[ Fo fiss s B fons £ |
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I = Fijor Favrjor Jitj i fisnj Fiorjir Fijm ]T (14)

B =Bt Burjr Biry Biy By Bty Bijar | (15)

Vector f at the nodes adjacent to atmospheric boundaries
(i=2andi=n,1 <j < m), symmetric boundaries (2 < i < n,

5/2
— SA [ fqu

dimensions. The elements of A and B can be calculated
by Egs. (16)—(19), and their detailed forms are provided in
Appendix A. The difficulty in solving the Reynolds equation
with the rotation speed term using FEM lies in the construc-
tion of the stiffness matrices. Equations (12)—(20) describe
the theoretical derivation of solving the functional of Reyn-
olds equation with rotation speed term.

The dimensionless load capacity of the linear triangular
element is

5/2
Tk

W, =— +

+ @21

B (o =t ) o =F) (= ) = L) (=S ) (=12

j=m), and symmetric boundaries (2 < i < n, j=1) are listed
in Table 1.
The elements in o and B are calculated as follows

=2

eEA;;

a;;

404,

— — — —2 -2 =2 -
[(h,, i, +h, ) (b, +h +T )+h
gk gk gk Ok Sak Tak

77 2 g2
aqkhquhr,,k] <ci,j +b i,j) (16)

— - — —2 -2 =2 - - -
aIJ B GAZ/;A 40A [(hqu + hqu + hT‘I" > <hqu + hqu + thk) + hquhquhqu] (Ci‘jcl"] + bi‘jbl’l) (17)
eEQ; ARy €
i For the elements related to atmospheric boundarieE,
by = EZA 54 (cijt + b;w) <2hgqA +he, + hqu> (18)  nodes with the same gas pressures such as f, =f, =f,
e€EA;;

b= % (e, + by, ) <h + 20y, +h, /)
eeALj/\AIJ
19)
wheree € A;; A A, is the element including nodes (i, j) and
(I, J). I, J)denotes (i, j—1), i+ 1,j—1), i—1,/), (+1,)),
(i-1,j+1),0r (i,j+1).

The computation domain has (m+ 1)(n+ 1) nodes. The
square of dimensionless gas pressure at the node (i, j) of
atmospheric boundaries (i=1and i=n+1,1 <j<m+1)
is j_fa, while that at the node (i, j) of symmetric boundaries
(1<i<n+1,j=m+1) is ignored. Therefore, m(n—1)
equations exist in accordance with Eq. (12) and can be writ-
ten in matrix form.

AF —BF'/?> T =0 (20)

T .

where F=[f1 Hh o fm(n_l)] is a vector of the square
. . T

of dimensionless gas pressure, T=[t1 ty -+ tm(n_l)] .

A and B are stiffness matrices with m(n — 1) X m(n — 1)

exist. Therefore, the dimensionless load capacity is

3=5/2
W — SAe Efa
€ 15

5, 3/2 572
- Efo-qkfa + Ogk
— 2
<fa _faqk>

The dimensionless load capacities of the z and y direc-
tions are respectively presented as follows:

(22)

2mn
— . . 1\ 2r\—
W= Lsin((i-3) 5 )W @3
2mn 1\2
— ] T\ —
=4 cos (1= 3) 5 )W @
where j=1, 2, ..., m. The dimensionless load capacity of

bearings can be concluded.

— —2 —2
W=4/W +W 25

y
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The load capacity, attitude angle, and stiffness of the
bearings are as follows:

W = p, LW (26)

@ = arctan (Wz / Wy> 27

K, = W(c+ Ac) — W(c) 28)
Ac

where Ac is the variation of eccentricity. The flow field in
the calculations is adiabatic. Therefore, the mass flow rate is

20
Po

m, = A,podp v (29)

5(

K K K /2 x/ (k—

L<£>2/ _<£>(+1)/ ﬂ>(i>/( 3]
K=l Po Po Po K+l

(30)

where ¢ is a discharge coefficient, and A, is a sectional area
of the orifice.

SR

K k+1

K+ K— 1/2 k/(k—
( 2 )( 1)/( 1)] Pa < ( 2 ) /( 1)
Y=

K is an air specific heat ratio. Several researchers [15—18]
verified that the discharge coefficient ¢ is a function of a
ratio of gas pressure of orifice outlet to supply pressure.
Equation (31) presented in the research of Neves [18] is
used in this paper.

0.88 oo (2 )7
¢= o A e 31
09093 — 0.07512% 2> (i)
Po Po K+1

2.3 Calculation Procedure

In Fig. 3, the calculation procedure is shown. Succes-
sive Over-Relaxation method (SOR) is employed to solve
Eq. (20), in which the proportional division method is intro-
duced into the iteration to improve calculation efficiency.
First, the attitude angle is set to zero, and the initial values
of the square of dimensionless gas pressure F! are arbitrar-
ily selected in the range of [0, 1]. The mass flow rate s, is
calculated by solving Egs. (29)—-(31). The elements in matrix
T associated with the gas pressure of orifice outlet are cal-
culated according to the initial values férl) (fy, 18 a square of
dimensionless gas pressure of the rth orifice outlet). The ele-
ments in T related to atmospheric boundaries are constant,

Fig.3 Calculation procedure by
using FEM

Set bearing parameters, initial square of
dimensionless pressure, and attitude angle

P
v

Calculate gas film thickness by Eq. (1) and
matrices A, B, and T by Egs. (16)-(19)

|«
v
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Calculate mass flow rate and the elements in
matrix T related to orifices using Eq. (29)

'

Acquire the square of dimensionless pressure by
solving Eq. (20)

FOr g0
dr dr < g ?

Calculate the square of dimensionless
pressure at orifices using Eq. (32)

Adjust attitude angle using Eq. (35) }—

Load capacity I, stiffness K, and attitude angle ¢
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and other elements are zeros. Second, Eq. (20) is solved by
using SOR for obtaining F** and férl)*. The next square of
dimensionless gas pressure féf) is calculated by using the
proportional division method.

2 1 1) 1 1
(ir) g(;( (ir) (ir)> fgr) (32)
1 k—1)/2
G=1+ dr 1- ( )/

RIS

K<2Adr dr + Bdr dlr/2>
where a is the relaxation factor (a=1.3 in this paper). G
is the modified proportional factor, which is related to the
calculation speed. The rotation speed term is introduced into
the proportional factor (derivation in Appendix B). T},, Ay,
and B, are the elements related to the rth orifice in matrices
T, A, and B, respectively.
The calculation will be completed only if the following
condition is satisfied.

(s 0
dr dr
(i)
dr

(34)

Table 2 Gas journal bearing parameters and gas properties [18]

Finally, the attitude angle must satisfy the condition
Ww./W,

@D = ¥ — arctan (Wz / Wy)

< &, Otherwise,

(33)

The gas film thickness is modified in accordance with
Eq. (1), and the calculation is repeated.

3 Results and Discussions

The gas journal bearing with the same geometric structure
as in the research of Neves [18] is calculated. The geometric
parameters and gas properties are listed as follows (Table 2):

The calculations have 21 and 65 evenly distributed nodes
in x and z directions, separately. u is set to zero due to the
negligible axial motion of the rotor. The convergence condi-
tions of the square of dimensionless gas pressure and that
of attitude angle are 1x107% and 1x 107, respectively.
Additional meshing nodes and high convergence conditions
lead to a considerable amount of calculation time, while
the improvement in calculation accuracy is negligible.

Bearing length, L (mm)
Bearing diameter, D (mm)
Orifices in each row, R

Orifice diameter, d (mm)
Eccentricity ratio, &
Atmospheric pressure,p, (MP,)
Air specific heat ratio,x

Air dynamic viscosity,n (P,s)
Atmospheric density,p, (kg/m?)
Gas film thickness,h,,, (pm)
Rotation speed, w (krpm)
Supply pressure, p,, (atm)

50.8
50.8

8

0.1,0.2,and 0.3
0.05, 0.15, and 0.25
0.101325

1.4

1.8365% 1073
1.225

15-40

0, 20, and 40

4,5, and 6

h,=15,1175, 20, 22.5, 25, 27.5, 30, 32.5, 35, 37.5, and 40 pm

Table 3 Calculation results

. Orifices intowl  Neves’ research [18] This paper Relative error (%)

compared with those of Neves

(18] 7in(gls) @ WNN)  rgls) ¢ WN) m ¢ w
Orifice 1 0.017845 0.880 0.018750 0.880 507 0
Orifices2and 8  0.017715 0.880 0.018750 0.880 5.80 0
Orifices3and 7  0.016838 0.866 0.018190 0.864 8.00 0.23
Orifices4and 6  0.011964 0.848 0.012534 0.842 480 0.71
Orifice 5 0.0071494  0.839 0.0069565  0.837 2.70 0.24
Total bearing 0.23606 312.56  0.24931 312.66  5.31 0.03
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Table 4 Calculation results

Rotation speed (krpm) ¢ =0.8 ¢ is Eq. (31) Relative error (%)

of load capacity and attitude

angle with different discharge W) 20 W) @) w @

coefficients
0 146.57 0 143.10 0 2.36 0
5 147.08 1.89 143.65 2.09 2.33 9.83
10 148.56 3.66 145.23 4.06 2.24 9.90
15 150.86 5.23 147.70 5.81 2.10 10.01
20 153.79 6.53 150.84 7.27 1.92 10.16
25 157.11 7.55 154.43 8.42 1.71 10.33
30 160.64 8.31 158.27 9.29 1.48 10.51
35 164.21 8.83 162.17 9.89 1.24 10.71
40 167.70 9.16 166.00 10.28 1.01 10.90
45 171.09 9.33 169.68 10.49 0.82 11.09
50 174.14 9.34 173.15 10.15 0.57 11.55

ey
=3
X

Pressure, p (Pa)
!\) I3
(=] wn

Pressure, p (Pa)

(c)

S

(d)

AN
N

0

\\
O

\;
3
o\

\
\

o

Gl

Fig.4 Pressure distributions with different rotation speeds or eccentricity ratios (4, =20 pm, d=0.2 mm, p,=5 atm): a w=0 krpm, £=0.05; b
w=0 krpm, e=0.2; ¢ w=20 krpm, ¢=0.05; d w=20 krpm, £=0.2

@ Springer



Nanomanufacturing and Metrology (2024)7:3

Page110f20 3

Computed results are contrasted with those of Neves [18], as
listed in Table 3 (h,=19.05 pm, w=0 krpm, d=0.15 mm,
€=0.5, and p,=>5 atm). The relative errors of mass flow rate
and load capacity are 5.31% and 0.03%, respectively, and
those on discharge coefficient are less than 1%.

In Table 4, the comparison results for load capacity and
attitude angle when the discharge coefficient is Eq. (31)
and 0.8, respectively (4, =20 pm, d=0.2 mm, £=0.2,
and p,=>5 atm), are listed. Those relative errors of load
capacity are less than 3% and decrease with the growth of
rotation speed. By contrast, the relative errors of attitude
angle are larger than 9%. Therefore, the accuracy of the
discharge coefficient makes a great difference to Computed
results of the attitude angle.

Figure 4 illustrates the pressure distributions with dif-
ferent rotation speeds or eccentricity ratios. Figure 4a, b
demonstrates that the pressure is symmetrically distributed
around the circumference and along the axis at a rotation
speed of 0 krpm. The smallest and largest gas film thick-
nesses are located at orifices 1 and 5, respectively. Moreo-
ver, when this eccentricity ratio changes from 0.05 to 0.2,
load capacity raises from 36.82 to 143.11 N.

This rotor centroid deviates from its original position
due to aerodynamic pressure during rotor rotation, resulting
in a lesser gas film thickness in Zone 1 than that in Zone
2, exhibited in Fig. 4c, d. Therefore, this gas pressure is
asymmetrically distributed in a circumferential direction.
Furthermore, the gas pressure in Zone 1 increases, while
that in Zone 2 decreases. Load capacity increases from
38.46 to 150.84 N, and attitude angle changes from 6.42 to
7.27° when the eccentricity ratio grows from 0.05 to 0.2 at
a rotation speed of 20 krpm. Compared with the bearing in
static conditions, the load capacity increases to 1.64 and
7.73 N when eccentricity is 0.05 and 0.2, respectively.

The performance of bearings with various bearing param-
eters listed in Table 5 is calculated to research the effect
of these parameters on attitude angle, load capacity, and
stiffness. Cases 1, 2, and 3 analyze the influence of orifice
diameter, eccentricity ratio, and supply pressure on the per-
formance of bearings, respectively.

Figure 5a, b demonstrates the calculation results of case 1.
Overall, a small orifice diameter leads to a small thickness of
average gas film, which corresponds to both maximum load
capacity and maximum stiffness. Furthermore, the maximum
stiffness exhibits an upward trend as the orifice diameter
decreases. When this orifice diameter is 0.1 mm, load capaci-
ties and stiffnesses continuously decrease as average gas film
thickness. Calculation results of case 2 indicate that increas-
ing the eccentricity ratio is advantageous in enhancing load
capacity, as demonstrated in Fig. 5c¢ and d. The influence of
an increased eccentricity ratio on stiffness becomes apparent
when considering a small average gas film thickness. But the
negligible effect occurs when the average gas film thickness

Table 5 Performance of bearings with different bearing parameters

Case h,,(pm) w (krpm) d (mm) € po(atm)
1 15-40 0,20,and 40 0.1, 0.2, and 0.05 5
0.3

2 15-40 0,20,and 40 0.2 0.05, 5

0.15,

and

0.25
3 15-40 0,20,and 40 0.2 0.05 4,5, and 6

h,=15,1175, 20, 22.5, 25, 27.5, 30, 32.5, 35, 37.5, and 40 pm.

exceeds 25 pm. Figure 5e and f shows the calculation results
of case 3. This finding indicates that a large supply pressure
leads to a large load capacity and stiffness.

Moreover, Fig. 5 shows that load capacities and stift-
nesses exhibit a positive correlation with the enhancement
in rotational speed. A small average gas film thickness leads
to substantial influences of rotation speed on load capac-
ity and stiffness. The average film thickness is 15 pm, the
supply pressure is 4 atm, the orifice diameter is 0.2 mm,
and the eccentricity ratio is 0.05. Therefore, the load capac-
ity increases by 40.8% with the increase in rotation speed.
Overall, gas journal bearings with small average gas film
thicknesses and small orifice diameters have a large load
capacity and high stiffness, and load capacities and stiff-
nesses of bearings are significantly enhanced at large opera-
tion parameters.

Figure 6 shows influence of bearing parameters on atti-
tude angle of bearings. These rotation speeds are 0, 5, 10,
15, 20, 25, 30, 35, 40, 45, and 50 krpm.

The calculation results for case 1 indicate that a small
orifice diameter leads to a small average gas film thickness,
which corresponds to the minimum attitude angle, as men-
tioned in Fig. 6. When orifice diameter is 0.1 mm, attitude
angle exhibits a consistent upward trend as average gas film
thickness increases. Computed results of case 2 express that
changing eccentricity ratios is slightly helpful for reducing
attitude angle, as can be seen from Fig. 6. Attitude angles
exhibit a slight increase as eccentricity ratios increase, pro-
vided that average gas film thicknesses fall within the range of
15-30 pm. However, if film thickness is greater than 30 pm,
this angle decreases as eccentricity ratio increases. The results
of case 3 are shown in Fig. 6e and f. The attitude angle exhib-
its a notable reduction as supply pressure increases within the
investigated range of average gas film thicknesses and rotation
speeds of bearings. The average film thickness is 20 pm, the
rotation speed is 20 krpm, the orifice diameter is 0.2 mm, and
the eccentricity ratio is 0.05. The attitude angle decreases by
40.8% as the supply pressure increases.

Furthermore, the attitude angle exhibits a positive cor-
relation with the increase in rotation speed, while its growth

@ Springer
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Fig.5 Influence of bearing parameters on load capacities and stiffnesses: a and b influence of orifices; ¢ and d influence of eccentricity ratios; e
and f influence of supply pressure
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Fig. 6 Influence of bearing parameters on attitude angles: a and b influence of orifice diameters; ¢ and d influence of eccentricity ratios; e and f
influence of supply pressure
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rate slows down or even decreases at high rotation speeds.
Therefore, gas journal bearings with a small average gas film
thickness and a small orifice diameter are helpful for reduc-
ing attitude angle. Moreover, reducing the attitude angle by
increasing the supply pressure is beneficial.

Figure 7 demonstrates the circumferential pressure dis-
tribution with rotation speeds of 0 and 40 krpm. The gas
pressure is symmetrical about the central line between two
orifices if the rotor is stationary (e.g., the pressure distri-
bution between orifices 2 and 3). The gas velocity flowing
from orifice 2 (v,) is enlarged due to its similar direction to

Table 6 Dimensionless radial and circumferential load capacity
between orifices with different rotation speeds

Region Wy(N) WZ(N)
0 (krpm) 40 (krpm) O (krpm) 40 (krpm)
1 (1,2) 0.23015 0.23410 0.09524 0.09632
2,3) 0.09461 0.09595 0.22786 0.22951
1I 3,4) —0.09293 -0.09223 0.22492 0.22473
4,5) —0.22259  —0.22060 0.09230 0.09198
1 (5,6) —0.22259 -0.22091 —0.09230 -0.09121
6,7) —0.09293 —-0.09300 —0.22492 -0.22439
v (7,98 0.09461 0.09515 —-0.22786  —0.22982
8,1 0.23015 0.23375 —0.09524 —0.09712

Region (X, Y) denotes the region between orifice X and orifice Y. X,
Y=1,2,..,R

@ Springer

the rotor surface velocity (v,) during rotor rotation. How-
ever, the gas velocity flowing from orifice 3 (v;) is attenu-
ated because of its contrary direction to v,. Therefore, rotor
rotation influences the performance of gas journal bearings
by changing the gas pressure distribution between orifices
because of gas viscosity.

To analyze load capacity characteristics of bearings, the
circumferential domain in Fig. 7 is partitioned into four equi-
distant parts. The dimensionless radial and circumferential
load capacities (Wy and WZ) between orifices at rotation
speeds of 0 and 40 krpm are showed in Table 6. The dif-
ference in dimensionless radial load capacity between parts
I+1V and I1 +1II increases during rotor rotation. The uneven
distribution of gas pressure between orifices improves load
capacity.

Moreover, the radial load capacity of this bearing is pri-
marily attributed to radial load capacity difference between
regions (1, 2), (8, 1) and regions (4, 5), (5, 6). The circum-
ferential load capacity of this bearing is primarily because
of circumferential load capacity difference between regions
(2, 3), (3, 4) and regions (6, 7), (7, 8). Furthermore, the
circumferential load capacity in part I is smaller than that in
part IV, and that in part II is larger than that in part III. The
difference in circumferential load capacity between parts I
and IV is equal to that between parts II and II1.

This variation of load capacity with different rotation
speeds is in good agreement with that of the difference in
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Fig. 8 Relationship between load capacity, attitude angle, and differ-
ences in radial, circumferential load capacity (h,=15 pm, £=0.05,
d=0.2 mm, p,=5 atm): a load capacity and difference in dimension-

dimensionless radial load capacity between regions (1, 2),
(8, 1) and regions (4, 5), (5, 6), as can be seen from Fig. 8a.
Figure 8b demonstrates that attitude angle synchronously
changes with the difference in dimensionless circumferential
load capacity between regions (2, 3), (3, 4) and regions (6,
7), (7, 8). Therefore, load capacity is substantially related to
the difference in radial load capacity between regions (1, 2),
(8, 1) and regions (4, 5), (5, 6). However, attitude angle is
mainly influenced by the difference in circumferential load
capacity between regions (2, 3), (3, 4) and regions (6, 7),
(7, 8).

Fig.9 Circumferential pressure
distributions (w =40 krpm)
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Figure 9 illustrates the circumferential pressure dis-
tribution at a rotation speed of 40 krpm. Compared
with the condition of d=0.2 mm, A, =15 pm, €=0.05,
po=>35 atm, and w =40 krpm, gas pressure at orifice out-
let decreases significantly if orifice diameters or sup-
ply pressure decreases or average gas film thickness
increases. If this eccentricity ratio increases, gas pressure
at orifice 1 increases while that at orifice 5 decreases.
However, gas pressure near orifices 3 and 7 remains
constant. Therefore, this influence of eccentricity ratio
on load capacities and stiffnesses is evident, while that
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on attitude angle is ignorable. Overall, orifice diameter,
eccentricity ratio, supply pressure, and average gas film
thickness influence attitude angle by changing gas pres-
sure at orifice outlets.

4 Conclusions

FEM is employed to solve Reynolds equation for inten-
sive analyzing the performance of gas journal bearings, in
which the rotation speed term is introduced into the stiffness
matrix. The effects of restrictions and operation parameters
on load capacity, stiffness, and attitude angle are discussed.
Furthermore, circumferential pressure distribution charac-
teristics are analyzed. The conclusions are summarized as
follows.

(1) A small orifice diameter leads to small average gas film
thicknesses, which corresponds to the maximum values
of attitude angle, stiffness, and load capacity. Moreover,
increasing the eccentricity ratio, supply pressure, and
rotation speed at a small average gas film thickness can
help improve load capacity and stiffness. In addition,
a small average gas film thickness leads to consider-
able influences in rotation speed on load capacities and
stiffnesses. The average film thickness is 15 pm, and
the load capacity grows by 46.5% with the increase of
rotation speed.

(2) The most effective way of reducing the attitude angle is
to increase supply pressure. The average film thickness
is 20 pm, and the attitude angle reduces by 40.8% as the
supply pressure increases. The attitude angle rises with
the growth of rotation speed, and the growth rate slows
down or even decreases at high speed. A gas journal
bearing with small orifice diameters and small aver-
age gas film thicknesses has good static performance
at high eccentricity ratios, large supply pressures, and
high rotation speeds.

(3) Eccentricity ratio, supply pressure, average gas film
thickness, and orifice diameter influence attitude angle
by changing gas pressure at the orifice outlet, while
rotation speed influences attitude angle by changing
gas pressure between orifices.

Appendix A

Stiffness matrices A and B.

Applying Eq. (12) to m(n—1) nodes and m(n — 1) equa-
tions are obtained, which can be written in matrix form:
AF—BF'/2—T = 0. Stiffness matrices A and B are
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Appendix B
Derivation of proportional factor G.

The ith row (i=1, 2, ..., m(n—1)) of Eq. (20) can be
written as
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For iteration,
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f(s) can be written as the sum of f(s ! and the correction
term Af, ) as follows.

f;(S) =f;(5—1) + Af;(s) (BS)
where
@ _ 1 T (s=1) 1/2670
N ,-—‘l(a,,);. 0"
j:
m(n—1) (B6)

5 rens™ )|

The square of dimensionless gas pressure fl.(‘m) is
obtained by using the proportional division method

1 ( ) <s—1>> s-1)
ey +f
G =1) 4

Figure 10 illustrates the determination of the proportional
factor.

fi(s+1) _ (B7)

Curvel ist; = k,u,m,s; (B8)

1/2
aufy + ity +am+ﬂ%/+ o agfi+ Bf +
+ ai.mx(n—])fmx(n—l) + ﬂz,l m(n_]) ti

Curve 2 is

" (B9)

c, is set as the slope of curve 1 at point a and ¢, is the slope
of bd.

According to Fig. 10, Eq. (B11) can be written as

— = (s) (s—1)

ac+dc _ J _ ot e 1
ac f(x+l) _ f(s—l) - c, (B12)
Therefore,
s 5— 1 6)  ps=1)

O = O (£ - )

4 14 1+ |C1|/c2 (B13)

Considering Eq. (B7), the proportional factor is
obtained as follows:

I‘/A
a C
Curvel @ @Swg———-— 1 d
| I/
| b/ i
| |
| [
| [
| [
| I\ |
| [
| [
) | Working point: :
| I
Curv® | I
1 1 |
"

-
(s+1) £(s) /f
f i f i 1

Fig. 10 Determination of proportional factor
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||
G=14+— (B14)
%
According to the definitions of ¢; and ¢,
ds; | :
= —in cur
o i curve (B15)
de;
¢, = —1in curve2 (B16)

i

Substitute Eqgs. (B8) and (B9) into Egs. (B15) and
(B16), respectively.

drin
¢ = koty—— (B17)
df;
1
¢ = ay+ 3B, 172 (B18)

Considering gas velocity at the orifice outlet is subsonic,
the proportional factor can be obtained in accordance with
¢, ¢, and Eq. (29).

l;
G=1+ 1 —

o (s—1)
K<2ai,ifi(é 1 +ﬂi,f,~1/2 )

(k=12

(fi(s_l)>—(;c—1)/2x .
(B19)
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