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ABSTRACT This paper demonstrates modeling and simulation comparison of the static characteristics of
a porous, orifice, and multiple type aerostatic thrust bearings on the basis of load-carrying capacity(LCC)
and stiffness. The Navier-Stokes (N-S) equations are used to solve the internal distribution of pressure in
computational fluid dynamics(CFD) simulation environment. An axisymmetric model, which minimizes
the computational time and increases efficiency, is used to evaluate the static characteristics of a porous,
orifice, and multiple restrictors of aerostatic bearings. Our numerical analysis and empirical results show
the agreement with significant affect of material and geometrical parameters on the LCC and stiffness. The
thickness of the air film is less than 10µm, the multiple orifice restrictors have more LCC than porous and
orifice restrictor. The porous restrictor’s stiffness is larger than orifice and multiple restrictors. The LCC
of porous and orifice is notably smaller than multiple orifice restrictors. Additionally, it is analyzed that
LCC of porous, orifice, and multiple orifice restrictors can be improved with an increase in the supply of air
pressure.

INDEX TERMS Enter key words or phrases in alphabetical order, separated by commas.

I. INTRODUCTION

THe aerostatic bearings are used to acquire motion ac-
curacy and minimum friction in numerous measuring

machines, lithography equipments, and machine tools. Sev-
eral kinds of restrictors such as porous, orifice, compound
and slot usually used in aerostatic bearings. The porous
bearing has an advantage over other restrictors because of its
uniform pressure distribution on surface of bearing. Due to
this property it has more force, stiffness and stability which
are sustained by porous material. Several studies have been
initiated for finding characteristics of aerostatic bearings.
Uichiro Nishuo et al. [17] has examined the characteristics
of aerostatic bearing in experimental and numerical way.
The co-efficient of discharge can be numerically found out
based on CFD using finite difference method (FDM). The
co-efficient of damping and stiffness of restrictors with feed-
holes are larger than compound restrictors of bearings. Cui et
al. [6] carried out a study on pressure distribution of film,
affected the porous aerostatic bearings by manufacturing

errors. Jianbo Zhanga et al. [25] analyzed that the depression
of pressure is debilitated by increasing diameter of orifice,
minimizing the film thickness and pressure supply. Huanga
et al. [10] exploit FDM and iterative process to calculate
static characteristics with vacuum pre-load thrust aerostatic
bearing. Yoshimoto S et al. [23] proposed two air supply
methods of annular groove and hole supply to refrain from
the deflection. A theoretical study by Yuntang Li and Han
Ding [13] showed that the performance of bearing is affected
by the pressure of a gas, film thickness, structural design, and
diameter of the orifice.

they used FDM and iterative algorithm to minimize itera-
tive times for calculating static characteristics with vacuum
pre-load thrust aerostatic bearing

Schenk et al. [19] investigate the effect of gap height and
gas load at the vacuum conditions to cause gas flow leakage.
Jeng et al. [11] examined stiffness with comparison of single
and double pad aerostatic bearings. Hailong Cui et al. [5]
revealed that the amplitude errors can rise with the variation
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of stiffness and load. Wen-Jong Lin et al. [14] also investigate
the gas supply, orifice diameter, and bearing surface are the
main elements for the performance of air bearing. Cui et al.
[4] proposed proportional division method (PDM) and finite
element method (FEM) to calculate the angular stiffness. It
shows the suitable film thickness corresponds by increasing
diameter of orifice. The CFD is adopted to examine the
discharge co-efficient without a feed pocket of feed hole.
The FDM is used for the analysis of bearing’s characteristics
[16]. As compared to the other types of aerostatic bearings,
the porous aerostatic bearing has better performance in ap-
plications of high precision or speed [12] [7] [20]. The static
performance of bearing improves with a porous thickness,
which is from 6-8mm when the film thickness decreases. A
study shows that, as compare to concave errors, the static
characteristics of bearing with a convex error of working
surface are better [8]. Mathematical methods for source and
slip flow are applied to calculate the static characteristics of
aerostatic porous bearings [15]. According to D’Arcy law
[22] the porous material in which the flow is parallel through
a surface of the bearing is taken. As a little drop of gas
at the inlet, stiffness improved with multiple restrictors of
aerostatic bearings [1]. The literature review indicates that
there have been individual studies on porous thrust and orifice
restrictor type bearings and provides detail insight into the
impacts of different restrictors on LCC, and stiffness of
aerostatic bearings. However, to the best of our knowledge,
the comparison between porous thrust and orifice restrictor
type bearing has not yet been reported.

In this paper, we investigate the porous restrictors, orifice,
and multiple orifice restrictors. We also compare the stiffness
and LCC of aerostatic porous thrust bearings. The LCC and
stiffness are determined with an internal distribution of pres-
sure, the fluent CFD is used for internal pressure distribution
in the clearance of bearing. The impacts of supply pressure,
a diameter of orifice, air film thickness, parameters of the
material and on LCC, and stiffness of the porous thrust aero-
static bearings are investigated. We find that an axisymmetric
method is effective to minimize time and increase efficiency
during the simulation process. The simulation results are
validated with experiments. The remaining parts of the paper
are arranged in the following sequence, consisting of several
tasks as follows:

The numerical modeling sections present the design and
mathematical calculation of porous, orifice, and multiple
restrictors aerostatic thrust bearings. The performance of
bearing is evaluated in the section of modeling for different
parameters. The permeability of porous material and load are
tested in a section of an experimental setup. The simulated
results of porous, orifice, and multiple aerostatic thrust bear-
ings are validated with experimental results in the section of
experimental verification with numerical analysis.

II. NUMERICAL MODELLING
This section discusses the preliminaries including restrictors
construction, governing equations, and mass flow rate.

A. RESTRICTORS CONSTRUCTION
The basic geometric design of porous restrictors, orifice, and
multiple restrictors are depicted in Fig 1. Through a porous
material, gas flows to the film of bearing with a supply of
pressure, and leaves out from an edge of the film to the
atmosphere, as illustrated in Fig 1a. To support the pad,
the thrust film was applied, load capacity of bearing was
determined by the film thickness. By way of the orifice and
multiple restrictors, gas flows to the film and outflows to the
atmosphere, as depicted in Fig 1b and 1c, respectively.

B. GOVERNING EQUATIONS
The pressure distribution calculation is into two parts of
porous and the film. In the porous material, flow is viscous
laminar, and according to Darcy - Forchheimer law, pressure
drops as below.

∇p = −µū
α

(1)

Where µ is the kinematic viscosity, α is the permeability
co-efficient,∇p is the change in pressure, and ū is the vector
of velocity.

The change in pressure of x, y, z coordinates of porous
section is:

∇px =
3∑
j=1

µūj∆Hx

αxj

∇py =
3∑
j=1

µūj∆Hy

αyj

∇pz =
3∑
j=1

µūj∆Hz

αzj
(2)

where, αxj , αyj , αzj are the porous material’s co-efficient
of permeability in the coordinates. The ∆Hx, ∆Hy , ∆Hz

are the thicknesses of porous material in the three directions
∇px, ∇py , ∇pz are the pressure drop in three directions x,
y, z and ūj is the velocity in three coordinate directions.

In this paper, the permeability of porous material was taken
as isotropic in the manufacturing process, as the cold isostatic
pressing was conducted. It means that αxj , αyj , αzj have
similar values.

The conservation laws of momentum and mass are given
as below:

∂(γρ)

∂t
+ div(γρ~u) = 0 (3)

∂(γρu)

∂t
+ div(γρ~u× u) = −γ∇p (4)

As γ is the porosity, ρ is the density of the gas, and t is the
time.

The motion of fluid is mostly governed by conservation
laws of mass, energy, and momentum in fluid mechanics;
which can be formed by N-S equations. The continuity
equation is also familiar as the conservation law of mass, is
given as:
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FIGURE 1: Geometrical construction of different types of restrictors.

∂ρ

∂t
+
∂(ρu)

∂x
+
∂(ρv)

∂y
+
∂(ρw)

∂z
= 0 (5)

∂ρ

∂t
+ div(ρ~u) = 0 (6)

where, ρ is the gas density, t is time, and ū is the vector
velocity of cartesian coordinates (x, y, and z), components
of velocity u, v, and w are in the 3 coordinate directions. As
Newton’s second law states, that the equation for conserva-
tion of momentum in directions of x, y, z is derived as:

∂(ρu)
∂t + div(ρ~uu) = − ∂p

∂x + ∂τxx

∂x +
∂τyx

∂y + ∂τzx
∂z + Fx,

∂(ρv)
∂t + div(ρ~uv) = − ∂p∂y +

∂τxy

∂x +
∂τyy

∂y +
∂τzy
∂z + Fy,

∂(ρw)
∂t + div(ρuw) = −∂p∂z + ∂τxz

∂x +
∂τyz

∂y + ∂τzz
∂z + Fz

(7)
Here, ρ is pressure of film, τ is the fluid viscous stress, Fx

is the force towards x-direction, Fy is force on body towards
y-direction, and Fz is force on body towards z direction.

The τ is proportional to the fluid deformation, derived as
[3]:

τxx = 2µ∂u∂x + λdiv(~u); τxy = τyx = µ
(
∂u
∂y + ∂v

∂x

)

τyy = 2µ ∂v∂x + λdiv(~u); τxz = τzx = µ
(
∂u
∂z + ∂w

∂x

)
τzz = 2µ∂w∂x + λdiv(~u); τyz = τzy = µ

(
∂u
∂z + ∂w

∂y

)
(8)

Where dynamic viscosity is µ, and λ = − 2
3 .

According to the thermodynamics 1st law, the law of
energy conservation is given by :

∂(ρT )

∂t
+ div(ρ~uT ) = div

(
k

cp
gradT

)
+ S (9)

Where k is the co-efficient of heat transfer of fluid, gradT
is the gradient of temperature, specific heat capacity is cp ,
and viscous dissipation energy is S.

By solving equations 6, 7, 8, and 9, the distribution of
pressure in the clearance of bearing of orifice restrictors
can be gained. The distribution of pressure of porous thrust
aerostatic bearings can be attained by solving equations,
1,2,3,4, and 9.

C. THE RATE OF MASS FLOW THROUGH AN ORIFICE

The configuration of the thrust aerostatic bearing, in which
the orifices are used as restrictors. One row of orifices is
evenly and equally spaced put around the bearing circumfer-
ence. Taking into account, the flow through an orifice, bellow
suppositions have been obtained [18]:

• The losses are not of upstream pressure of the jet throat,
i.e. the ps is supply pressure of jet at entry.

• The static pressure of the jet in the throat quickly goes
down.

In general, the rate of mass flow of gas through the orifice
is produced as an ideal nozzle. Since the pressure supply ps is
decreased pd through an orifice. Derived from the ideal mass
flow rate [21]:

mr = Cd ×mt (10)

mr = APS

√
2ρa

Pa
Ψr ∵ A =

πd2

4
(11)

Where Pa is the atmospheric pressure. d is the diameter of
orifice, Pd is the outlet pressure of orifice, Ps is the pressure
supply, specific heat ratio is the k, and k = 1.4 is the value
for gas, ρ is the gas density, in actual condition mr is the rate
of mass flow,mt is the theoretical rate of mass flow, andCd is
the co-efficient of discharge. And Ψs is the function of mass
flow and is described as bellow
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Ψs =



[
K/2(2/K + 1)(K+1)/(K−1)

]1/2
;

Pd /Ps ≤ (2/K + 1)K/(K+1)

{
K/K − 1

[
(Pd/Ps)

2/k − (Pd/Ps)
(k+1)/k

]}1/2

,

Pd/Ps > (2/K + 1)K/(K+1)


(12)

By solving equations 10-12 flow of gas mass through an
orifice can be obtained. Fig 2 shows a flow chart, calculation
of static characteristics of a thrust bearing.

III. METHOD OF CALCULATION
Characteristics of flow field calculated of aerostatic bearings
by using key methods that are FEM and FDM [9]. However,
FEM and FDM cannot effectively solve the N-S equations.
In this article, based on the CFD, FLUENT 16.0 is used to
resolve N-S equations. The fluent is selected to calculate the
equations for viscous laminar. In this research, mass flow rate
is very small through porous. Hence, the model is a laminar
described in the viscous state. An axisymmetric model is
used to minimize the time during a simulation.

A. GRIDS CALCULATION
In numerous antecedent research, the aerostatic pad bearings
design was made simple to the symmetric model [2]. The
boundary conditions and grids utilized for porous and orifice
restrictors are shown in Fig 3. In this paper, for minimiz-
ing the time and to increase the computation efficacy, the
axisymmetric model is applied to evaluate characteristics of
porous, orifice, and multiple restrictors aerostatic circular pad
bearings, as depicted in Fig 3a, 3b, and 3c, respectively. The
model is selected as periodic axisymmetric for the orifice
restrictors as depicted in Fig 3, and for the calculations slice
of the geometric structure is essential. Before calculation, to
confirm the validity of simulation results, the independence
of gird must be verified. For the computation of the different
types of restrictors, the conditions used as stated in Table 1.

IV. EXPERIMENTAL SETUP
A. TEST OF PERMEABILITY OF POROUS MATERIAL
The permeability co-efficients are majorly efrecting on the
CFD results and performance of porous bearings. The perme-
ability co-efficient gives consideration throttle performance
of the restrictor, which changes from 10−6m2 to 10−15m2.
In Fig 4. the porous material is utilized by test equipment
to acquire the permeability co-efficient with a diameter of
80mm and thickness of 8mm, porous graphite material is the
measured specimen. The test platform comprises on preci-
sion pressure regulating valve, gas tank, flowmeter, fixture,
porous material, voltage line, pneumatic pipeline, and dried,
pressurizes air supply system, etc.

The gas flow and its flow-rate are measured by the flowme-
ter. The pressure sensor is used for measuring pressure. The

TABLE 1: Computational conditions and input parameters of
CFD for different restrictors

Computational conditions and design vari-
able

Value

Viscosity Flow Laminar

Inertia co-efficient 2.58e+5 1/m

Fluid Ideal gas

Temperature 293 K

Method of solution Simple C

Solution standardization Standard initialization

Atmospheric pressure 101.325 k Pa

Supply pressure 0.4 MPa/ 0.5 MPa/ 0.6
MPa

Specific heat 1.00643 kJ/(kg.K)

Outlet pressure 0 MPa

Inside diameter 56000 µm

Outside diameter 80000 µm

Rows of orifices 1

Location of orifice row 68000 µm

Number of orifices 12

Diameter of orifice 0.05-0.15mm

Co-efficient of viscous resistance 1.27e+14 m-2

Dynamic Viscosity 1.789e−5skg/(m-s)

Porosity 0.18

Bearing thickness H 6mm/8mm/10mm

Thickness of gas film 20 µm

pressure change and flow-rate give the internal flow of the
material, as shown in Fig 5.

In Fig 5 relation between change in pressure and rate of
flow is linear and fulfills the condition of Darcy-Forchheimer
law. The gas flows through porous material governed by law
of Darcy-Forchheimer, given as below.

Ψ =
QηH

∆pa
(13)

Where a is the surface area along the direction of gas
flow, η is the kinematic viscosity of gas, ∆pis the change in
pressure between front and back porous material surface, H
is the thickness of porous material and Ψ is the co-efficient
of permeability of porous material.Q is volume flow through
porous material.

B. LOAD CAPACITY TESTS OF POROUS THRUST
AEROSTATIC BEARINGS
The LCC of porous thrust aerostatic bearings is measured
by the experimental setup. To reduce the environmental dis-
ruption, the equipment of measurement is put on a platform
of vibration isolation. The static performance test platform
comprises of load precision pressure regulating valve, porous
thrust bearings, fixture, gas tank, flow meter, pneumatic
pipeline, etc. The load applied to porous thrust aerostatic
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FIGURE 2: The flow chart determining the load capacity and stiffness.
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FIGURE 3: Mesh model of aerostatic thrust bearing.

bearings is measured by load transducers. The displacement
sensors are used to measure a change in the thickness of a
film.

V. EXPERIMENTAL VERIFICATIONS WITH NUMERICAL
ANALYSIS
A. EXPERIMENTAL VALIDATION
The experimental LCC results of porous aerostatic bearing
are depicted in Fig 6. The results of experiment indicate
the agreement with simulated results, therefore validating
numerical method applied in this paper.

The 17.11% of LCC of porous aerostatic thrust bearing
is the maximum variance between the results of experiments
and simulation. The benefit of porous restrictor is better when
the film thickness is below 5µm. LCC is decreasing with
an increase of film thickness, and with the supply of 0.4
MPa pressure. With a 0.5 MPa supply of pressure, the load
capacity is more than 0.4MPa

B. NUMERICALLY ANALYSIS
In this study, the viscous laminar, ideal gas model, CFD,
and SIMPLEC are chosen in the FLUENT software. In
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Table 1, the boundary conditions and geometrical parameters
are given. The LCC of porous aerostatic bearings decreases
with increase of air film thickness, whereas, with increasing
thickness of porous, LCC decreases, while the LCC increases
with the increase of supply pressure. The LCC is smaller with
a smaller co-efficient of permeability. The LCC gradually
decreases when the 15µm is thickness of film, while the
porous thickness is 6 mm when the thickness of an air film is
5µm, the load is high. For keeping a comparatively high load
of bearings under the minimum usage of gas, it requires to
reduce a diameter of porous restrictor aerostatic bearing. The
load-carrying capacity is delicate to vary in diameter.

In Fig 8, aerostatic bearing stiffness decreases, when the
thickness of air film decreases. The porous restrictor thick-
ness can affect the stiffness of aerostatic bearings. The stiff-
ness increases, as the porous restrictor thickness increases.
The bearings have different stiffness relative to varying air
film thickness. The stiffness is delicate to vary in thickness.
The high value of stiffness can be obtained with a large
thickness of porous thickness. To determine the porous aero-
static bearings performance, the material permeability is the
key parameter. Generally, it is taken between 10−14m2 and
10−12m2 [24].

The rate of mass flow increasing with decreasing of porous
thickness as shown in Fig 9. The flow of mass is especially
affected by the variation of porous thickness, diameter, and
film thickness of porous restrictor, whereas the thickness of
film is more affecting on stiffness. Generally, it is easy to
guarantee the accuracy of impact machinery with air film
thickness greater than 15µm, but if its restrictor thickness is
too low, the restrictor may be damaged. [26]. The boundary
conditions for orifice type aerostatic bearings are same as
for porous aerostatic bearings. The static characteristics of
orifice type bearings were gotten by using CFD Fluent. In Fig
10, the LCC increases as the thickness of air film decrease,
but the bearings have different load-carrying capacity with
different diameters of orifice. With an increasing diameter
of orifice increases, LCC increases. The LCC decreases as

FIGURE 4: Experimental setups for the permeability of
porous material.

thickness of air film is more than 15µm but increases with
increasing of air pressure.

The thickness of air film increases, stiffness first increases,
and then decreases as shown in Fig 11. While the orifice
diameter increases, but the stiffiness decreases. At different
sizes of a diameter of orifices have varying values of stiffness
relative to different values of air film thickness. The stiffness
is lesser when the diameter of an orifice is 0.5mm. Though,
when the thickness of air film is between 5µm and 15µm,
the stiffiness is high, and then decreases uniformly. Though,
while the diameter of the orifice is less than 100µm, an op-
timum thickness of air film is less than 10µm, which creates
processing very hard. In this section, it can be concluded
that bearings can take full advantage when working between
10µm and 15µm.

Fig 12 depicts the mass flow increases, as the air film de-
creases. When the orifice diameter increases, the mass flow of
gas decreases. The multiple restrictors are usually designed to
upkeep the load of the aerostatic bearing. So, the number of
restrictors certainly is the key factor for the bearing objective.
The 80mm and 56mm are the outside diameters and inside
diameter of the aerostatic thrust bearing respectively. The
orifices are placed around a circle of reference diameter of
68mm. The boundary conditions were used the same for
multiple restrictors.

The characteristics of aerostatic thrust bearing with multi-
ple orifices as illustrated in Fig 13. The LCC of the bearing
can increase with an increasing number of orifices. The LCC
of multiple restrictors increases when the orifice diameter
increases.

As depicted in Fig 14. the maximum stiffness of aerostatic
thrust bearing decreases as an increasing number of orifices.
While stiffness increases, when the diameter of orifice de-
creases. The thickness of air film increases, stiffness first
increases and then decreases. The maximum stiffness of mul-
tiple orifices is between 10µm and 15µm. When the supply
of air pressure is increasing, the stiffness also increases.

As the mass flow increases, while the number of orifice
increases, as shown in Fig 15. Due to maximum pressure
supply, the flow of mass is maximum, but a minimum con-
sumption of gas is, as the air film thickness decreases. As the
diameter of orifice decreases, mass flow decreases, but for a
large diameter of orifice, the gas consumption is high.

The comparison of three types of restrictors reveals that
as 5µm is film thickness, LCC of the porous is 8.8% greater
than single orifice, but the stiffiness is nearly the same when
the thickness of air film is 15 µm. The LCC of multiple
orifice restrictors is larger than both porous and single ori-
fice restrictor aerostatic bearings. An increasing number of
orifices, the stiffiness can increase than the porous bearings.
The multiple orifice restrictor’s stiffnesses are larger than the
porous restrictor when the film thickness is 10µm

VI. CONCLUSION AND FUTURE WORK
This work investigates the advantages and disadvantages,
which are based on the factors optimization of porous and
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FIGURE 5: The relation of pressure and rate of flow of porous material

(a) Load capacity 0.4MPa (b) Load capacity 0.5MPa

FIGURE 6: Experimental and simulation results of porous aerostatic thrust bearings.

(a) Load capacity 0.4MPa (b) Load capacity 0.5MPa (c) Load capacity 0.5MPa

FIGURE 7: Load capacity versus film thickness (h) of porous restrictor of the bearings.

orifice type bearings. Several findings are given as follows.
The stiffness of porous restrictors regularly decreases by re-
ducing the thickness of porous; for single and multiple orifice
restrictors, it slowly rises at the highest value then declines
with an increase of thickness of air film. The material and

geometrical factors are effecting meaningfully on aerostatic
bearing’s stiffness.

The multiple restrictors have stiffness ominously better
than single orifice restrictor. When the thickness of air film
is less than 5µm, the porous restrictors have benefits for stiff-
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(a) (b) (c)

FIGURE 8: Stiffness versus film thickness (h) of porous restrictor of the bearing.

(a) (b) (c)

FIGURE 9: Mass flow versus film thickness (h) of porous restrictor of the bearings.

(a) (b) (c)

FIGURE 10: Load capacity versus film thickness (h) of orifice restrictor of the bearings.
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(a) (b) (c)

FIGURE 11: Stiffness versus film thickness (h) of orifice restrictor of the bearings.

(a) (b) (c)

FIGURE 12: Mass flow versus film thickness (h) of orifice restrictor of the bearings.

(a) (b) (c)

FIGURE 13: Load capacity versus film thickness (h) of multiple orifice restrictor of the bearings.

ness. Therefore, the stiffness of porous is better as compared
to a single orifice restrictor. The LCC of multiple orifice
restrictors is larger than porous and single orifice restrictors.
The multiple orifice restrictors have more load capacity than
porous and single orifice restrictor if the air film thickness is
less than 10µm, The stiffness and LCC of porous, single and

multiple orifice restrictors can be improved by increasing gas
pressure. The stiffness of aerostatic thrust bearings is better
as a diameter of multiple orifice restrictors decreases. This
work is based on the experimental and simulation design of
porous aerostatic thrust bearing. Simulation is performed for
orifice and multiple orifice aerostatic thrust bearing. In the
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(a) (b) Stiffness 0.5MPa (c)

FIGURE 14: Stiffness versus film thickness (h) of multiple orifice restrictor of the bearings.

(a) (b) (c)

FIGURE 15: Mass flow versus film thickness( h) of multiple orifice restrictor of the bearings.

future we aim to conduct an experimental study on the orifice
and multiple orifice restrictor bearings.

.
Appendixes, if needed, appear before the acknowledg-

ment.
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