Journal of Harbin Institute of Technology ( New Series)

Citation. Shuangmin Li , Congpeng Shao, Haojie Xu, et al.Influences of nominal radial clearance on lubrication and dynamic

performances of bump air foil bearing.Journal of Harbin Institute of Technology ( New Series). DOI. 10.11916/j.issn.1005-9113.

24049

Influences of Nominal Radial Clearance on Lubrication and

Dynamic Performances of Bump Air Foil Bearing

Shuangmin Li', Congpeng Shao' , Haojie Xu® and Qi An'"

(1.8chool of Mechanical and Power Engineering, East China University of Science and Technology, Shanghai 200237, China;

2.Yangtze Delta Region Institute of Tsinghua University, Jiaxing 314000, Zhejiang, China)

Abstract; In the design of air foil bearings, nominal radial clearance is an important parameter that affects bearing

performance. To analyze radial clearance influence on bearing lubrication and dynamic performance, a mechanical model

that simplifies the foil structure as a two-dimensional thin plate finite element model with an elastic support is established

using the theory of elasticity. The calculation model comprehensively considers the interactive forces of bumps and the

frictions between the top foil and bump foil, as well as between the bump foil and bearing bushing. A flow-solid coupling

calculation model is established based on the compressible gas Reynolds equation. By using perturbation methods, the

calculation model for bearing dynamic performance is established. The reliability of the model is verified through

experiments measuring the friction torque of the bearing. Through a specific case study, the influences of radial clearance

and rotational speed on lubrication and dynamic performance are calculated. In addition, the influence of the foil’s

structural parameters on bearing performances is also studied.
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0 Introduction

Currently, air foil bearings are critical for

extreme-condition (1=2]

rotating  systems Among
various air foil bearings, bump-type air foil bearings
are the most successful and widely implemented
design'*’. The radial clearance of bump air foil journal
bearings is one of the crucial parameters affecting their
lubrication and dynamic performance, but relevant
studies are not yet sufficient. Consequently, it is
necessary to comprehensively study the influence of
radial clearance on the performance of the bump air
foil journal bearing.

Walowit et al.'*! conducted theoretical analysis
on bump foil journal bearings, and established an
elastic deformation model of foil structure for the first
time to determine its elastic coefficients. Heshmat et
al.">® simplified the bump foil as a linear spring and

developed an analytical solution for gas film thickness
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considering foil deformation. The bearing capacity of
the foil bearings was assessed. Radil et al."”) examined
the influence of radial clearance on bearing load
capacity. The bearing had an optimal radial clearance
introducing a maximum load capacity coefficient when
frictional heat was considered. To obtain an optimal
foil structure, many studies about the influence of
structural parameters on bearing performance have
been conducted, including length-to-diameter ratio,
foil flexibility and thickness, and the size parameters
of the bump arch. These studies investigated how these
parameters affect the vibration of the supported rotor
2] Mahner et

al.[13-15] proposed a fully coupled thermoelastic gas

and the performance of the bearing!

dynamic pressure model. The effects of mechanical

preload on the thermodynamics, startup friction
torque, and other performances of three-lobed foil gas
bearings were investigated through computational and
Kim''*/

of load capacity,

experimental  analyses. conducted a

comparative analysis stiffness
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distribution, and bearing stability with single and
three-lobed foil structures. It showed that foil bearings
with a single lobe have a greater load capacity but
have lower onset speeds of instability. Shi et al.''™"
analyzed how rotational speed, nominal clearance,
bump foil geometry, and loading direction affect the
two types of bearings. It was discovered that the load
capacity of bearings was significantly influenced by
nominal clearance, and load capacity decreases with
increasing nominal clearance. Guan and Feng'*”
coupled an elastic mechanical model with compressible
gas Reynolds equation to predict bearings’ static and
dynamic performances, and found that the dynamic
main stiffness and damping coefficients increase with

21 and

decreasing nominal clearance. Sim et al.'
Walter et al.'”’ found that the minimum clearances
affect the dynamic performances and stability of

bearings. Xiong et al.'*’

analyzed effects of different
foils’ friction coefficients on the dynamic performance
based on CFD methods, and revealed that dynamic
stiffness and damping coefficients are underestimated
when friction coefficient exceeds 0.3. Cheng et al."*"

proposed a method for identifying dynamic

coefficients of bearings. The frequency response
function and equivalent coefficient methods were used
to identify the dynamic coefficients.

Load capacity, stability, and vibration damping
of air foil bearings depend critically on the bump
foil »'. 0

contact mechanics model based on a structural model

Arghir and Benchekroun ] proposed a
of bump foil bearings, which considered gaps and
close/loose contacts in the foils and was more accurate
in simulating manufacturing errors in the foils. A
novel fully-coupled elastic-fluid model capturing foil
contact/separation/friction dynamics was developed
by Gu et al.'””’. By employing a double-layered foil
adjusting the layout of the foils and increasing the
thickness of the foils, Xu et al.'** ®! increased the
bearing’s structural stiffness and experimentally
verified that double-layered foils could enhance the
bearing damping. By adding four layers of foil to the

£30] the mechanical

bearing, Li et al. examined
relationship of contact between each layer of foil.
Zhao et al.'”
dissipation performance based on a two-dimensional
mechanical model. Liang et al.”*') used 3D FEM to

analyze the influences of structural parameters of

analyzed the Coulomb damping

bump foil on bearing load capacity. The results
showed that the bump arch width was an important

.2

parameter affecting the load capacity of bearings,
while the bump arch height minimally affected the
bump foil stiffness.

It can be seen that radial clearance is a crucial
geometric parameter that affects the performances of
air foil bearings. However, its influence on bearing
dynamic performance was rarely investigated
according to the literature analysis. Therefore, a
mechanical model simplifying the foil structure of the
bearing as a two-dimensional thin plate finite element
model with an elastic support was established using the
theory of elasticity in Section 1. Friction behaviors
between bump foil-top foil and bump foil-bearing
bushing interfaces were incorporated. Then, the
mechanical model of bearing is coupled with the
compressible gas Reynolds equation. Subsequently,
the reliability of the proposed model is verified by
experiments in Section 2.1. This study numerically
investigates how radial clearance and foil structural
parameters affect bearing lubrication and dynamic

performance.
1 Mechanical Modelling

1.1 Establishment of Lubrication Mechanical

Model

Fig. 1 shows the position relationship between the
bump air foil bearing and rotor before and during
operation, where O, and O, are the bearing’s center and
rotor’s center, respectively. When the bearing is
operating, elastic deformation of bumps is caused by
the air film pressure shown in Fig. 2(a). Contrary to
Ref.[ 11], the mechanical model of bump foil bearing
developed more comprehensively considers friction
forces, stiffness of foils, damping of foils and
interactive forces between bumps, which can more
realistically reflect the performance of the bearing. The
force analysis of the foils is carried out under the
following assumptions

1) The bumps are always in contact with the
inner surface of the bearing bushing.

2) The

circumferential direction are from the fixed end to the

bumps’ displacements in  the
free end.

3) The force is focused on the top of the bumps.

4) The deformation of the bump and top foils is
within the elastic range during operation.

The force diagram of bumps is shown in
Figs. 2(b)=(d). f represents friction. F,, and F

right
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represent the interactive forces between bumps.
Vertical loads F, F, and F, act on the top, left, and
right sides of each bump, respectively. The bump foil
deformation w, 1is calculated using Castigliano’s
second theorem. As shown in Fig. 2(b), the forces
balance equation in horizontal and vertical directions
and the moment balance equations of a bump can be

obtained as follows:

Free end

Fixed end 4

Bump foil

Top foil

(a) Before operation

Fig — Frighl -f-fi-£=0

F-F -F,=0

FIL + f(R, — Rycosp) — F,(21) =0
where f = nF , f; =n,F,, f, =n,F,, n and 1, are
friction coefficients between bump foil-top foil and
bump foil-bearing bushing, R, is bump arch radius, !/
is bump arch half-length, ¢ is bump arch half-angle.
F, is the horizontal right additional force.

(1)

(b) During operation

Fig.1 Schematic diagram of the foil bearing

The bending moment of a bump is;

M, = [(77 +m)F +Frighl - M

L+ Ry(1 - cosp)
21

21

L+ nR,(1 - cosgo)F

FlL+ (nF - F,)R,(1 = cosp)

}Ro [cos(@ —a) — cosp] —

[[-Rysin(p—a)]F0<Sa<gp

M, = |:(77 +1’1>F+Frighl - F,

Fl+ (nF - F,)R,(1 = cosg)

21

Applying Castigliano’s second theorem and
integrating over Eq. (2), the vertical and horizontal
deformations of the bump can be obtained as follows

Jw M, aMVR d
T Y
e M,, oM
Ax, = [ — thOda} (3)
o EI oF, ‘o
o M,, oM
Ax, = [ - thOda’}
o EI oF, ‘o

21

[[ =Rysin(a—@)] F,p < a

}RO [cos(@ — a) = cosp] —
(2)

5l [[-Rysin(¢p-a)] ,0<a<gp
I —nR,(1 = cose)
o=, b Fp - F. | Ry leos(a - @) - cosg] -
L = nR,(1 = cosp)

<

&5

2¢

The bump is equated to a spring with damping as
shown in Fig. 2 (a), and the bump arch stiffness is
as follows:

oF
=— 4
b ow, 4)
The damping C, of a bump can be expressed as
follows 227337,

Kb

C}J = g o (5>
1)

e

where ¢ is proportional damping coefficient, o,

. 3.

is
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vortex frequency. F = 0 at the non-contact position of
the bump and top foils. The total stiffness and

Air film pressure

damping matrices K, , C, of the bump foil are obtained
by integrating K, and C,.

Simplified bumps as
springs with damping

Air film pressure

Fixed
end

Free
end

12

/.(ﬁ\

Axy +Avy

(b) Vertical deformation

' 2
N

(¢) Left horizontal deformation

Axy +Av

(d) Right horizontal deformation

Fig. 2 Schematic of the force and deformation of the bump foil

The thin plate theory is used to establish the
finite element model of the top foil ( as shown in
Fig. 3). The top foil deformation is smaller than the
thickness ¢,, so the small deflection theory is adopted
to improve calculation accuracy.

y

X

Fig.3 Schematic of the finite element model of the
top foil

As shown in Fig.4(a), the top foil is discretized
using rectangular elements. The element dimensions
are a, b in x and y directions, respectively. A
rectangular element includes four nodes (i, j, m, n).

[wi axi eyi w] ex] 0}] w’"

q6=
F

e

The displacement function during the bending of
a thin plate can be expressed as follows:
w (x,y) =K, + KX + Ky + K+ Ky + Ky +
Kkx kY + Kgxyt + Ky gy + ey’ (7)
Taking node i as an example, according to the
geometric relationship (as shown in Fig. 4(b) ), the
and sinf ; =6

approximation is taken as sinf , =6, , i

4 .

0

xm

[ in Mxi Myi Fz] ij My] Fzm Mxm Mym an Mxn

The displacements and forces of the node are
expressed as shown in Eq.(6) :
Syn Bom
n 7
exe,,/ﬂ * é
oy y' 7 // w Gon
// /
o/ b
// //
/ i)
o 1/ J //
7 8, a bty by
Wl W/
(a) Diagram of rectangular element
z
(b) Diagram of node displacements
Fig.4 Schematic diagram of a rectangular thin
plate element
T
HiVm wn ezn 6 yn ]

BE (6)

yn
Then 6, = dw,/dy, , 6, == dw,/dx, . Similarly, nodes
j, m, n are processed as above and the 12 coefficients
Ky ,Ky,.u Ky K, of Eq. (7) are obtained. The
deflection matrix of rectangular elements is:

w,(x,y) = Ng, (8)
where N is the shape function of rectangular elements

and expressed as:
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N=[N,NN,N,] =[N, N, N, N,
where N, , N, , N, ,-=-, N, , N

xi 9

N, are expressed

n 9 xn %

as follows:

etz ees2)
8 X, ¥, X, X,

(10)
where g =i,j,m ,n.
The stress matrix of a rectangular element is;
r 62 T
dx’
82
6y2
62
J0x0y |

Be:[BiBijBn:Iz_ -N (11)

The stiffness matrix for rectangular elements is:
3
t
_ v T
K, = 12[[ B' D_ B.dxdy (12)

The damping matrix for rectangular elements'**’
is :

Kte
C.=¢ (13)
we
where D_ is the elastic matrix and is expressed as
follows
| 0
E |u, 1 0
D, = ‘ (14)
1 -u, 1 -u,
2

where E is the elasticity modulus of foils, u, is
Poisson’s ratio of foils. The top foil overall stiffness
K, is obtained by standard integration rules. The force
matrix on the top foil is recorded as F . The
relationship of K, and F is:

F =Kgq (15)
where g is the top foil overall displacement matrix.
Total bearing stiffness and damping result from
combined top and bump foil contributions, i.e. K, =
K +K, andC,=C, +C, .

Thus, the lubricating air film thickness is:
(16)

h =c¢ + ecosf + w,

N, N, N, N, N

xm ym

Nn N:(/l Nwz ]

(9)
where ¢ = R — R, is nominal radial clearance. R is
bearing radius. R, is rotor radius. e is eccentricity
distance. The dimensionless form of Eq. (16) is:

h :
H=—=1+¢&cosf + w,

(17)
C
where ¢ is eccentricity of the bearing.
The formula for the ideal gas state is:
P~ (18)
p
Neglecting pressure-dependent ~ viscosity, the

isothermal compressible Reynolds equation simplifies
to.

0 ap 0 ap d
—(ph> ) + —(ph* =) =6ulU —(ph) +
8x<p 8x> 8z<p 0z w ax(p )

12 5 (ph) (19)

Eq. (19) is dimensionless:

2
9 ppp oF) AR 0
96 a6

oP d
—— —| PI’ =A—(PH) +
L' 9A a0

oA

0
2Av —(PH) (20)
T,
h L 6uUR
where x=RO , H=" z=A—  P="" A=2"7
C 2 p(J cpo
a)P
U=wR, ,v=—,7,=w,t.A is dimensionless length
w

in axial width direction, A is bearing number, 7, is

dimensionless time, w is rotor angular velocity.

1.2 Calculation Model
Performances

for Lubrication
The static air film pressure of bearings is
determined by the static operating point and is

independent of time'**

. When the bearing is in a
stable operation, the lubricating air exhibits steady
flow. Thus, the compressible gas Reynolds equation

is as follows:
a(PH3 apj + 4R a(PH3 apj =A i(PH)
a0 a0 L* 9\ A a0
(21)
The boundary conditions of dimensionless pressure
during the solution of lubrication performances are .
P(0O,A) =1
P(0;.,A) =1
P(O,A=x1)=1
As shown in Fig.1, the bearing load capacity W

(22)

consists of W, and W during the stable operation,
which can be calculated as follows:
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1 Ofree
W= [ [7(P-1)singdodr  (23a)
-1 0
1 Ofree
W, = —f (P - 1)cosfdOdA (23b)
B -170
W= W > +W? (24)

The viscous friction torque of the lubricating film
acting on the surface of the shaft is expressed as
follows :

_C LR Ofree aP A 1
Po jj —)dedn (25)

The frlCthIl power loss to overcome the viscous
friction torque is expressed as follows:

N ol :cpoLRw f J’Hfree P A1

=+ 2 ) dada
90 3 H

(26)
Due to bearing symmetry in the axial direction,
the side leakage flow rate of air is;

3
DoC R (Orree , OP

= PH® — dé 27

Q. 3,umLTfo ( 8)\> Ao (27)

1.3 Calculation Model for Dynamic Performances

The criteria for measuring the dynamic
performance of bump air foil bearings primarily
involve dynamic stiffness and damping coefficients.
Dynamic coefficients are calculated using perturbation
methods.  Air

displacement and speed :

film pressure depends on rotor

L
2 (Pee
Fy =Fy(x,y,x'y") == j-L J' " PsinfRAOdz
-5’0
L (28)
2 free
Fy =Fy(x,y,2",y") = j . f PcosORdOdz
) i N
where F, , F, are air-film horizontal and vertical

forces, respectively. x and y represent rotor’s

horizontal and vertical displacement, respectively. x’
and y’ denote its velocity components.

When the rotor is operating stably, perturbation
displacements Ax and Ay , perturbation velocities Ax’
and Ay’ are applied to the rotor. The forces are in a

Taylor series expansion ;

;= = x + —— y +
" FV) F/V)O ax 0 ay 0
aF ! 2 ” ”
A+ —1 Ay + 0(A° Ay Ax” AyP)
ax 0 0

(29)
0” represents the quantity in the
equilibrium position. Ax , Ay , Ax’ , Ay’ —0. Neglect
the term O(Ax”,Ay* ,Ax"*,Ay"?) |
damping coefficients are .
.6 -

where the subscript “

stiffness and

K. = @ K, = & (30a)
_Kw ax |, , Kw Iy o
C.. = aFi‘ €y = LF‘ (30b)
_C,w ax’ |, ’ Cw’ ay"

Then Eq. (29) is expressed as the matrix form

F, = M:| _ |: N 0} + K|:x:| N C[x/i| (31)
LFy, Fio y y

where K, C are stiffness and damping matrices,

respectively, and expressed as:
. {K K} .. {c c} )
K.M’ K)’)’ ’ C.M’ C}’)’
The dimensionless air film thickness and
pressure, and total radial deformation of top foil are
H,, P,, w, . The first-order

Taylor series expansion of P, H, and w, ignoring the

respectively written as:

higher order quantities is:

P=P,+P Ax+ P, Ax' + P Ay + P, Ay

H=Hy,+ H Ax + H, Ax' + H Ay + H, Ay’

- - - o - 7, - o
w, =w,, +w, Ax +w Az +w, Ay +

w,, Ay’

(33)
where P, , P, P P, are pressure disturbances

y x' y

caused by Ax , Ay , Ax’, Ay’ , respectively. H,, H ,
H,., H, are air film thickness disturbances caused by

w, ,
ty

are foil deflection disturbances caused by Ax , Ay ,

Ax , Ay , Ax" | Ay’ , respectively. w 1111) S W,

tx 9

Ax' , Ay’ , respectively.
Substituting Eq. ( 33) (20), the
perturbation pressure equations are as follows:

into Eq.

3P 3P 2 P
P.H —+PH +3PHH—+
a0 36 36

a0

[QRJ [P H— b, P, I-f + 3P H;H, Poj =
L a

d
A £(P0Hx +PH,) - 20A(P,H, + P_H,)
(34)

pP.H — il + P H 0P 3P, HH il
S+ L — |+
80 0 0**0 80 0ff 0" x (90

2}? : aP() (:)Px 6]:)()
—| | P.H,— +PH, — +3PHH, — | =
[Lj a/\(”’a/\ OH‘a’a/\ OHg*a/\

9
A (Pl + PoHy) + 20A(PyH, + P.H,)
(35)
9 , 0P, L oP, , 0P,
P,Hy— + PyHy — +3PHH—+
a6 9 30 a0
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2R\? @ g apP,
(Lj (M[R]{;a +PH% +3P0H0 8/\)

d
A —(POH), +P H,) - 20A(P,H, + P H,) (36)

, 0P, \ . 0P,
PLHY— + PH) — +3PHH—+
a0 00 9 00
2R\ 9 - apP,
(Lj M(P},,Hf; P PH3 " L3P HH g a)J
3
A £(P0H),, + P H,y) + 20A(P,H, + P H,)

(37)
When the shaft is the above

perturbations, H is expressed as follows:

subjected to

H= H, +Axsin(8 +B) - Aycos(6 +B) +
w,, Ax +w,, Ax' +w, Ay + 1w, Ay’ (38)
Combining Eq.(38) with Eq. (33) yields:
H =w, +sin(8 +B),H, =w,
{H}, =w, —cos(0 +B) ,H, =w,
By substituting Eq. (39) into Egs. (34)-(37),
the air film pressure P, P., P , and P, can be
obtained. Then,dynamic performance coefficients are .

K. K, RL +2 ()
l:ny Kw:i _po f f)l ’

(39)

A
i | 12 3 cee i eee m-lm mt+l
2
3
LA
0 J —$—1 —
6
. Hticc
n-1
n
-1 ntl
Fixed end Free end

- Psin(6 +B) P sin(0 +
g ' B joar (40)
P.cos(§ +B)  P,cos(0 +pB)
Cxx xy pORL J’ J"ﬁeJZf ;(F)
C,.x »y 2ca)
sin(0 + — P sin(0 +
(06 ysin(f +5) dodA (41)
P.t'cos(a +B) Pcos(0 +B)
The boundary conditions of dimensionless

pressure during the solution of dynamic performance
coefficients are as follows:
P.(0,A)= 0,P(6,.,A)= 0,P(O,A = £1)=

free »

P.(0,A)= 0,P.(0,.,A)= O,P.(0,A=2x1)=0
P,(0,A)= 0,P(0,.,A)= 0,P(0,A==x1)=
P.(0,A)= 0,P.(0,. ,A)= 0,P.(0,A=x1)=0
(42)
1.4 Numerical Calculation Method
In this study, the dimensionless Reynolds

equation is solved using the finite difference method
with iterative point-by-point convergence. As shown
in Fig. 5, the load area is gridded circumferentially
and axially. The area between adjacent bumps is
divided into X parts. The initial step length of each
grid is equal, which can be expressed as follows

N

AgY = — (43)
XR
(ij+1)
=3
A (i,/+%)
1. 1
(I_i'j) (i+5 )
(i-1,)) » e 20 ° (itly)
(,))
(ij-3) 4
>

ij-1

Fig.5 Schematic of mesh and difference quotient

Starting from the second iteration, the grid step
length in the circumferential direction of foils changes
with deformation. Therefore, during k-th iteration,
the grid step length can be expressed as follows:
AP = 4 EW
i xR i
where ¢ represents the change in the i-th grid in the
circumferential direction during the k-th iteration.

(44)

In the axial direction, the grid step length does
not change with the number of iterations. Therefore,
it can be expressed as follows:
2

AN = —

n

(45)

The high-precision central difference quotient is
used to replace the partial derivative terms. The
convergence criteria for air film pressure and load

.7 .
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capacity are; | w® — b
paciyares Error, = <107 (47)
n+l m+ W(k)
DD IR LA Sl
el L” " s The convergence criteria for the calculation of
Error, = < 107 (46) .
g mi:l | p® | the dynamic performance are;
P;"
j=1i=1 "
n+l m+1 n+l m+1
22 P ()T (P = (P
EI'I'OI'PZ = S n+tl m+l ]n=+ll tm=+ll S 1075 (48>
(k) (
22 P)T I X X (PO
j=1i=1 j=1 i=1
ntl m+l n+l m+1
22 (P)E - (P L (P = (PO
i=1 i=1 i=1 i=1 _
EI‘I‘OI‘P?‘ = n+l m+1 ]n+l m+1 <10” <49)
0 0
NRISTERS Y WRISICE
j=1 i=1 j=1i=1
in our laboratory. The bearing basic parameters are
2 Results and Discussion shown in Table 1.
The experiments were conducted at 26 C whith a
2.1 Experimental Verification rotational speed of n= 20000 r/min. Friction torque
As shown in Fig. 6, the friction torque of the T, is measured with different radial clearances ¢ and
bearing was measured on a bearing test rig developed loads W during stable operation.

Loading
weight

&

Displacement sensor 1

Torque bar 4

L]

Pressure

Displacement sensor 2

Rotate speed sensor

sensor

Rotate speed sensor

Pressure sensor Loading weight

(b) The test rig (c) The test bearing

Fig.6 Bump air foil bearing test rig
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Every experimental datum represents the average
of five measurements. The comparative results of
experiments and numerical simulations are shown in
Fig.7. It can be seen that the friction torque 7,
decreases gradually with radial clearance c¢, which

varies within the range of 105-255 wm when the load
W=5 N. T, increases with W, which varies within the
range of 3.5-5.5 N when the radial clearance c =
210 wm. Consistent experimental and numerical results
demonstrate the reliability of the theoretical model.

Table 1 Basic parameters of the bearing

Foil proportional

Modulus of Ambient . . R Top foil Bump foil Bump arch
.. . damping Poisson’s . )
elasticity E atmospheric K . thickness thickness half-length
coefficient ratio u,
(N/m?) pressure py( Pa) [ [ t,(mm) t,(mm) [ (mm)
2.06x10" 101325 0.2 0.1 0.07 1.7
Bump distance Dynamic-viscosity The eccentricity Bearing Bea‘ring inner Bump arch
of bump of air at K . diameter .
. of bearing & width L (mm) radius R,( mm)
foil s (mm) 26 C u(mPa - s) R (mm)
4.2 0.01932 0.9 14.5 32
0.6 - 2.5
—@—Numerical results
_ o —o—Experimental results -
g 05F £
z Z 20}
D =
= 041 X
= = .
o 03k 2 15t —a—Numerical results
5‘ N g —e—Experimental results
=] )
b L 2
g 021 Te—33 ki
3 R 5 10}
2 * 2 1.0
3 43
= ooaf
0 , I . , ! 0.5 L L L L L
Radial clearance ¢ (x10°m) Load W (N)

(a) Friction torque versus radial clearance

(b) Friction torque versus with load

Fig.7 Variation of friction torque with radial clearance and load

2.2 Influences of Radial Clearance on
Lubrication Performances
After verifying the calculation model established
in this study by experiments, the performance of the
bump foil bearing was numerically studied. Based on

Q
[
g 1.6
217
g 1.6 1.5
215
Z 14 1.4
137
212 1.3
511 /
5 10 - \\ 12
(72}
B 0 - e < ate 0

ST .S = 3 2 X Jind!
A Onje, ™ Lo o {ere““a\ coOr 1.0

Widg, , - Cirou™

(a) Dimensionless air film pressure

the theoretical model established above, the
dimensionless air film pressure and thickness
distributions were first calculated when n=50000 r/min,
¢=30 wm, and W=35 N (as shown in Fig. 8).

o)

§ 1.8

320 1.6

= |

] 1.2

15

2= 1.0

g OVS \ 0.8

g0 0.6

172} .0

= ”e”SI'o 0.5 3 T dinate 0.2
gy ) I3 el coor

T
. 1
Wy et

(b) Dimensionless air film thickness

Fig. 8 Dimensionless air film pressure and thickness distribution of bump air foil bearing
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The results in Fig. 9 and Fig. 10 are calculated at
the middle plane ( A = 0) of the bearing when load
W=5 N. Fig. 9 demonstrates radial clearance effects
on dimensionless air film pressure and thickness when
n=50000 r/min. Fig. 10 shows the relationship of the
maximum air film pressure P, and the minimum air
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(a) The film pressure

film thickness H,, with radial clearance under
different rotational speeds when W=5 N. It can be

seen that P, increases with radial clearance but

X

decreases with rotational speed, while H _; decreases
with radial clearance and increases with rotational

speed.
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Fig.9 Dimensionless air film pressure and thickness distribution
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Fig.10 Dimensionless maximum air film pressure and minimum air film thickness versus radial clearance

Localized contact between rotor and bearing
inner surfaces occurs when the minimum air film
thickness is less than the roughness of the two
surfaces, which result in bearing failure. Therefore,
the maximum load capacity refers to the capacity
when the minimum air film thickness is 2 pm'*'.
Fig. 11 (a) shows the maximum load capacity W, .
versus radial clearance. It can be seen that W,
decreases with radial clearance but increases with
rotational speed.

Figs. 11 (b)—(d) show that the friction torque

T., friction power loss N and side leakage flow rate of

.10 -

gas (Q, versus the radial clearance under different
rotational speeds when the load W=35 N. It can be
known that 7, and N increase with rotational speed
and decrease with radial clearance. Q, increases with
radial clearance. The reason is that the effective area
of the side leakage flow rate increases with radial
clearance.
2.3 Influences of Foils Structural Parameters
on Lubrication Performances
The influences of foils’ structural parameters on
bearing lubrication performance were investigated at
n=50000 r/min. Using the control variable method,
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all other parameters remained consistent with Table 1
while changing one parameter at a time. The maximum
load capacity W, is calculated when H, =2 pm.
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Friction torque T,, friction power loss N and side
leakage flow rate of gas Q, are calculated for a given
load W=35 N.
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Fig.11 The lubrication performances versus radial clearance

Fig. 12 shows the variation of W, , T., N and
Q, with top foil thickness # under different radial
clearances. It can be seen that W, increases with ¢, .

T. and N increase with ¢, . However, the increasing
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trend is no longer obvious when ¢, is greater than

0.11x107 m. Q, presents a significant increase with ¢,
at large radial clearance.
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Fig. 13 shows the variation of W,

Friction power loss N(J)
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Fig.12 The lubrication performances versus top foil thickness
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max ?

Q, with bump foil thickness ¢, under different radial

clearances. It can be known that W.
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Fig.14 shows the variation of W, T., N and
Q, with bump arch half-length / under different radial

clearances. It can be known that W

max %

T., N decrease
with [ and the decreasing trend is more significant
with smaller radial clearance. Q, presents a significant

decrease trend as [ increases at larger radial clearance.
Fig.15 shows the variation of W ., T., N and Q,
with bump arch radius R, under different radial
clearances. It can be seen that W, , 7., N and Q, do

not change significantly with R,,.
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2.4 Influences of Radial
Dynamic Performances
Utilizing the dynamic calculation model of

bearings established in this study and the parameters

Clearance on

in Table 1, the dynamic performance coefficients with
radial clearance ¢ under different rotational speeds
were calculated when the whirl frequency ratio v =1
of the rotor and the load W=5 N.

Fig. 16 shows that K, and K decrease with
radial clearance but increase with rotational speed.
The result echoes the situation where W, varies with
the radial clearance, i.e. when the radial clearance
becomes large, W,

max

approaches zero, so the main
stiffness coefficients also approach zero.

The cross-stiffness coefficient K & peaks before
declining toward zero with radial clearance, while
increasing with rotational speed. K, initially increases
and then decreases with rotational speed, and initially
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decreases and then increases toward zero with radial
clearance. Fig. 17 reveals decreasing C,, and C, with
larger radial clearance and higher rotational speed. C,
with and gradually
approaches zero. C, decreases and then increases

increases radial clearance
towar d zero with radial clearance.
2.5 Influences of Foils’ Structural Parameters
on Dynamic Performances
The
parameters of foils at different radial clearances were
calculated when W=5 N.

Fig.18 demonstrates

dynamic coefficients versus structural

that dynamic stiffness
coefficients versus top foil thickness ¢, . K,, and K|
increase as f, increases, and the increasing trend
becomes more significant with smaller radial clearances.
K., initially decreases and then increases as ¢, increases.
K|, decreases with z, .
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Fig.17 Damping coefficients versus radial clearance
Fig.19 demonstrates that dynamic damping C,, decrease with ¢, .
coefficients versus ¢, under different radial clearances. Fig.20 shows that the dynamic stiffness
C, and C, increase as ¢, increases. However, C, and coefficients versus bump foil thickness ¢, . K and K |

.15 .
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and K increase as ¢, increases, and the influence is

more significant with smaller radial clearances. K,

decreases with 7, .

Fig.21

demonstrates

that dynamic damping
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Fig.20 Stiffness coefficients versus bump foil thickness
Fig.22 demonstrates how dynamic stiffness across different radial clearances. K, and K| increase
coefficients change with bump arch half-length [ as [ increases, and the increasing trend becomes more
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significant

with

smaller radial clearances. K,

decreases with [, but K varies insignificantly.

Fig. 23 demonstrates that dynamic damping
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It can be seen that C,,, C, , C, and C,, decrease as [
increases.
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Fig.24 and Fig.25 present dynamic stiffness and
damping coefficients versus bump arch radius R, under

different radial clearances, respectively. All eight

coefficients change slightly with R,.
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3 Conclusions

1) A mechanical model simplifying the foil
structure of the bearing as a two-dimensional thin
plate finite element model with an elastic support is
established by use of the theory of elasticity. The
calculation model comprehensively considers the
frictions and the interactive forces of bumps. A fluid-
solid coupling model for the bearing is established
using the compressible gas Reynolds equation. The
perturbation method is applied to develop a dynamic
model. Using the finite difference method and
MATLAB programming, a precise calculation method
for lubrication
established. The friction torque
validated the

theoretical model.

and dynamic performances is
measurements
experimentally reliability of the
2) The lubrication performances under varying

radial clearances and rotational speeds are

investigated. P, increases and H ; decreases with

radial clearance. P, decreases and H,, increases
with rotational speed. The maximum load capacity
decreases with radial clearance and increases with
rotational speed. Friction torque and friction power
loss decrease with radial clearance and increase with
rotational speed. The side leakage flow rate of gas

increases with radial clearance and rotational speed.

3) The lubrication performances under varying

foil structural parameters are investigated. The
maximum load capacity, friction torque, and friction
power increase with top and bump foil thickness but
decrease with bump arch half-length. Besides, the
maximum load capacity, friction torque, friction
power loss and side leakage flow rate of gas are
almost unaffected by bump arch radius.

4) The dynamic performances under varying
radial clearances and rotational speeds are
investigated. The main stiffness coefficients decrease
with radial clearance and increase with rotational
speed, which echoes the situation where the
maximum load capacity varies with radial clearance.
The main damping coefficients decrease with radial
clearance and rotational speed.

5) The dynamic performances under varying foil
structural parameters are investigated. The main
stiffness coefficients increase with top and bump foil
thickness and bump arch half-length. The main
damping coefficients increase with top and bump foil
thickness, but decrease with bump arch half-length. It
is noted that the influences become more significant
with smaller radial clearances. In addition, the eight
dynamic coefficients are almost unaffected by the
bump arch radius. The above research results will
provide guidance for the design and manufacturing of

air foil journal bearings.
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Nomenclature
A Bearing number
c Bearing radial clearance
e Bearing eccentricity
& Bearing eccentricity ratio
H,,P Dimensionless air film thickness and pressure during static equilibrium
I, Sectional moment of inertia
Dimensionless bearing axial width
p Gas density
0 Bearing circumferential coordinate
R Shaft radius
7 Gas constant
T Thermodynamic temperature
T, Dimensionless time
U Shaft linear velocity
v Whirl frequency ratio
Ax Ax/c ,horizontal dimensionless perturbation displacement
Ax” Ax’/c ,horizontal dimensionless perturbation velocity
A? Ay/c ,vertical dimensionless perturbation displacement
A? Ay*/c ,vertical dimensionless perturbation velocity
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