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SPECIAL SECTION

Thermo-elasto-hydrodynamic analysis of bump-type
air foil thrust bearings considering misalignment

Markus Eickhoff”, Johannis Triebwasser, and Bernhard Schweizer*

Institute of Applied Dynamics, Technical University of Darmstadt, Germany

Abstract. In this study, a multi-pad bump-type foil thrust bearing with a taper-land height profile is investigated. A detailed thermo-elasto-
hydrodynamic (TEHD) finite element (FE) model is used comprising all bearing pads instead of only a single pad. Although the single-pad
reduction approach is commonly applied, it can not accurately account for the different temperatures, loads, and power losses for individual
pads in the case of misalignment. The model accounts for the deformations of the foils on each pad via a Reissner-Mindlin-type shell model.
Deformations of the rotor are calculated via the Navier-Lamé equations with thermoelastic stresses and centrifugal effects. The temperature of
the top foil and the rotor are calculated with the use of heat diffusion equations. The temperature of each lubricating air film is obtained through
a 3D energy equation. Film pressures are calculated with the 2D compressible Reynolds equation. Moreover, the surrounding of the bearing and
runner disk is part of the thermodynamic model. Results indicate that the thermal bending of the runner disk as well as top foil sagging are key
factors in performance reduction. Due to the bump-type understructure, the top foil sagging effect is observed in simulation results. The study at

hand showcases the influence of misalignment between the rotor and the bearing on the bearing performance.

Key words: air foil thrust bearing; simulation; misalignment.

1. INTRODUCTION

Foil bearing technology has its roots over half a century ago,
when foil bearings were developed for the use in air cycle ma-
chines in aviation, [1,2]. With an increasing demand in sustain-
able and oil-free technology today, the use of air foil bearings
gains popularity quickly. Further advantages of these bearings
consist in their reliability and their tolerance of manufacturing
errors as well as misalignment of the rotor system.

In a machine application, the air foil thrust bearing (AFTB)
is usually integrated in the stationary machine housing. The ro-
tor possesses a smooth rotor disk acting as a counterpart. As the
rotor disk starts to rotate, an air stream into the wedge-shaped
lubricating gap between the rotor disk and the bearing surface is
created. The generated pressure can eventually carry the thrust
loads acting upon the rotor system. For lower speeds, dry fric-
tion occurs so that top foil and rotor coatings are used [3,4]. In
comparison to rigid air bearings, foil air bearings possess lower
load capacities due to nonuniform bump foil deformations and
foil sagging effects.

The investigation of AFTB performance has been conducted
by numerous authors in the past. Experimental testing plays a
key role in the analysis, see e.g. [5-7].

With numerical models, the foil thrust bearing behavior can
be studied and optimized in great detail, see e.g. [8—15].

The thrust foil bearing design with multiple pads and a nom-
inal taper-land topology has been the focus of previous works,
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cf. [16—18]. In this study, the influence of misalignment on the
bearing performance is studied in a detailed TEHD FE model,
which requires the following substantial extensions:

e When considering misalignment, the height function of
each bearing pad is individual.

e Each bearing pad exerts a different pressure load and power
loss.

e Therefore, the analysis of a single bearing pad as a repre-
sentation for the overall bearing behavior is no longer valid.
The successive calculation of each bearing pad individually
is sufficient only for the isothermal case. For the thermal
model of the bearing, the fully coupled model of all indi-
vidual air films presented in this paper can solve this issue.

e Through the use of a single rotor model combined with mul-
tiple individual bearing pads (air films and foil understruc-
ture), the case of misalignment is adequately represented in
the thrust bearing model.

e This extension displays huge additional computational ex-
penses. In comparison with a reduced model where only a
single bearing pad is taken into account, computation times
are increased by a factor of 8-10 when considering a bearing
with six bearing pads.

In this manuscript, a description of the thrust bearing model is
given in Section 2. Section 3 presents numerical results for sim-
ulations considering misalignment of the rotor disk. The paper
is concluded in Section 4.

2. THRUST BEARING MODEL

This section presents the fully coupled TEHD model for the
analysis of the AFTB. The bearing design of the current study
is displayed in Fig. 1. The rotor possesses a smooth rotor disk
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which is mounted opposite to the thrust bearing of Fig. 1a. The
bearing consists of a base plate and 6 individual bearing pads
with one bump foil and one top foil each. The bump foil is made
up of 3 bump strips with three, four, and five bumps, respec-
tively. The bumps of the bump foil are arranged parallel to the
trailing edge of the top foil. The bump foil creates a compli-
ant understructure for the smooth top foil. Through the use of
bumps with specific heights, a taper-land height profile is cre-
ated as depicted in Fig. 1b. The land area is flat, while the taper
region ascends from the fixation at the leading edge towards the
transition line. The angular velocity Q of the rotor is marked in
Fig. 1b. Figure 2 shows the assembly of the rotor in a cut view
with the different model components. Note that the bearing in
this analysis possesses an outer diameter of 60 mm.

The model contains the calculation of the air film pressure in
the lubricating air gap between the rotor disk and the top foils
(Section 2.1), the calculation of bump and top foil deformations
(Section 2.2) as well as rotor disk deformations (Section 2.3),
the calculation of the air film temperature (Section 2.4), and the
calculation of the rotor temperature (Section 2.5) as well as the

(a)
Top foil

Bump foil

Base plate

top foil temperature (Section 2.6). The section is finished by
details on the air film height and misalignment (Section 2.7).

2.1. Air film pressure

The pressure p;(x,y) in each lubricating air film is calculated
via the generalized Reynolds equation in [19]. Herein, the den-
sity p and the viscosity 7] are determined using an averaged
fluid temperature Tp ;(x,y). The latter is calculated by averag-
ing the air film temperature 7; (see Section 2.4) over the gap
height H; (see Section 2.7), cf. [20]. Note that the index i refers
to the number of the bearing pad:

8 |:p(pi7Tm,i)Hi3 %] i |:p(pi)Tm,i)Hi3 %:|
dy

ox | 12n(Twy) ox 120(Tny) 9y
_ J p(Pi,Tm,i>UHi d P(pi,Tm’,')VHi

The values U = Qy and V = —Qx describe the x- and y-
component of the rotor disk velocity. The remaining parameters
are listed in Table 1.

(b)

Fig. 1. Overview of the bearing design: (a) Foil thrust bearing with 6 pads consisting of a base plate as well as 6 individual bump and top foils
and (b) taper-land profile of one individual bearing pad

Rotation-induced air flows

4

Rotor disk |

Lubricating air gap

) g unprol S

Fig. 2. Model components in cut view
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Table 1
Air film parameters
Variable Value Description
p R ]Ijm‘i Density
R 0.287kJ/(kg-K) Gas constant of air
Tmi\?
—1.75x 10711 ( m”)
[ K]
n g ( Tm,i Viscosity
+5.68 x 10 ( )
K]
+3.06 % 10—6] ke/(m-s)]

The 2D pad region on which equation (1) is solved is equiv-
alent to the bearing pad depicted in Fig. 1b. Due to the sudden
increase in film height at the outer borders of the bearing pad,
the pressure at the pad edges is assumed to be at ambient pres-
sure po.

2.2. Top and bump foil deformations

This section describes the equations for the calculation of the
deformations of top and bump foils in the thrust bearing. Table 2
lists the relevant parameters for the calculation of the foil de-
formations. For both types of foils, the Reissner-Mindlin shell
theory [21] is applied. It allows for three translational degrees
of freedom v with k = {1,2,3} and two rotational degrees of
freedom wq, with o = {1,2} of the shell middle surface. The
constitutive equations of the shell theory are:

qa = Gl~aal’)/l -ks,
m* = BHOPM (i, — b 9uo ) , )
n = DHPM g, | — bhm®P.

Note that n%P represents the stress resultant tensor, g% is the
transverse shear stress and m®f is the moment tensor. The
elasticity tensor H aBAU for a linear elastic, homogeneous and
isotropic material reads as

HOBAL _ 1-v (a“laﬁ” +a® P 4 12vva°‘ﬁa’1”> N E))
Table 2
Foil parameters
Variable Value Description
E 210GPa Young’s modulus
\ 0.3 Poisson’s ratio
[ 75 um Bump foil thickness
100 ym Top foil thickness
ks 5/6 Shear correction factor
dit 30mm Top foil inner diameter
doT 60mm Top foil outer diameter
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In equation (2), a®* is the metric tensor, bj{ is the curvature
tensor, and kg is the shear correction factor. Furthermore, D is
the stretching stiffness, B is the bending stiffness, and Gt is the
shear stiffness defined as

po Et B Er G @
C1-v2 T 12(1—v2)’ C2(1+v)’
where E is Young’s modulus and v is Poisson’s ratio of the steel
foils. The three strain variables @y, Kqp, and Yy are given as

Pop = Vpla — V3bap;
1

Kap =5 (Walp +Wpla) 5)

}/a = W(x +V3,(X “FVlbé.
Finally, the equilibrium equations read as follows:
—pP = naﬁ|a ,qabg’
—p3:naﬁbaﬁ +q%«, (6)
0=m*|,—4P.

Herein, j = p%dy + p>ds are the external forces and 7% =
nop dg+q%dz and m* = m*Bay x dg are the internal force vari-
ables.

External forces on the top foils originate from the pressure
in the lubricating air gap. Therefore, the air film pressure is im-
plemented as an external load in the calculation of the top foil
deflections. On the other hand, the resulting top foil deforma-
tions influence the gap function and — in turn — change the pres-
sure profile in the lubricating air gap. For details on the height
function see Section 2.7.

Contacts between the top foil and the bump foil as well as
between the bump foil and the base plate are included in the
model. The normal contact force Fyn is implemented using a
penalty formulation, Fy = cAvs, ¢ = 1 x 10! N/m being the
penalty stiffness and Avsz the penetration depth.

The tangential behavior between top and bump foil is mod-
eled via a stick-slip approach with regularized Coulomb fric-
tion, cf. [22]. The tangential force Fr = {1 - step(Avt)Fy acts in
the direction opposite to the relative sliding motion Avr. U is the
friction coefficient (u = 0.1 assumed here for all contacts) and
step describes a regularized sign function with a small transi-
tion zone. In this way, the foil sandwich is represented as a 2D
nonlinear structural shell model. The nonlinearity arises from
the contact formulation.

It should finally be mentioned that thermal deformations of
the foils are not considered in this model. Although the ther-
mal behavior of the thrust bearing is crucial for safe operation,
thermal expansion of the top foil can be neglected as it causes
in-plane deformations and does not contribute to changes in the
lubricating gap height. Furthermore, the design of the bearing
with individual pads and independent top and bump foils re-
duces the impact of thermal deformations further. The top foil
temperature and the heat conduction through the bump foil is
discussed in Section 2.6.
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2.3. Rotor deformations

Due to the high angular velocity €, the rotor and rotor disk
are modeled with an axisymmetric model, both for the rotor
deformations v,(r,z) in radial and v,(r,z) in axial direction and
the rotor temperature Tr (see Section 2.5). The deformations are
obtained through the Navier-Lamé equations with centrifugal
forces and thermal stresses, cf. [23,24]:

- a1,
HR (V ' r2> +(VR+‘uR)8r (r 8r(rvr)+ 9z

OAT;
— &R R:_pRrQZ7
or )
Voot (b i) (L2 ) 2
MRV Vz + (R T HR oz \ror Vr 9
IATR
&R or =0
with
_ Er VR
R= 0 v —2w)’
ER
=—R 8
MR 20+ ve)’ (®)
& — Eror
R= 1—2VR.

Tk is the Lamé constant and ug is the shear modulus. The con-
stant &g describes thermoelastic stresses with ATR = Tr — Tref
being the disk temperature difference with respect to a refer-
ence temperature Tr.f = Tp = 20°C. Further, pr is the density,
oR is the thermal expansion coefficient, Er is Young’s modu-
lus, and Vg is Poisson’s ratio of the rotor material. Table 3 lists
the relevant parameters for the calculation of the rotor deforma-
tions.

Table 3
Rotor parameters
Variable Value Description
ERr 210GPa Young’s modulus
VR 0.3 Poisson’s ratio
oR 13x 107°K~! | Thermal expansion coefficient

2.4. Air film temperature
The temperature field T ;(x,y, z) of each sector is obtained from
the 3D compressible energy equation, cf. for example [11]:

OTa; , dTa;] [0 NN
per (Wt 00t = | 2 (752
dp dp ou\> v\ >

dy
The four terms describe the convective heat transfer, diffusive
heat transfer (conduction), the power of pressure forces, and

dissipation resulting from shear forces, respectively. A is the
heat conductivity, cp is the heat capacity, and « and v are the x-
and y-velocities of the lubricating air. Table 4 lists the definition
of the heat capacity and the heat conductivity of air depending
on the air temperature.

Table 4
Energy equation parameters

Variable Value

[2‘43 x 1074 (%’)2

T .
cp 77 %1072 ( [1’2’]’)

+1008] 1/ (kg -K)]

[-21x10°¢ (%’)2

A -5 (TAJ>
+8.46 x 10
K]

+2.89 % 10*3] W/ (m-K)]

Description

Heat capacity

Heat conductivity

At the interfaces of the air films to the respective top foils,
the temperature T ; is coupled via interface conditions to the
top foil temperature 7t (see Section 2.6), i.e. temperatures and
heat fluxes are set to be equal. At the inlet boundary of the lu-
bricating gap, the temperature is assumed to be the same as the
rotor disk temperature. This assumption has been shown to be
a good approximation, see [17,25]. As the model contains 6 in-
dividual air films and a single rotor model, the heat fluxes of all
air film sectors into the rotor disk can be given as a flux bound-
ary condition for the rotor disk temperature. For the individual
air films, the temperature at the interface to the rotor disk is set
to the rotor disk temperature 7g (see Section 2.5).

2.5. Rotor temperature
The rotor and rotor disk temperature Tr(r,z) is calculated via
the heat conduction equation

o, O] 9 [, IR]
5 (| 5 e 5]

(10)
The heat conduction of the rotor material is Ag = 12W/(m - K).
The boundary conditions of the rotor and rotor disk are crucial
for the determination of the rotor temperature 7r. As mentioned
in Section 2.4, the incoming heat flux into the rotor disk from
all lubricating air gaps is enforced as a heat flux boundary con-
dition at the interface to the bearing pad, cf. [17]. The heat flux
Ggap,i(r) of each individual air film can be calculated as

1 [ (AdTa,
i~ ] (2

P

(an

rdo,

Interface

where the temperature gradient is evaluated at the interface to
the rotor disk. The angles ¢ and ¢, are the angles of the leading
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edge and the trailing edge of the bearing pad, respectively. The
total heat flux ggap(r) into the rotor disk now reads as follows:

6
anp(r) = Zanp,i(r)~ (12)
i=1

At the backside of the rotor disk, the disk rotation causes an
airflow. The heat flux that leaves the disk is calculated from the
temperature 7c(r,z) in this region which is obtained from the
energy equation (assuming axisymmetry):

0 dTc . i oTc dTc
EE {k,effaz} = pccpc {”Car JFWCaZ]

a uc 2 8vc 2

—pc (ve+ver) <8z) + (81) . (13)
Here, Ac.f is an effective thermal conductivity according to
[26], pc the density, cp ¢ the isochoric heat capacity and V¢ and
ver are the kinematic viscosity and the turbulent kinematic vis-
cosity according to Cebeci and Smith [27]. The velocity field
consisting of the radial velocity uc, the circumferential veloc-
ity vc and the velocity wc in z-direction is calculated from the
boundary layer equations for steady incompressible axisym-
metric flow (neglecting a radial pressure gradient), see [27].

In the radial gap between the rotor disk and the housing, the
disk rotation also causes an airflow. It is assumed to be laminar
with purely circumferential flow (Couette flow) and with lin-
early decreasing velocity over the radial coordinate (disk speed
at the inner boundary, zero speed at the outer boundary). This
simple assumption is made as the initial gap width ¢ is 200um
and decreases below 100um at high rotational speeds due to
centrifugal effects. Thus, the 2D energy equation

d

= |:7LRG r

T P Qrp?
5 RG] = —rilkg {”’} (14)
r t

3, + = |:)~RGV

0z

dz

including dissipative heating is solved to obtain the temperature
profile Trg(r,z) in the radial gap. In equation (14), Agg is the
thermal conductivity, Nrg is the dynamic viscosity of air in the
radial gap, rp is the disk radius and ¢ is the gap width with
account of disk deformations.

2.6. Top foil temperature

The top foil temperature profile Tt ;(x,y) of each top foil is ob-

tained by the planar heat conduction equation
— ArtrATT i = g1 in + qT 0ut (15)

with constant heat conductivity Ay = 12W/(m-K) and

thickness #r of the top foils. The heat fluxes gri, =

< A 0T )
8Z Interface

and g7, = qc everywhere else is solved. Over each top foil,
an incoming heat flux from the lubricating gap is calculated.
A possible cooling heat flux g, originating from active cool-
ing can be implemented as well, but is neglected in the present
study. Heat conduction from each top foil into the base plate

as well as grou = g, at the contact lines

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 6, p. e147917, 2023

2
is modeled as an outgoing heat flux g, = 7R7(TT"- — Tgase) at
th

the contact lines between top and bump foil, visible in Fig. 1b.
Herein, Ry = R1B air + Roump + RBb,air is the thermal resistance
of a half bump arc composed of the thermal contact resistance
between top and bump foil Rtp 4, thermal conduction resis-
tance of the half-bump arc Ryump and the contact resistance be-
tween bump foil and base plate Rpp air, cf. [28]. The leading
edge of the top foil is assumed to have the same temperature as
the air at the inlet. On the remaining three boundaries, a zero
heat flux condition is imposed. Note that the influence of the
pressure acting upon the foil sandwich is of subordinate impor-
tance for the thermal contact resistances [17].

2.7. Air film height and misalignment
For the numerical analysis of the thrust bearing, the film height
function H(x,y) is crucial. It is affected by the bearing de-
sign, but also includes the deformations of the bearing com-
ponents. Each bearing pad possesses an individual height func-
tion H;(x,y):

Hi(x,y) =z —v31,i+v:(2=0,7) + Hpjs. (16)
Herein, v31; is the deformation of the i-th top foil and is in-
dividual for each pad. The remaining values are the same for
each bearing pad: zr displays the axial position of the rotor,
v;(z = 0,r) is the deformation of the rotor disk underside (see
Fig. 2), and H ;s represents the misalignment between the rotor
disk and the bearing:

tan (Oty;s)

08 (Bmis) Y

The two misalignment angles Ofy,s and PBnis are displayed in
Fig. 3.

Hpis = —tan (Bmis)x + o))

2.8. Computational details

This section describes details of the computation of the fully
coupled TEHD FE model. The model has roughly 2.1 million
degrees of freedom (DOF) plus approximately 320 000 internal
DOFs. A direct MUMPS solver is used to find the stationary
solution for a given set of parameters. While the bearing design
and the underlying geometrical parameters for the various com-
ponents obviously play a key role in the performance of thrust
bearings, the main parameters for the presented study comprise
the angular velocity €, the minimal gap height Hp, and the
misalignment angles Oty;s and Bps.

In order to generate a solution for the full model, a multi-
step approach is used for convergence improvement. This ap-
proach starts with different segregated parts of the model (en-
ergy equation, shell equations, surrounding) in order to gener-
ate adequate starting solutions for the complete fully coupled
model. The first fully coupled simulation starts with very low
rotational speeds and relatively large gap heights (i.e. low loads)
and without misalignment of the components. In the next step,
the rotational speed is increased in steps up to the desired speed
of 100krpm. Next, the minimal gap height parameter Hy,, is
decreased in order to obtain higher loads. In the last step, the
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Rotor disk

Rotor dijsk

Base plate

Fig. 3. Definition of the two misalignment angles 04y;s and By,;s of equation (17)

misalignment angles may be increased to study the influence of
misalignment.

On a local machine (Win 7) with a 4th generation Intel Xeon
processor with 12 logical cores and 128 GB of RAM, the de-
scribed process of generating a full solution with the model
takes approximately 40 hours. It should be mentioned that com-
putation times increase significantly with increasing misalign-
ment angles. Compared to the corresponding single-pad model,
computation times are increased by a factor of 8§—10.

3. RESULTS

This section presents numerical results of the fully coupled
TEHD model considering misalignment. In Fig. 4, the nomi-
nal design height function and the real height function are com-
pared. While the nominal height function without deformations
in Fig. 4a shows the ideal taper-land topology, Fig. 4b shows
the deformed height function which is affected by the top foil
deformations as well as the rotor disk deformations. As the top
foil is subject to pressure loading from the lubricating air gap,

it is forced downwards onto the bump foil support. As the con-
tact between top and bump foils only forms at the peak line of
the bumps, the top foil does not possess any structural support
in between these lines, cf. Fig. 4b. The sagging of the top foil
between the bump lines is widely known as top fop foil sagging
effect. It is responsible for a degradation of the height function
and a decrease in load capacity.

Deformations of the rotor disk stem from centrifugal forces
as well as axial temperature gradients. Figure 5 displays the
rotor disk temperature for a rotational speed of 100krpm and a
power loss of 154 W. The underside of the rotor disk is at the in-
terface to the lubricating air gaps where dissipation causes high
air temperatures. The dissipation is dependent on the shear ve-
locity within the air film. Therefore, the rotor disk temperature
is highest near its outer radius where circumferential velocities
are highest. Towards the base of the rotor disk (attachment to
the rotor) and towards the backside of the disk, its temperature
gets cooler. The temperature gradient of the rotor disk temper-
ature, which is proportional to the heat flux, is also depicted in
Fig. 5 by black arrows.

(@ (b)
20
15
‘ 10 ;s
5
0
um

Fig. 4. Height function (relative scale) of equation (16) without misalignment: (a) nominal height function without deformations v3 t and
vz(z=0,r) and (b) height function with top foil and rotor disk deformations showing top foil sagging
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Fig. 5. Rotor disk temperature Tg — Tp as well as rotor disk tempera-
ture gradient marked by black arrows

(a) oyis =Orad

2
e

(€) Ois =2 x 10~*rad

OV

AT
L\

The axial temperature gradient of the rotor disk causes ther-
mal bending and is included in the deformed height function of
Fig. 4b.

Figure 6 now displays the pressure distributions p; for all
bearing pads with different misalignment angles oi,;s. Note that
the second misalignment angle By is set to 0 in all studies. The
pressure profiles are displayed on a common pressure scale also
depicted in Fig. 6. As expected, the case without misalignment
between the rotor disk and the bearing (Qpis = Brmis = Orad)
yields identical pressure distributions across all bearing pads.
In general, the highest pressures are observed in the land region
of the pad with distinct pressure peaks at the contact lines be-
tween top foils and bump foils. These contact lines are marked
by black lines in Fig. 6. Please note again that the direction
of rotation of the rotor disk in the displayed views is counter-
clockwise (positive z-direction).

When the misalignment angle is increased in Figs. 6b-d, the
rotor disk tilts towards the lower half of the bearing (negative
y-direction). For comparability, all simulations were carried out
with a constant minimal air gap height. While all six pads of
Fig. 6a (no misalignment) show a spot where this minimal gap

(b) Ois = 1 x 10~*rad

(d) Otmis =3 x 10~*rad

AT

ATa
OaV’

10°Pa

(e}
o
W
—_

1.5

2

Fig. 6. Pressure distributions p; — pg for various misalignment angles ;s
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height is observed, for the remaining cases, the minimal gap
height is only achieved on the bottom left pad in Figs. 6b—d. It
is interesting to notice that — by contrast to rigid thrust bearings
— the compliant foil thrust bearing can compensate a portion of
the misalignment. This is why the bearing pads in the top half
of Figs. 6b-d still show significant pressure buildup. For the last
case of Fig. 6d, the pad with the highest load generates two
times as much load capacity as the least loaded pad on the top
right. However, the overall load capacity of the bearing is very
similar with a value of 55N at a rotational speed of 100krpm at
a minimal gap height of 5 ym when compared to results without
misalignment. The compliant foil thrust bearing is able to com-
pensate and still show similar load capacities. Figure 7 shows
the thrust load over the misalignment angle o;s. For the in-
vestigated misalignment angle range, the thrust load is nearly
constant. As a downside, the power loss of the thrust bearing is
increased due to the uneven loading.

80
. =0— Thrust load at 100krpm and Hp;, = Sum
60
;S o— —o— o— DY
2 40 -
e
0 I I I I I |
0 5.1072 0.1 0.15 0.2 0.25 0.3

Misalignment angle Oy;s in mrad

Fig. 7. Thrust load over the misalignment angle ;s

Simultaneously, through the uneven loading of the bearing,
the exerted power loss increases by approximately 6.5% to
164W.

Short remark on the misalignment angles displayed in
this manuscript: A misalignment configuration with O =
1 x 10~*rad and Bp;s = Orad refers to a maximum misalign-
ment of 3um at the outer radius of the thrust bearing.

Figure 8 shows the impact of thermal bending of the rotor
disk. The 3D image of the disk as well as the cross-sectional
view bot show a dished rotor disk. The graph at the bottom
of the figure displays the axial deformation of the disk on the
side facing the thrust bearing. It is typical for this hot side of
the rotor disk to bend away from the bearing due to an axial
temperature gradient inside the rotor disk. At the outer radius
of the disk, the resulting bending is substantial and causes an
uneven gap height, which in turn reduces the load capacity of
the bearing.

Figure 9 shows the air film temperature in all six bearing
sectors via a slice plot for the misalignment case of O4,is =
3 x 10~*rad. Herein, the top slice corresponds to the interface
with the rotor disk. Note again that the rotor disk temperature
does not depend on the circumferential coordinate. Therefore,
the top slice temperature is equal for all bearing sectors. Differ-
ences are observed when the bottom slice of the air film temper-

Disk bending v, in um

Radius r in mm

Fig. 8. Rotor disk bending (dishing) illustrated in a 3D view of the

rotor shaft and the rotor disk as well as a cross section view, graph

(bottom) shows the axial rotor disk deformation v, over the radial
coordinate r

atures is investigated. This slice corresponds to the interfaces
with the top foils. In the bottom half of the bearing in Fig. 9,
the maximum temperatures are slightly higher than those in the
top half due to higher power losses in the lubricating air film.

The temperature distribution in the air films is qualitatively
similar with two distinct patterns: a temperature rise towards
the outer edge due to higher dissipation as well as temperature
drops near the contact lines of top and bump foil due to the heat
conduction through the bumps into the base plate.

5

B i T K
40 50 60 70 80

Fig. 9. Air film temperatures Ty ; — Ty in slices at the top foil interface
and at the rotor disk interface for Oyyis = 3 x 10~*rad
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Air foil thrust bearing analysis considering misalignment

4. CONCLUSIONS

A detailed TEHD model for air-foil thrust bearings considering
misalignment between the rotor disk and the bearing has been
presented. The model contains an in-depth description of the
foil deformations via a shell model as well as a model for ro-
tor and rotor disk deflections. The 2D compressible Reynolds
equation and the 3D energy equation are solved for each bear-
ing pad. Furthermore, the temperatures of the top foils, the ro-
tor, and the surrounding air are calculated in the model. This
allows for the fully coupled analysis of bump-type thrust bear-
ings with full account of the thermal influences of individual
pads when misalignment is present.

Numerical results with this model show the influence of com-
ponent deformations on the height function and, subsequently,
on the bearing performance. The initial taper-land height func-
tion is degraded by top foil sagging and thermal bending of the
rotor disk. While top foil sagging is caused by the pressure load
onto the top foil combined with line-type support of the bump
foil understructure, thermal bending of the rotor disk is a result
of the axial temperature gradient in the rotor disk. This temper-
ature gradient is caused by the hot temperatures in the lubri-
cating gap through dissipation on the one hand and the cooling
of the rotor disk through conduction into the surroundings on
the other hand. The rotation-induced airflows around the run-
ner disk at the outer perimeter and at the disk backside play a
key role in this regard.

It is shown that misalignment causes an uneven distribution
of the load onto the bearing pads. However, results indicate that,
for the presented misalignment cases, the compliant foil thrust
bearing was able to compensate and still show similar load ca-
pacities. As a downside, the power loss of the thrust bearing is
increased due to the uneven loading.

Through the modeling of the full bearing with account for all
individual bearing pads with individual height functions, small
temperature differences in the lubricating air temperature can
be observed. The computational effort for each simulation is
highly increased when compared to a model with a reduced ap-
proach considering only a single bearing pad. By contrast to
the reduced investigation, only this fully coupled approach is
appropriate for TEHD simulations with misalignment. The de-
tailed model allows for the investigation of foil thrust bearings
under misalignment conditions in great depth. However, with
this level of model complexity, an extensive parameter varia-
tion for geometrical dimensions is no longer possible.
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