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ABSTRACT

A foil-magnetic hybrid bearing will provide an
ideal solution for oil-free suspension of high-speed
machinery such as air cycle machines, auxiliary
power units and cryogenic turbo compressors. The
hybrid bearing combines the advantages of high load
capacity of compliant foil bearings at high speed and
sufficient stiffness and damping characteristics
control versatility and f{lexibility in load-sharing of
active magnetic bearings at zero or low-speed
operation. This paper i1s focused on the system
modeling and prediction of both static and dynamic
performances of compliant foil bearing first A
generalized method, which can be used for system
modeling and dynamic analysis of a foil-magnetic
hybrid bearing, was developed. The advancement of
present research will improve the understanding of
foil-magnetic hybrid bearings and meet the demands
of the development of advanced bearing techniques
in high power density, high speed, reliable, low
maintenance and oil-free turbo machinery.
1 INTRODUCTION

It is possible that
foil-magnetic hybrid bearing (FMHB) can be used in

in the near future

the field of advanced high-speed turbo machinery.

The FMHB combines advantages of both compliant

foil bearing (CFB) and active magnetic bearing

(AMB) and brings a number of benefits as follows.

1) Safe operation at zero or extremely high speed
(from 0 rev/min to 10x10" rev/min).

2) High load
load-sharing in FMHB.

3) Normal operation even in the case of magnetic

capacity due to function of

bearing fail.

4) Potential for high temperature capacity and low
power loss due to oil-free suspension.

5) Active control of both static and dynamic

performances of system.

Although studies of two separated techniques,
e.g., the CFB and AMB techniques all have a long
history, investigation of the FMHB began only a few
years ago, and available information is limited. Priori
researches can be found by Heshmat!"! and Swanson,
et al M For purpose of engineering applications, a
great deal more needs to be learned of the dynamic
FMHB
performance of foil-magnetic hybrid bearing rotor
systems (FMHBRS). There is a lack of existing
literature regarding the stiffness and damping in the

characteristics of the and dynamic

FMHB and the prediction of dynamic performance of
the FMHBRS.

For the AMB alone, knowledge of its dynamic
characteristics is sufficient , the dynamic behavior of
a rotor supported by AMBs can be well predicted and
measured in linear range ®*. As to the analysis of
FMHBs, difficulty comes mainly from the CFB. In
spite of a large number of papers on CFBs were
published, most of them are limited to the
investigation of static performance. As summarized
by Dellacorte, “all of these applications relied on
experimental build and test development sequence”
[5] Several models were presented for the prediction
of the dynamic characteristics of compliant foil
bearings, and excellent contributions were made by
Ku and Heshmat [,

In the model presented by Heshmat!®!, compared
with that presented by Walowit " improvements
were achieved by taking into account all the
interactive forces between the top foil and bumps or
the bumps and the housing, and structural stiffness
and damping were introduced to describe the
characteristics of bump foil strips. But the attempt to
separate the action of top-foil-bump strips from the
whole foil bearing seems not very successful
Calculation of the stiffness and damping are

dependent on journal motion according to [6],
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furthermore, solution of the damping brings people
into a “limit cycle”, e.g. non-linear rotor dynamic
calculation. It is obvicus that the stiffness and
damping defined in [6] are not convenient in use and
have little value for system dynamic analysis. In fact,
as pointed by Howard™, the so-called structural
stiffness defined and measured in [6,9] cannot
represent the dynamic stiffness but the steady-state
one since the dynamic deflections of the top foil and
bump foils were not taken into account. Neglecting
of the dynamic deflection causes much information
lost. The dynamic deflection of the top foil and the
bumps results from the dynamic pressure of the gas
film due to small perturbations of the journal and
always plays an important role on both dynamic
stiffness and damping, and it is always related to
exiting frequency. Previous expeniments showed that
the dynamic characteristics of the CFB were
frequency dependent !, but further explanation was
not found in literature, the neglect of the dynamic
deformation 1s one of the factors. It’s a pity that no
knowledge of effects of dynamic deflection on
dynamic characteristics in CFBs can be gained. It is
necessary to further investigate the Mechanism of the
dynamic stiffness and damping in CFBs by
introducing the dynamic deformation into Reynold’s
equation and elastic equations, similar to the research
done by Nillson (1% 14 151

The present research is mainly focused on the
modeling of the compliant foil bearing. A generalized
method was developed for the prediction of both
static and dynamic performances of the CFB.
Theoretical contributions can be further considered
as the base for the prediction of the performance of
the FMHBRS.
2  JOURNAL POSITION AND FOIL
DEFORMATION IN CFB

A typical foil bearing design is shown in Fig. 1.
The foil bearing consists of top foil, bump foil and
bearing housing. Position of a rotating journal at

arbitrary time can be expressed as follows.

e=g,+E=g,+Ee""

0=6,+0=0+0,7 (1)

Where E, and @, both of which are defined as
complex numbers, are disturbances of eccentricity

and attitude angle respectively, £ 1s frequency of

disturbance, and T the dimensionless time,
i=«-1.
¢=0 o
=0 Top foil
Bump foil
q Housing
Journal 8,
Gas film
X
\ £|
ot h,
@
»y

Fig.1 Foil bearing schematic
Gas film thickness H_ between the journal
and undeformed top foil at arbitrary angular

coordinate ¢ can be written as follows.

H =H_ +H,
H,=1l+gcosp

H,_, = Hgdoe’m =(E, cos@p+ @, sin@e™  (2)

Where H o and H gq are static and dynamic gas
film thicknesses respectively and determined by the
position of the journal and the geometrical profile of

the top foil.
3  ELASTIC DEFORMATION OF TOP FOIL
SUBJECTED TO FORCES

Forces acting on the top foil in a compliant foil
bearing can be divided into two parts: the first is the
gas film pressure P(¢.z) distributed on the surface
of the top foil, and the second comes from the
contact force W (¢,z) between the top foil and the
bump foil strips. As
shown in Fig.2, the top foil in a journal bearing is

generally leading-edge free and leakage-edge fixed.
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Dencte all the forces acting on domain A4 of the
top foil be TI{¢,z), elastic deflection of the top foil
at arbitrary point g(gp, ;L,) due to the action of all
the forces can be written as follows P(¢,z) and
contact load W (¢,z) where A is the domain to be
considered, and f; the deflection coefficient of top
foil. Tt 1s convenient to separate the gas film force
while W (#,z) depends mainly on the structure of
from TI{¢#,z) because of that P(¢,z) is related to
gas-lubricated Reynolds equation, .

H (. ) = [[ 11, 2, (P2, 9. A)dpz 3)

(p2e&@p)e D
bump foil strips. The force distribution

I1( ¢, z)can be written as

1, 2) = P(, 2) =W ($, 2) 4)
Generally, the reaction force W (¢, z) due to contact
differs from the gas film pressure P(¢,z) and takes
place only on local contact area /A, , and in most
cases, contact between the top foil and bump foil is
linear-contact; with increased load, contact taking
place in top foil and bump foil maybe becomes
area-contact. So, when the definition of contact load

is in the whole domain A, W (¢,z) can be written

_ Pl¢.2)

Fixed end

Wig.z)
(a)

das

W(.z)

Wi(g.z)= {0

((g.z)e A,.4, ¢ A)
(p.2)e (A 4,) )

Similar to the expression of the deformation of the
top foil, deformation of the bump foil due to
contact load W (¢,z) can be always expressed in

the following form by using the deflection coefficient

[, of the bump feil.
H,y 5(p.2) = j [Wp. 2015, (b.2.0. 2)dpdz

= [[w . 0f, (b 2. 0. dpdtz
k3

((pA)e 4(gz)c4,) (6)
It must be pointed out that for the calculation of
the deformation of bump foil, reacting forces N,
and friction forces F, as shown in Fig.3, also take
important roles and must be also taken into account
besides W (¢, z). consideration of the action of N,
and [} can be dealt by using the method presented

in reference [8], and details are neglected here for

simplicity.

*0,(0.2),
P(4.2)

*g(p. A),
Hd (gﬂ, /1) £

P,

- 4 é,
(b)

Fig.2 Forces acting on top foil

(a) Top foil subjected to forces

(b) Coordinate system
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Top foil

Hy{p.A)

Fig.3 Deflection of bump foil subjected to forecs

Substitution of Eq.(4) into Eq.(3) yields
H (. 4)= jj P($,2)f,(p. 2. @, A)dpct

[fww.af, .2 pndpdz (D)
Ay

Denote Hé.(go, A= Hpé.(go, ﬂ)—Hwév((P: A)

where H,; (@ A) is the deformation of the top foil
at point (. 4) due to the gas film pressure P(¢.z)
alone, and H (¢ A) the deformation of the top
foil due to contact load W (¢, z).

Hwé' (p.2)= :[;[ wig, Z)fl('{ﬁa 2,0, dpdz

(COERRCBEYS
H s 0= [P, 6. 2.0 D

(p.)ed(g.2)ed) (8
Within the contact area 4, between the top foil and

the bump foil, the

coordination condition must be satisfied.

Hpg(qo,ﬁ) =H (@ )+ Hy (p4)

following  deformation

(@ A e dy) (-1

or
[[P@.27,@.2.9. g
= ij W (@21, . 2. A)dpdz

Wi f, 9.z dpd (9 A) e 4,) (92)
£

On above equations, ¢ and z represent the
coordinates of the source point, and ¢ and A the
coordinates of the field point to be considered.

So equation (9) in fact describes the constrained

relation of the film pressure and the contact load in
contact areas.

4 GENERALSOLUTION OF ELASTO-
AERODYNAMIC LUBRICATION

As well known, for a compliant foil journal bearing,
the dimensionless Reynolds equation to describe a

gas film lubrication problem has a general form as

follows.
i(PH3 @ +3(PH3 @ = A—a(PH)
O o¢ 84 04 O¢
+2A O(PH) {10-1)
ar

with the gas film thickness equation given by

H=H, +H, (10-2)

where pF _ is the total dimensionless gas film
thickness, and H, the film thickness respect to

rigid surface, H . the film thickness due to the

deformation of top foil; P is the dimensionless gas

film pressure, and A 1is the compressible number,

2
A= Suw| R - In the expression of A, g isthe
B. | C;

a

air dynamic viscosity, ¢ the angular frequency, R

the radius of the journal, ¢ the normal radial

clearance, and p  the ambient pressure.
4.1 Static

Lubrication

Solution of Elasto-Aerodynamic
In static state, the Reynolds equation 1s independent
to time T, variables involved in Eq.(10) in static
state are all denoted with subscript “0” for distinction.
Thus equation (10) becomes
G, aF, G, aF,
7(P0H03 70)"‘7(}3017103 70) =
D dp” 04 A

dg

The static film thickness H

(11-1)

, consists of
geometrical clearance H . which only depends on
the static equilibrium position of the journal and the
undeformed profile of the top foil, and the clearance

H,,, due to static deformation of the top foil.

H, :Hg0+H§00
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H  =1+g,cosg

Ho = [[ B 0.2, (9. 2. 0. D)tz

(11-2)
_” Woo($. 201 (8. 2.0, Dddpetz
Ay

Calculation of the static deformation H,, is

also concerned with the deformation of the bump foil

besides the static contact load W, . By using
equation (9-2), the coordination

condition gives

Hos @A=H s @A) 1 H s (9.2)

deformation

(pA)ed,)
or

B2, (4.2 2)dpdz =

A

H W (4. 201, (. 2., A)dpdz

A

+[[Wo 6.2, (9. 2.0 A
kO

(11-3)

Corresponding to a set of given parameters of

(£,.6,) . variables F,, W, and H,, can be

obtained by simultaneously solving Egs. (7), (8) and
(1.

4.2 Dynamic Solution of Elasto-Aerodynamic
Lubrication

In small perturbation state, the dynamic pressure and

gas film thickness distribution can be written as

P=R Qe
W =W, +We™"

H=H,+H=H,+Hge" (12)
By using Eqgs.(10) and (11) and neglecting all the
high-order terms of (J, and H o » the dynamic

Reynolds equation(10) can be simplified.

oP
Q(PHZ@ 2 P
o dp°  Op dp

2 HS%QO +3HZF, %HO +PH: O | g
dp dep dep O

ﬂ(p]ﬁ@ :i pOHS%
a4 oA oA oA

2 op &P, a0
+—o| HE 220, +3HIF, 2 H, + PBH] = |
6/1{[ rY) o 050 g2 o Tt te 6/1] }

A

o(PH)_ {6(%)

a T Hevd
+ —(H .0, +EBEH))|e
agp agp {agp( oQo 0 0)} }

a(PH .
2A (aT ):ZiAQ(HUQUJrPUHU)e‘QT

The general Reynolds equation in dynamic state

for compressible gas film lubrication problem

becomes

15 o a 15, aF,
2% L pm X L Shg)
dp Jdg - 04 a1 Qg Jp

15, ar 15, or -
+_(H§_DQD)+_(3HBZIJB_DHB)

ar " aa dg dg

15, or - 15, =
+a(3anpna_;Hn):A%(HnQn+ﬂHn)
+i2AQ(H,Q, +PH,) (13)

where H, and F, are all static variables known,
and the dynamic gas film thickness H’D and
pressure QO are complex variables to be found, both

of them are functions of perturbations E, and ©,.

Let the dynamic film thickness H, be

Hy=H iy (14)

The increment of the film thickness between the
journal and undeformed top foil due to small

perturbation of the journal has the form as follows.

H_,,=(E,cosp+0,¢,sing) (1%

The dynamic deformation of the top foil due to
force disturbance can be obtained by using Eq.(7). It
follows that

Hy= Hyy + Hyyd™ = [[(R+ Q6™ ) (b2, Ddds
([0, + W, (62,0 Ard gz
and

Hy, = [[0,8.2),(8.2.0, )z

3 (16)
(17, 21,8 2.0 A)dlpdz
A

Similarly for the bump foil, the dynamic
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deformation due to force disturbance becomes

Hyso = [[ W0, 20, (p 2.0, Ddpdz - (1T)
Ay

and dynamic state, the corresponding deformation

coordination condition gives

_‘;_!.Qo (¢.z )ft (¢, 2,0, A)ddz
=[[.(e, (. 2. ¢, A)dpdz (18)
s

+[ . 2)fy (. 2., A)depiz
Ay

In above equations, all the variables H ,,, H,,,
&

H,, and Vf/o are complex numbers.

40
5 DYNAMIC STIFFNESS AND DAMPING

COFEFFICIENTS OF CFB
In Eq.(13), perturbation parameters E, and @, are

involved. The partial derivative method can be used

to calculate the dynamic stiffness and damping

.. . o
coefficients  directly ™ Let QE:& :

oK
0= 10 . o o, 1OW, .
‘e, O f e T 7 g 0w,

HZGHU;HilaﬁU

= 1 Denvation of Eq.(13
LI 8 g, 00, q.(13)

yields the partial differential equations concerning
variables ), and (J,.

@QE

: 2 ot 3an> —(n o —( D—“Q,a
@ Op Jp

; 1 a(PH)
7(H —QE) 3AHU 8¢ E

. ¥ o HE k2 HF,
2¢ 0p\ H 24 a4

- Aai(H“QE +PH ) +2AQH O, + R H ) (19)
@

H, :cosgo+% (20-1)

GI{EU _ ” 0, (b, Z)fl(.;ﬁ, 7,0, A)dpdz

-[(we.0f (p.p Ddptz (20-2)
£

.[1.[ Qe (4, Z)fr (¢, 2. @ A)dpdz
= [[Wo (.21 (b 2.0, D) -
Ay

+.U W (4. Z)fb (p. 2., A)dgdz
Ay

0, can be obtained by simultanecusly solving

equations (19) and (20).

Similarly, by using FEq.(13), equation
concerning variable ), can be expressed as follows.
Kl 35"Q 2 0
P H P H o
6P | R H, )
+3A— H
( 0 aa Qé?) 0 dop a
P P
+3H3P 10,01 LH OOl g
00| 8p 0| H 0 g1 @i 04 Hy 0
5} .
:A£(HOQ9+P0H3)+12AQ(HOQ9+PHg) (21)
. 1 8H
H, = . ob 22-1
o SERPTY 08, Rl
1 8H,,
gl P L Z L Z, @, Adgdz
5o, jAng(aﬁ )1, (. 2. 0.2)d
(W0 (prp dgdz (22-2)
E)
110:.2),p.2.0, Ddpdz
A
(22—3)

= {[w.(p.2) f, (¢, 2., A)dpdz
E)

+.U Wo(¢. Z)fb (. z.p, )dgdz
k3

By simultaneously solving Egs.(21) and (22),
the distribution of Q, can be obtained.
When both ¢, and O,

dynamic stiffness and damping coefficients for a

are solved, the

compliant foil bearing can be calculated according to

the formulas below.
~[[ Qs cospdpdi=K,, +iQD,,
A
~[[ Qs sinpdpdi =K, +iQD,,
. (23)
~[[ @, cospdpda =K, +i0D,,
A

~[[ Q. singdpdi =K ,+iQD,
A
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These coefficients defined in formulas (23) can
be convenently transfered to that in the Cartesian

coordinate system by using a transfer matrix 4.

7KU7_ sing, cosg, || K., | K.
7ny7_ cosd, —sind, || K, =[] K.
(K| [ X

| »yE
||
] ok

X :[AT] xe (24)
_D)D’_ _DJ:G_

o e
D,| [AT],Dys,

The coefficients KD, (i,j=xy) defined in

formula (24)

characteristics of a compliant foil bearing in small

exactly describe the dynamic

perturbation state.

6 CONCLUSIONS

1) For a compliant foil bearing, general equations
of elastic deformation of the top foil and bump
foil and compressible gas-lubricated Reynolds
equations are deduced, and all the effects of
static or dynamic deformations and journal
perturbations on the performance of foil
bearing are taken into account. These equations
are generally available in both static and
dynamic states.

2)  Connections among the journal perturbation,
dynamic gas film thickness and pressure and
the surface dynamic deformations of the top
foil and the bump foil strips are satisfactorily
expressed by introducing terms of dynamic
deformations in Reynolds equation and elastic
deformation equations, and corresponding
theory and method are provided for the
solution of a completely aero-elasto coupling
lubrication problem of compliant foil bearings.

3)  Calculation of dynamic stiffness and damping
coeflicients for a compliant foil bearing can be
completed by solving dynamic Reynolds

equation and dynamic deformation equations

of flexible structures simultaneously. In small
perturbation state, by using the

method,  these

partial

derivative rotordynamic
coefficients can be obtained conveniently, and
these coefficients are related to the parameters
of the static operating points of the bearing and
the frequency of perturbations only. Theory
and methods presented in this paper provide
necessary conditions for the dynamic analysis
and performance prediction of a rotor system
supported by compliant foil bearings in linear
range.

4)  The present model of the CFB provides a
theoretical method for the design of the
FMHB.
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