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Abstract As for high-pressure aerostatic thrust bearing, the notable increase of air supply
pressure makes gas film pressure and flow velocity increase rapidly. The two assumptions of
fully developed laminar boundary layer and isothermal flow in parallel gas film are no longer
valid, which are generally considered suitable for aerostatic thrust bearing with low air supply
pressure. Based on the coupling analysis of the air flow field in the channel clearance of the
bearing and the conjugate heat transfer of the bearing discs, the development process and flow
regime of the velocity boundary layer and the temperature boundary layer in the parallel gas
film are investigated. The results of conjugate heat transfer analysis for bearing discs made of
various materials show that, isotropic thermal conductivity is the main factor affecting the heat
flux, temperature distribution on the interface between solid wall and high-speed airflow in the
channel clearance, and the temperature gradient inside the bearing discs. Further research on
the relationship between the net thermal deformation, net elastic deformation caused by gas
film pressure as well as total deformations of the bearing discs and the material properties
shows that, the coefficient of thermal expansion is a crucial parameter affecting the net thermal
deformation, but the total deformations of bearing discs also depend on the pressure load ex-
erted by gas film. In the range of the working conditions specified in this study, structural steel is
a more suitable choice than stainless steel or invar. Consequently, this research provides
meaningful guidance for the designs of high-pressure aerostatic thrust bearings.

1. Introduction

With the development of application of aerostatic thrust bearing towards high temperature,
high speed and high air supply pressure, the generation and transmission of heat in the gas
film has become increasingly significant, which leads not only to thermal deformation of the disc
itself but also to changes in the bearing clearance and therefore in the characteristics of bearing
[1-8]. Consequently, the working stability of aerostatic thrust bearing after applying thermal load
and pressure load has gradually formed a crucial factor restricting its performance.

As for high-pressure aerostatic thrust bearing, the notable increase of air supply pressure
makes gas film pressure and flow velocity increase rapidly, thus the speed of air in flow channel
clearance develops from low subsonic to high subsonic or even supersonic. The two assump-
tions of fully developed laminar boundary layer and isothermal flow in parallel gas fim are no
longer valid, which are generally considered suitable for aerostatic thrust bearing with low air
supply pressure. At the same time, there is an obvious temperature difference among various
internal regions of the gas film, as well as between the gas fim and the solid wall of the bearing
discs. On the one hand, the uneven temperature field inside discs produces thermal deforma-
tion of the bearing discs, which also includes the deformation caused by the gas film pressure.
On the other hand, the heat conduction inside the bearing discs and the convection heat trans-
fer of the high-speed airflow are closely coupled through the fluid-solid interface, which is de-
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fined as conjugate heat transfer (CHT) [9]. Thus, the analysis
of thermal deformation of high-pressure aerostatic thrust bear-
ing should be simplified to the combination of a steady state
CHT problem and a static thermal deformation problem.

The term ‘conjugate heat transfer (CHT) refers to a heat
transfer process involving an interaction of heat conduction
within a solid body with any one of the free, forced, and mixed
convection from its surface to a fluid flowing over it, which has
attracted increasing attention [10-14]. In fact, the conjugate
procedure is essential for any problem containing at least two
interaction subjects because that is the only way to find the
parameters on interface and the subsequent solution [12],
which means the CHT is the basis for determining the uneven
temperature field of the bearing discs.

Based on the coupling analysis of the air flow field in the
channel clearance of the bearing and the conjugate heat trans-
fer of the bearing discs, the development processes and flow
regime of the velocity boundary layer and the temperature
boundary layer in the parallel gas fim are analyzed. As me-
chanical designers pay special attention to the influence of
different material properties of bearing disc on the thermal de-
formation, in this study, the effect of isotropic thermal conduc-
tivity of disc material on characteristics of temperature field of
bearing discs is carefully investigated. Furthermore, the influ-
ence of other material properties on thermal deformation is
studied, and the reasonable material for the bearing is deter-
mined. This research gains a deeper understanding of the
thermal deformation phenomenon of the high-pressure aero-
static thrust bearing and clarifies the inner mechanism of the
effect of the material properties of bearing on the total deforma-
tion of discs, which consequently provides meaningful guid-
ance for the design of the high-pressure aerostatic thrust bear-

ing.

2. CHT analysis of the bearing

2.1 Configuration of high-pressure aerostatic
thrust bearing

The schematic of high-pressure aerostatic thrust bearing is
shown in Fig. 1. The bearing is composed of upper disc parts
and lower disc parts, which are symmetrical with respect to the
symmetric plane (14) of the gas film. Take the upper disc parts
as an example, it is assembled by the upper anemostat (3), the
upper gasket (5) and the upper disc (6) with a threaded con-
nection. One end of the upper anemostat (3) is tightened upon
the upper disc (6) by screw while the other end is connected
with the external air supply pipe by tube joint so as to ensure
the input of high-pressure air. The upper anemostat (3) closely
resembles an axial convergent nozzle, and is used to rectify
the airstream which comes from the external air supply pipe, so
that the airstream can enter the upper air supply hole (4) at a
nearly same speed. The contraction curve of the axisymmetric
contraction section (2) of upper anemostat is designed accord-
ing to ButowmHckumi formula.

The contraction sections (7) and (13) not only form an axi-
symmetric structure about the symmetric axis, but also get a
face-symmetric structure relative to the symmetrical plane (14)
of gas film, which is why it is called double symmetric contrac-
tion section. This contraction sections (7) and (13) reduce the
flow separation effectively during the steering process of the
airstream, which make the axial low-speed airstream via supply
hole to parallel gas film region smoothly accelerate to the ra-
dially high subsonic flow at the exit of the contraction sections
(7) and (13). The contraction curves of the double symmetric
contraction sections are designed according to the methodol-
ogy proposed in the Ref. [6]. One end of the contraction sec-
tion of upper disc (7) is tangent to the upper air supply hole (4),
and the other end is tangent to the interface between the upper
disc and parallel gas film (15), as shown in Fig. 1. The geomet-
rical dimensions of the high-pressure aerostatic thrust bearing
are listed in Table 1.

The 3D geometric model of the bearing is shown in Fig. 2. In
order to successfully extract the calculation domain of internal

Table 1. Dimensions of the aerostatic thrust bearing.

Diameter of entrance of anemostat dy (mm) 20
Radius of air supply hole r, (mm) 5
Radius of exit of contraction section r, (mm) 29.798
Height of parallel gas film hy (mm) 0.2
Thickness of disc h, (mm) 30
Height of anemostat h; (mm) 70
Radius of bearing disc re (mm) 60

__—— LAxis of symmetry
_ 2 Axisymmetric contraction
scction of upper ancmostat

15 Parallel gas film - 3.Upper anemostat

_——4.Upper air supply hole
_ 5.Upper gasket

— 6.Upper disc
7.Contraction section
of upper disc

h:[ PR L
e
14.Plane of symmetry : * hi

13 Contraction section = | ™ 5< r 1 B

8. Lower gasket

of lower disc
12.Lower disc

11.Lower air supply —
hole

— 9. Axisymmetric contraction

10.Lower anemostat section of lower anemostat

m

Fig. 1. Schematic of high-pressure aerostatic thrust bearing.

Fig. 2. 3D structural schematic of gas bearing.
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Table 2. Names of surfaces in solid domain.

Table 3. Names of surfaces in fluid domain.

External surface of upper anemostat Walloutsideanemostatup Air inlet of upper anemostat Upinlet
External surface of lower anemostat Walloutsideanemostatdown Air inlet of lower anemostat Downinlet
Inlet end face of upper anemostat Wallinletendup Interface betweentf:]m.(jj ap(;i upper disc parts, Interfacefluidup
Inlet end face of lower anemostat Wallinletenddown atfuid side
Symmetric plane of upper disc parts Symmetrysolidup Interface betweentﬂ%lu% a%d lower disc parts, Interfacefluiddown
at fluid side
Symmetric plane of lower disc parts Symmetrysoliddown -
Air outlet of gas film Outlet

External surface of upper disc Walloutsidebearingup

External surface of lower disc Walloutsidebearingdown

Interface between fluid and upper disc

parts, at solid side Interfacesolidup

Interface between fluid and lower disc parts,

at solid side Interfacesoliddown

WalloutsideBearing InterfaceSolidUp

-Down >
= InterfaceSolidDown

WalloutsideAnemostat- <
s

Down _/‘/}' SymmetrySolidDown

WallinletEndDown

Fig. 3. Solution domain-one half of the whole 3D model.

flow field, a closed annular surface is established at the outlet
of gas film.

For the double symmetric structure shown in Fig. 1, one half
of the whole 3D model includes the fluid zone and the solid
zone is selected as solution domain in order to facilitate the
solving process, which is shown in Fig. 3.

It is important to name all kinds of boundaries of fluid domain
and solid domain clearly, which is not easy due to confusion
among diverse surfaces of solution domain model. According
to Fig. 3, the names of surfaces in solid domain are listed in
Table 2.

Fig. 4 shows fluid domain and names of diverse boundaries,
the latter are listed in Table 3.

2.2 Mathematical model of CHT

2.2.1 Governing equations of fluid domain

In this study, the conservation form of the Favre-averaged
Navier-Stokes equations for three-dimensional, steady, com-
pressible flow is solved for the turbulent flow cases [15, 16].
The indicial notation form of these equations in the Cartesian
coordinates is given by

i

Downinlet

Fig. 4. Fluid domain of the solution domain model.

Aowe) o, (o, 00 25 0)) 2

ox; Bx ox; ox, ox, 3 7ox ox;
(2)
d ) BT du au 2 Bu
2 u (pe+P)]=-L| K oy
ox, [u/(pe+ ):I Bx[ f”a (ﬂ+ﬂl)(ax ox, 3 % ox, :|

(3)

withi=1, 2, 3and; =1, 2, 3 representing properties in stream-
wise, vertical, and lateral directions, respectively. Note that x; (=
X1, X5, x3) represent the Cartesian coordinates (x, y, z), respec-
tively, and u; the time-averaged Cartesian velocity components
in the three coordinate directions. The Reynolds stress tensor
pu’, inEq. (2)is given by

ou ou, Ou,
==| pk 8, — | =y —L 4
pui (p +ﬂ,aij s ”’{axfax[] (4)

where y, is the turbulent eddy-viscosity, &, is the Kronecker
delta symbol which is equal to unity when i = j and zero when i

#Jj, and k is the turbulent kinetic energy —uu . It should be

noted here that Egs. (1)(3) can be expanded with Einstein’s
summation rule for repeated indices and two more equations
are required to determine u, and & for problem closure.

In Eq. (3), the total energy, e, and the effective thermal con-
ductivity, K.4; are given by

2
o=e L _P T T (5)
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K, =K+-—

©)

where K is the thermal conductivity of air and Pr, is the turbu-
lent Prandtl number taken for air as 0.85. As such, the pres-
sure P is related to the conserved variables through the ideal
gas law.

(ul +u2+u3)jl. 0

The molecular viscosity, w, is calculated from the Suther-
land’s law given by

3
Lo(IYIe5 @
u \T ) T+S,

For air, u'= 1.716x10° Pa's, S, = 11055 K and T =
237.11K.

In the present study, turbulence is modeled by using the re-
alizable k-¢ model with enhanced wall treatment. The term
“realizable” means that the model satisfies certain mathemati-
cal constraints on the Reynolds stresses, consistent with the
physics of turbulent flows. The turbulent eddy-viscosity 4, in this
present model is inversely proportional to the dissipation rate &
of turbulent kinetic energy £.

2

u=pC, o )

The coefficient C, in the above equation is no longer con-
stant as in the case of standard 4-¢ model. The modeled trans-
port equations for turbulent kinetic energy & and dissipation
rate ¢ are [16]

0 d ok
gj(pku/.):gj{(,u+ Jax}-G +G,-pe-Y,  (10)

J U, | o€
—_ )= = C,S C,—=—+C, C .G,
axj(pgu/) axj{(#+0']8x,:|+p er k+ \/ i

(1)

n=S£.
£

where C, =max[0.43,L],
n+5

In these equations, G, represents the generation of turbu-
lence kinetic energy due to the mean velocity gradients. G, is
the generation of turbulence kinetic energy due to buoyancy.
Yu represents the contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation rate. S is
average rate coefficient of strain tensor. C,, C,, and C;, are
constants. g, and o, are the turbulent Prandtl numbers for &

and ¢, respectively.

2.2.2 Energy equation in solid regions
In solid regions, the steady energy transport equation used
by ANSYS Fluent has the following form:

ai[Kf S—Tj+Sh ~0. (12)
x’. xi

In Eq. (12), K, is the thermal conductivity of the solid material
of the bearing disc. S, is the volumetric heat source, and in this
study it is equal to zero.

2.3 Computational grid

In the fluid flow (Fluent) module, using the mesh tool, the
structured meshes of the fluid domain and solid domain can be
generated, respectively. The final result in the center area of
the bearing is shown in Fig. 5. Element size is the most impor-
tant parameter to control the number and quality of grids, which
are shown in Table 4 corresponding to four different element
sizes.

It can be seen from Table 4 that the number of grids in-
creases from 1.6 million to 3.85 million while the element size
changes from 0.64 mm to 0.40 mm. The average element
quality, aspect ratio and Jacobian ratio of the grids change little,
but the skewness and warping factor change greatly. The
skewness is reduced from 0.0885 to 0.0572, fell by 35.4 per
cent. The warping factor is reduced from 1.713x10™ to
1.164x10* fell by 32 per cent. Accordingly, it is more appropri-

Table 4. Number and quality of grids based on different element sizes.

1 2 3 4

Element size (mm) 0.64 0.5 0.45 0.40
Number of grids 1605088 | 2436301 | 2984632 | 3858782
Element quality 0.5303 0.5152 0.5105 0.5140
Skewness 0.0885 0.0708 0.0607 0.0572
Warping factor (x10%) | 1.713 1.314 1.229 1.164
Aspect ratio 18.55 17.431 15.767 14.261
ratf:?&*::’él_) 1.167 1126 1.106 1.093

Fig. 5. Grids in the center area of the bearing.
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ate to select the fourth group parameter in Table 4. In global
mesh control parameters and in local mesh control parameters
of solid zone or fluid zone, element sizes are all set as 0.4 mm.
The number of elements contained in fluid zone is equal to
1721982, and that contained in solid zone is equal to 2136800.
The total number of elements in all of computational domain is
3858782.

The mesh method for overall grid is set as multizone. The
size function type is curvature and curvature normal angle is
set as 3.0°. The system will automatically determine the size of
the mesh element at the refined edge and surface according to
the curvature normal angle. The mapped mesh type is set as
structured hexa. The maximum layers of inflation are set as 6.
The setting method of boundary layer is chosen as smooth
transition, and the growth rate is set to 1.2.

2.4 Boundary conditions
2.4.1 Boundary conditions of fluid zone

The boundary surfaces in fluid zone are specified in Fig. 4.

Fluid-solid coupling surfaces (fluid side): It is the inter-
face between fluid zone and solid zone, through which the heat
flux of CHT transmits. There are two fluid-solid coupling sur-
faces denoted as interfacefluidup and interfacefluiddown sepa-
rately, shown in Fig. 4. These two interfaces are located in the
side of fluid.

Pressure-inlet boundary: The pressurized air enters upper
anemostat (3) and lower anemostat (10), respectively, so two
pressure inlet boundary are defined as upinelt and downinlet,
shown in Fig. 4. In the laboratory, the available pressure of the
air source system is 50 atm, and the maximum supply pres-
sure of the bearing is 30 atm. In order to obtain the net pres-
sure load on the disc surface, the operating pressure is set to
1 atm. As a result, the total pressure at the inlet flow plane is
29 atm, and ambient back pressure is set to 1 atm. The total
temperature at inlet is set as 300.15 K. In the present study,
the turbulence intensitiy in the inlet boundary is set to 7 %.

Pressure-outlet boundary: The pressurized air will be is-
sued from exit of the gas film, via the flow channel clearance of
aerostatic thrust bearing. The pressure outlet boundary is de-
noted as outlet, shown in Fig. 4.

Similar to the inlet boundary, the turbulence intensity at the
outlet boundary is assumed to be 7 %.

Symmetry plane: As only one half of the whole 3D flow
channel is selected, accordingly a symmetrical plane is defined,
named symmetryfluid. See Fig. 4.

2.4.2 Boundary conditions of solid zones
The boundary surfaces in solid zones are specified in Fig. 3.
Fluid-solid coupling surfaces (solid side): There are two
interfaces located in the side of solid, named interfacesolidup
and interfacesoliddown, shown in Fig. 3. The heat from sur-
roundings and internal area of the two discs will pass through
the interfaces, and enter the gas film, or vice versa.

Symmetry plane: For upper and lower discs, two symmetri-
cal planes are defined, named symmetrysolidup and sym-
metrysoliddown, respectively, shown in Fig. 3.

Adiabatic walls: The end surfaces of upper anemostat (3,
Fig. 1) and lower anemostat (10, Fig. 1) are defined as adia-
batic wall boundary, denoted as wallinletendup and
wallinletenddown, respectively. See Fig. 3.

Convective walls: The outside surfaces of anemstats, discs,
and the end surfaces of discs opposite to interface of gas film
are defined as convective walls, where coefficients of convec-
tion heat transfer are set to uniform 10 W/(m*K). Those are
named walloutsideanemostatup, walloutsideanemostatdown,
walloutsidebearingup, walloutsidebearingdown, respectively,
shown in Fig. 3.

2.5 Computational method

The calculation process is completed by fluid flow (Fluent)
module in ANSYS Workbench 2020R2. In the CHT analysis
between gas film and bearing discs, the heat conduction in
solid is coupled with convection heat transfer in fluid domain by
satisfying the prime boundary condition of continuity of heat
flux and temperature field at the solid-fluid interface. Therefore,
the most important setting steps are to correctly select the con-
tact region in ANSYS mesh and effectively set up interface of
boundary conditions in Fluent.

The numerical scheme selected in the present study is the
pressure-velocity coupling SIMPLEC scheme in the general-
purpose simulation code designated FLUENT®, which solves
the problem more quickly than the SIMPLE scheme.

2.6 Velocity boundary layer and temperature
boundary layer in parallel gas film

As for aerostatic thrust bearing with low air supply pressure,
it is generally considered that the airflow in the gas film is lami-
nar flow due to fully developed boundary layer and is isother-
mal flow [17]. However, whether these assumptions are still
valid in high-pressure aerostatic thrust bearings requires care-
ful analysis. The clearance airflow in the high-pressure aero-
static thrust bearing is in a very special flow state, since the
speed of air in flow channel clearance develops from low sub-
sonic to high subsonic or even supersonic, as already men-
tioned. The calculated Mach number and static temperature
distributions on the symmetric plane of gas film are plotted in
Fig. 6.

In Fig. 6, ry, is the radius of the upper or lower air supply hole,
riis the radius of the throttle of contraction section and r, =
29.798 mm, as mentioned in Fig. 1. r, is the radius of discs and
r=60 mm. Fig. 6 shows that the velocity of airflow in the flow
channel clearance is firstly gradually accelerated from close to
0 to the supersonic at the throttle exit, then decelerated to high
subsonic speed, and finally it passes through the outlet of gas
film with supersonic speed. According to diverse velocities of
the Mach number curve in Fig. 6, there exists an obvious varia-

3285



Journal of Mechanical Science and Technology 37 (7) 2023

DOI 10.1007/s12206-023-2207-6

310
Hole| Contraction Gas film|
1.4 “ T iach 4 300
N ach number
12 —— Static temperature
|, 1 4200
d % i
1.0 o =N I
U ﬁ 1 280
0.8 ?
s M
s 55?\ b 1270 =
0.6 ”
\ \ - 260
0.4 S
—~ 1
wl | Jos
0.0 V/ 4240
Ty Iy Te
-0.2 230
55 0 5 10 15 20 25 30 35 40 45 50 55 60 65

r/mm

Fig. 6. Flow parameters distribution on the symmetric plane of gas film.
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Fig. 7. Pattern of velocity boundary layer in the parallel gas film.

tion of temperature on the symmetric plane of gas film, on
which the maximum temperature is 299.66 K and the minimum
temperature is 238.08 K. Thus, in the clearance airflow of the
high-pressure aerostatic thrust bearing the assumption of iso-
thermal flow is no longer valid.

In order to investigate the pattern of velocity boundary layer
development in the parallel gas film, it is necessary to analyze
velocity profiles in the gap at different radius vectors, as shown
in Fig. 7.

As shown in curve r; = 29.798 mm in Fig. 7, when the airflow
just enters the parallel gas film, due to the rectification effect of
the contraction section, the velocity distribution in the center
area of the throat of contraction section is relatively uniform,
which can be considered as the main stream zone of the flow
channel clearance. The velocity profile of the curve r, = 33 mm
and the curve r; = 36 mm are all typical parabolic velocity dis-
tribution, which correspond to fully developed laminar flows.
Thus, the part region of parallel gas film from r; to r, is the de-
velopment zone of velocity boundary layer. The part region of
parallel gas film from r, to ry is the fully developed zone of lami-
nar velocity boundary layer, and the velocity on cross section

from r, to r3 decreases to a certain extent, corresponding to Fig.

280 T T T T T T T

—o— 1=29.798mm {

—*— 1,=33mm

275 +

270

—*— 1;=36mm
—o— r,=38mm |
—o— rg=40mm
—o— 1=50mm A

—*— r,=55mm

Static temperature /K

N}

e

O
T

240

235 1 1 1 1 1 1 1
-0.15  -0.10  -0.05 0.00 0.05 0.10 0.15 0.20 0.25

z /mm

Fig. 8. Pattern of temperature boundary layer in the parallel gas film.

6. The velocity profiles of the curves r5 = 40 mm, rg =50 mm, r;
=55 mm are all subjected to velocity distribution of power law
equation, which correspond to a fully developed turbulent flows.
Consequently, in the parallel gas film of the high-pressure aer-
ostatic thrust bearing, there are four flow stages with com-
pletely different characteristics: boundary layer development
zone, fully developed zone of laminar velocity boundary layer,
transition from laminar to turbulent and fully developed zone of
turbulent boundary layer, which are apparently different from
the flow stage in that of aerostatic thrust bearing with low air
supply pressure.

The pattern of temperature boundary layer development in
the parallel gas film is shown in Fig. 8. As shown in curve r, =
33 mmin Fig. 8, the temperature boundary layers on the upper
and lower walls do not completely intersect each other, which
indicates that the development of the temperature boundary
layer is slightly slower than that of the velocity boundary layer.
Corresponding to fully developed laminar flows on the cross
section at r; = 36 mm in Fig. 7, at which the temperature
boundary layer is fully developed, as shown in Fig. 8. In the
flow transition region of laminar to turbulent (from r; = 36 mm to
rs = 40 mm), the temperature distributions in the central region
of the gas film change from concave curves to convex curves,
indicating the complex mechanism of the variation of flow re-
gime acting on temperature in that region.

2.7 Temperature field of disc with different ma-
terials

For the CHT problem, the heat conduction of the disc and
the convective heat transfer interact with each other. Conse-
quently, when we choose different materials to make the bear-
ing disc, the temperature field in the disc and the flow proper-
ties in the channel clearance change accordingly. In this study,
three common disc materials are considered, whose physical
properties are listed in Table 5.

See Table 5, the isotropic thermal conductivity of structural
steel is 60.5 W/(m-K), which is the largest among the three
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metal materials, while that of invar is the smallest (11 W/(m-K)).

2.7.1 Temperature at interface and symmetric plane
of gas film

For the three different materials, the comparison of tempera-
ture at the interface between solid disc and airflow in flow
channel clearance, and the comparison of temperature at the
symmetric plane (14, Fig. 1) of gas film are shown in Fig. 9.

According to change rate of temperature curves in Fig. 9, the
high-pressure airflow in the flow channel clearance can be
divided into four different regions: a (start of contraction Secs. 7
and 13, Fig. 1), b (adjacent area to the exit of contraction sec-
tion), c (parallel gas film region), d (adjacent area to the outlet
of gas film). Generally, the temperature change rate of region a
and c is small, while the temperature in region b and d change
sharply, which corresponds to the variation of Mach number in
the flow channel clearance.

In Fig. 9, the curve 1, 2, 3 represent the temperature distribu-
tion at the interface between solid disc and flow channel, and
the curve 4, 5, 6 represent the temperature distribution at sym-
metric plane of gas film of bearing made of different materials.
As is known to all, thermal conductivity indicates the capacity of
transmitting heat of certain material. When the temperature
gradient of the bearing discs is the same, the material with

Table 5. Physical properties of three common metal materials.

Material name Stainless steel | Invar | Structural steel
Density (kg/m°) 7930 8900 7850
Specific heat (J/(kg-K)) 500 515 434
Isotropic thermal
conductivity (W/(m-K)) 163 " 605
Coefficient of thermal 172x10° | 12x10°|  1.2x10°
expansion (K™)
Young’s modulus (GPa) 193 140 200
Shear modulus (GPa) 74.231 55.118 76.923
Poisson’s ratio 0.3 0.27 0.3

340

- ll.Tem;;eratulre at ilmerleice(Stlructu;al stelel dislcs) '
----- 2.Temperature at interface(Stainless steel discs)
320 | == 3.Temperature at interface(Invar discs) 4
—=— 4.Temperature at symmetric plane(Structural steel discs)
310 5.Temperature at symmetric plane(Stainless steel discs)
.Temperature at symmetric plane(Invar discs)

330

300 feen
290 |
> 280
~ -
270
260
250 |-

240 |

230 b c B

220 1 1 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 40 45 50 55 60 65

r/mm

Fig. 9. Temperature at interface and symmetric plane of gas film.

lager thermal conductivity can transmit more heat than that
with smaller thermal conductivity. As is apparent from curve 1,
2, 3 in Fig. 9, the temperature at the interface of structural steel
discs is the largest among the three types of materials, which
corresponds to its maximum thermal conductivity. As the ther-
mal conductivity of stainless steel and invar is close to each
other, the temperature difference at the interface of discs made
of these two materials is small. The maximum difference of
internal temperature in invar discs is 46.8 K, that in stainless
steel discs is 43.2 K and that in structural steel discs is 32.4 K.

From the curve 4, 5, 6 in Fig. 9, we can see that the tem-
perature of region ¢ at the symmetric plane of gas film in struc-
tural steel bearing is slightly larger than that in other two cases,
which implies that choice of disc material can influence the
internal airflow parameters in the channel clearance. However,
the effect of different materials’ thermal conductivity on the
temperature at interface is more remarkable than at the sym-
metric plane of gas film, as seen in Fig. 9.

2.7.2 Heat flux via interface

The comparison of heat flux via the interface of different ma-
terials is shown in Fig. 10.

Fig. 10 shows the heat flux via the coupling interface of dif-
ferent materials visually. As described in Subsec. 2.7.1, the
heat flux via the interface of structural steel discs is apparently
larger than that in other two cases, due to its largest thermal
conductivity among the three different materials. The overall
changing tendency of the curve 1, 2, 3 in Fig. 10 is similar to
that in Fig. 9, that is, the heat flux change rate of region a and ¢
is relatively small, while that in region b and d changes sharply.

2.7.3 Temperature distribution in bearing discs

The 3D temperature contour image of upper structural steel
disc is shown in Fig. 11.

Fig. 11 vividly shows, on the solid wall adjacent to the gas
film, the temperature of the region corresponding to the exit of
the contraction section is the lowest, reaching -5.62 °C. In addi-
tion, the temperature of the region adjacent to the outlet of the
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Fig. 10. Heat flux via the interface of different materials.
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56173 Min

Fig. 11. 3D temperature contour image of upper structural steel disc.
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Fig. 12. Temperature contour plots in structural steel discs.
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Fig. 13. Temperature contour plots in stainless steel discs.

gas film is also significantly lower than other regions of the disc.
In order to further study the temperature gradient of the tem-
perature field of bearing discs, the temperature contour plots in
the bearing discs made of three different materials are drawn in
Figs. 12-14, respectively. To compare the distribution of isoli-
nes in bearing discs with different materials, the same tem-
perature range with [251 K, 306 K] and number of isolines (34
curved lines) are adopted. The temperature difference between
any two adjoining isolines is 1.667 K.

As it can be seen from Fig. 9, the minimum temperatures of
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Fig. 14. Temperature contour plots in invar discs.

structural steel disc, stainless steel disc and invar disc are
267.6 K, 256.8 K and 253.2 K, respectively. Therefore, the
number of isolines in structural steel discs is minimal, as shown
in Fig. 12, while those in invar discs is maximum, as shown in
Fig. 14. Correspondingly, the temperature gradient in structural
steel discs is relatively gentle, while that in invar discs is obvi-
ously sharp, especially in the area adjacent to the exit of con-
traction section and to the outlet of gas film.

In summary, the thermal conductivity of solid materials is an
important factor affecting the temperature gradient inside the
bearing discs and the temperature at the interface. At the same
time, in CHT, the influencing mechanism of the heat conduc-
tion inside the solid on the convection heat transfer in channel
clearance lies in the change of heat flux transmitted from solid
to airflow and the change of temperature at the interface.

3. Net thermal deformation of bearing disc
3.1 Mathematical model of thermoelasticity

The couple thermoelastic constitutive equations are given by
[18]:

{e} = [D]71{0}+{a}AT (13)

s, ={a}r{a}+p“TC’“AT . (14)

0

In above two equations, {¢} is total strain vector; S, is entropy
density; {c} is stress vector; AT is temperature change; T is
current temperature; 7, is absolute reference temperature; [D]
is elastic stiffness matrix; {o} is vector of total coefficients of
thermal expansion; p is solid density; C, is solid specific heat
at constant pressure.

Using {¢} and AT as independent variables, and replacing
the entropy density S, in Eq. (14) with heat density QO which
should be expressed in terms of the second law of thermody-
namics for a reversible change
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Q = ZIS‘: . (15)
We obtain

{o}=[D){e} -{B}AT (16)
0=T{B} {e}+p.C,AT (17)

where {f} is vector of thermoelastic coefficients; Cy, is solid
specific heat at constant volume.

Substituting Q from Eq. (17) into the heat flow equation pro-
duces

T a{é'}

-1} ¢, 280

-[k"]v°T. (18)

In Eq. (18) [K"] is thermal conductivity matrix.

Applying the variational principle to stress equation of motion
and the heat flow conservation equation coupled by the ther-
moelastic constitutive equation produces the following finite
element matrix equation:

ot - @t e
) {{F}{{I;}]{m}}

(19)

where [M] is element mass matrix; [C] is element structural
damping matrix; [C] is element thermal conductivity matrix;
[C"] is element thermoelastic damping matrix; [K"] is element
stiffness matrix; [K"] is element thermoelastic stiffness matrix;
[K™ is element thermal conductivity matrix; {1} is displacement
vector; {F} is sum of the element nodal force and element
pressure vectors; {7} is temperature vector; {Q} is sum of the
element heat generation load and element convection surface
heat flow vectors.

It is noted that when we temporarily ignore the pressure load
exerted by the gas film on the surface of the bearing discs, the
research object is simplified to a net thermoelastic deformation
problem. Correspondingly, the element pressure vector in {F}
is a zero vector.

3.2 Computational workflow

For net thermoelastic analysis in this study, three analysis
modules are required. They are fluid flow (Fluent), steady-state
thermal, and static structural, respectively. Although the inter-
nal temperature distribution in bearing discs has been solved in
analysis of CHT by fluid flow (Fluent) module, the result data
format of the finite volume method in that cannot be directly
matched to format request of input data of static structural

module. Therefore, it is needed to solve it again in steady-state
thermal module, and then input the calculation result data of
that into static structural module. The workflow of data trans-
mission among three modules is shown in Fig. 15.

First, calculate the CHT in fluid flow module. Then set the
boundary conditions of the steady-state thermal module and
resolve 3D temperature field of the bearing discs. Finally set
the boundary conditions of static structural module and com-
plete the calculation of net thermoelastic deformation of the
discs.

3.3 Computational grid

As shown in Fig. 15, the grid generation tool of the fluid flow
module is independent, named as ‘mesh’, while the grid gen-
eration tool of steady-state thermal module is integrated in the
modeling tool. The overall grid of bearing discs is shown in Fig.
16.

The default physics preference is set to be ‘mechanical’,
element size is set to be 1.0 mm, and resolution is set to be 5.
In transition drop-down list, set the option to ‘fast’, and set the
option to fine’ in span angle center drop-down list. The number
of elements in two discs is equal to 234154. In order to reduce
the interpolation error of result data of temperature load, the
same meshing parameters are maintained in steady-state
thermal module and static structural module.

- A - B - c

2 [ Geometry v 4 2 | @ Engineering Data v 4——82 @& EngneeringDats v
3@ Mesh v ‘\3 B Geometry v ,——23 B Geometry v o4
4 | @ setup v . 4 | @ Model v 4| @ Model v
5 G2 Solution v 4 ®5 @ setup v 4 w5 @ setup v 4
65 @ Results v 4 6 | solution v 4 6 | g5 soluton v
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Fig. 15. Workflow for net thermoelastic analysis.
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Fig. 16. Overall grid of bearing discs in steady-state thermal module.
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3.4 Boundary conditions

3.4.1 Boundary conditions in steady-state thermal
module

As the temperature results of all external surfaces of bearing
discs have been solved in calculation of CHT analysis by fluid
flow (Fluent) module, which should be used for temperature
boundary conditions in steady-state thermal module, listed in
Table 6. These boundary conditions of wall temperature can be
exerted onto the solid model in the form of temperature load on
the specified surfaces, and the corresponding temperature
data can be directly imported from results data of fluid flow
(Fluent) module to steady-state thermal module. As a result, a
heat conduction problem with specified wall temperature is
solved in steady-state thermal module.

3.4.2 Boundary conditions in static structural mod-
ule

There are two types of calculation conditions for net ther-
moelastic analysis. One is the internal 3D temperature distribu-
tion of the bearing discs, and the other is the constraint condi-
tion of the bearing discs. The former can be directly imported
from the results data of the steady-state thermal module to
static structural module, and the latter is set to fixed support on
the second cylindrical surface.

3.5 Net thermoelastic deformation of disc with
different materials

In order to compare thermoelastic deformation of three discs
with different materials, a path in upper disc is defined along
the profile of contraction section and parallel gas film, as shown
in Fig. 17.

The deformation curves in Y direction on the path of upper
bearing disc made of different materials are shown in Fig. 18.

It can be seen from Table 5 that density and specific heat of
three materials are close to each other. As a consequence, in
mathematical model of thermoelastic problem such as Egs.
(13)-(19), the main factors affecting thermoelastic deformation
are only the coefficient of thermal expansion and temperature
change. Apparently, in Table 5 the coefficient of thermal ex-

Table 6. Boundary conditions of heat conduction.

External surface of upper anemostat Specified wall temperature

External surface of lower anemostat Specified wall temperature

Inlet end face of upper anemostat Specified wall temperature

Inlet end face of lower anemostat Specified wall temperature

External surface of upper disc Specified wall temperature

External surface of lower disc Specified wall temperature

Interface between fluid and upper disc

parts, at solid side Specified wall temperature

Interface between fluid and lower disc

parts, at solid side Specified wall temperature

pansion of invar disc is one order of magnitude smaller than
that of stainless steel disc, while the variation of maximum
difference of internal temperature in three types of discs is not
significant. The maximum difference of internal temperature in
invar disc is 14.4 K greater than that in structural steel disc.
Finally, the coefficient of thermal expansion is the dominant
factor determining the size of net thermoelastic deformation of
the bearing disc.

In Fig. 18, the net thermoelastic deformation of stainless
steel disc is the largest (25.7 um), corresponding to its greatest
coefficient of thermal expansion (1.72x10° K™). The net ther-
moelastic deformation of invar disc is the smallest (1.86 pm),
corresponding to its smallest coefficient of thermal expansion
(1.2x10° K"). This is also the reason why invar is called low
expansion alloy. From Figs. 11-14 it shows that the low tem-
perature region of bearing disc is mainly concentrated in the
area adjacent to parallel gas film, which shrinks significantly,
leading to the overall downward bending deformation of the
path, as shown in Fig. 18.

The 3D deformation contours of upper stainless steel disc is
shown in Fig. 19.

Surprisingly, the minimum deformation point in upper disc is

Fig. 17. The path defined for postprocessing.
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Fig. 18. The net thermoelastic deformation in Y direction on the path.
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Fig. 19. The 3D thermoelastic deformation in Y direction of upper stainless
steel disc.

not on its lower end face, but on the point slightly lower the
middle point of outer cylindrical surface, as shown in Fig. 19.

4. Net elastic deformation of bearing discs
caused only by gas film pressure

The structural elastic deformation caused by gas film pres-
sure is @ common engineering problem, and its mathematical
model can be consulted from many relevant references.

4.1 Computational workflow

For net elastic deformation of bearing disc caused only by
gas film pressure in this study, two analysis modules are re-
quired. they are fluid flow (Fluent) and static structural, respec-
tively, as shown in Fig. 20.

As shown in Fig. 20, the Workbench platform makes the
transmission of result data of pressure load on the structural
surface very convenient, and the constraint condition of the
bearing discs in static structural module is the same as that in
Subsec. 3.4.2.

4.2 Net elastic deformation of discs with dif-
ferent materials

The net structural elastic deformation curves caused only by
gas film pressure in Y direction on the path of upper bearing
disc made of different materials are shown in Fig. 21.

It can be seen from Table 5 that Young’s modulus and shear
modulus of invar disc are both the smallest among the three
types of materials, so its net elastic deformation caused only by
gas film pressure is the largest, as shown in Fig. 21. Young’s
modulus and shear modulus of stainless steel and structural
steel discs are close to each other. As a result, their net elastic
deformations are close to each other too, as shown in Fig. 21.

It is worth noting that the sign of net elastic deformation of
upper disc caused only by gas film pressure is positive in Fig.
21, while the sign of net thermoelastic deformation of upper
disc caused by the uneven temperature field is negative in Fig.
18. Therefore, the deformation direction caused by above two
factors is opposite, which can offset part of the deformation.
Apparently, the comparison of Figs. 18 and 21 suggests that
the elastic deformation by pressure is the dominant factor in
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Fig. 20. Workflow for calculating net elastic deformation.
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Fig. 21. The net elastic deformations in Y direction on the path.

the total deformation of invar disc, while the thermoelastic de-
formation is the minor factor. For stainless steel and structural
steel discs, the reverse is true.

5. Total deformation of bearing disc
5.1 Mathematical model

When we study the total deformation of the bearing disc, the
mathematical model of this problem is similar to the net ther-
moelastic deformation problem in Subsec. 3.1. The difference
is only that the element pressure vector in {F} in Eq. (19) is
non-zero vector.

5.2 Computational workflow

For the analysis of total deformation of bearing disc, three
analysis modules are required, which is similar to Fig. 15. The
workflow of data transmission among three modules is shown
in Fig. 22.

As shown in Fig. 22, the difference between workflow for to-
tal deformation analysis and that for net thermoelastic deforma-
tion analysis only lies in whether the pressure load data of the
gas film is applied to the static structural module.

5.3 Total deformation of disc with different ma-
terials

The total deformation curves caused by pressure of gas film
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T T T T T T T T T T T T
Br — 1.Total deformation(Invar disc)
—— 2.Total deformation(Stainless steel disc)

—— 3.Total deformation(Structural steel disc)

Uy /um

30 35 40 45 50 55 60

15 20 25

L /mm

Fig. 23. The total deformations in Y direction on the path.

and uneven temperature field in Y direction on the path of upper
bearing disc made of different materials are shown in Fig. 23.

According to Fig. 23, the sign of total deformation of upper
invar disc is always positive, which mainly originates from its
elastic deformation caused by gas fim pressure. Its net ther-
moelastic deformation is almost negligible, and its maximum
absolute amount of total deformation is 15.47 um. For upper
stainless steel and structural steel disc, the sign of the total
deformation of the central region of the disc is positive, which
similarly stems from their elastic deformation caused by pres-
sure, while the direction of total deformation of the area corre-
sponding to parallel gas film is reverse. Their maximum abso-
lute amount of total deformation is 13.37 ym and 7.56 pm,
respectively. Consequently, the maximum absolute amount of
total deformation of upper structural steel bearing disc ac-
counts for only half of that of invar disc or stainless steel disc.

As is known to all, among the three materials, the unit price
of structural steel is the cheapest, and that of invar is the most
expensive. As for the working conditions of pressure and tem-
perature load specified in this study, structural steel is a rea-
sonable choice for material of bearing disc, at the same time, it
is also the most economical one. This once again verifies the
principle of material selection in the design of mechanical parts,
that is, materials should be selected according to the using
performance of actual parts, instead of the random advantages
of a certain physical property of materials.

6. Conclusions

In this study, based on the coupling analysis of the air flow

field in the channel clearance of the high-pressure aerostatic
thrust bearing and the CHT of the bearing discs, the develop-
ment process and flow regime of the velocity boundary layer
and the temperature boundary layer in the parallel gas film are
investigated. Subsequently, a comprehensive coupling thermal
deformation investigations of the bearing is simplified to the
combination of a steady CHT problem and a static thermoelas-
tic deformation problem. The effects of the thermal conductivity
of the solid material on the temperature gradient inside the
bearing discs, and on the temperature distribution at the cou-
pling interface or in the gas film of channel clearance are em-
phatically investigated. The influencing mechanism between
the relevant material physical properties and thermal deforma-
tion of the bearing discs in uneven temperature field is ana-
lyzed in detail. The major conclusions are drawn as follows:

1) In the parallel gas film of the high-pressure aerostatic
thrust bearing, there are four flow stages with completely
different characteristics: boundary layer development zone,
fully developed zone of laminar velocity boundary layer,
transition from laminar to turbulent and fully developed
zone of turbulent boundary layer, which are apparently dif-
ferent from the flow stage in that of aerostatic thrust bear-
ing with low air supply pressure.

2) In CHT of this type of bearing, the thermal conductivity of
solid material is an important factor affecting the tempera-
ture gradient inside the bearing disc and the temperature
at the interface, variation of which can change heat flux via
interface and the temperature at interface significantly.

3) The coefficient of thermal expansion of the material is a
crucial parameter that affects the net thermoelastic defor-
mation of the bearing discs, but its final total deformation
also depends on the pressure load it receives. Therefore, it
cannot be taken for granted that the smaller the coefficient
of thermal expansion is, the smaller the total deformation
of the disc will be.

4) As for the working conditions of pressure and temperature
load specified in this study, structural steel is a reasonable
choice for material of bearing disc, and it is also the most
economical choice.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China (Grant No. 51475341).

Nomenclature

: Turbulent kinetic energy

: Kelvin temperature scale

: Thermal conductivity of air

: Thermal conductivity of the solid material
f : Effective thermal conductivity

: Molecular viscosity

: Viscosity coefficient at reference temperature
Ut : Turbulent eddy-viscosity
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T : Temperature

T : Reference temperature in sutherland equation
To : Absolute reference temperature

S : Average rate coefficient of strain tensor

So : Sutherland constant

Sh : Volumetric heat source

Se : Entropy density
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