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Abstract: Rotor machinery supports are susceptible to fracture arising from multi-period or irregular
transient vibration and even the inconspicuous fatigue phenomenon. The novel dynamic model
of a rotor mounted on the floating ring squeeze film damper (SFD) was developed. The proposed
SFD implements low stiffness and small scale to overcome the deficiency. Based on the theory of
hydrodynamic lubrication, the Reynolds equations on the working principle of the floating ring
are established. Then, the dynamic characteristics of the rotor system during maneuvers, with the
floating ring SFD supports, are subsequently examined by adopting the finite difference method.
In addition, the oil film whirl mechanism of the floating ring SFD is demonstrated according to the
transient analysis of the fluid—structure interaction model. The results of the SFD simulation reveal
that, with increasing eccentricity ratio, both the inner and outer oil film pressure tend to be larger due
to the shrinkage of the effective coverage of oil film. The maximum oil film pressure and bearing
capacity increase nonlinearly within a certain eccentricity ratio range. Through the comparisons
of the results, the vibration suppression effects of the proposed SFD are analyzed. This work will
provide the practical reference for the dynamic design of the rotor support system.

Keywords: squeeze film damper; rotor; fluid—structure interaction; small scale; low stiffness

1. Introduction

The working speed of modern aeroengines is generally above 10,000 rpm, while that
of some small engines is as high as 40,000-50,000 rpm. Operation at high speeds induces
severe dynamic loading with large amplitude journal motions at bearing supports [1].
Simultaneously, there are some large-amplitude response issues, which may cause serious
accidents such as friction between the rotors and rotor fatigue cracks [2]. In order to meet
the utmost desire of adequate critical-speed margin and high stable rotor speed in modern
small aeroengines, squeeze film damper (SFD) bearings are an effective solution to add
viscous damping that aids to attenuate vibration and also serve to isolate the rotors from
the aeroengine frame [3]. Their simplicity of construction and consequent robustness
means that they are commonplace in modern aircraft gas turbine engines [4,5]. Although
SFDs have been frequently used in the turbo-machinery industry, the non-synchronous
vibrations can result in some problems of fatigue [6,7]. Thus, it is a tremendous requirement
to investigate and improve the ring SFD-rotor system dynamics for vibration attenuation
of high-speed small rotating machinery.

The typical and more practical approach in SFD modeling is based on the incompress-
ible Reynolds lubrication equation to describe the relationship between the pressure in
a fluid film and the journal motion. Chen et al. [8] carried out the bifurcation behaviors
of a rigid rotor-squeeze film damper considering the effect of fluid inertia. By changing
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the value of the Reynolds number that reflects the fluid inertia of SFD, the hysteresis set is
moved obviously. Hamzehlouia [9] proposed the pressure distribution model of SFD with
finite length, and the generalized Reynolds equation of hydrodynamic pressure distribution
considering that the inertial effect is obtained. According to the simulation results, the pres-
sure distribution and fluid film reaction forces are significantly influenced by fluid inertia
effects even at small and moderate Reynolds numbers. As in a much earlier work [10],
the pressure distribution in the full oil film was then described by a modified Reynolds
equation. In Ref. [11], modified Reynold equation with short damper approximation was
used to derive the SFD forces for 27r-film. Groves [12] proposed the use of Chebyshev
polynomial fits to identify a finite difference (FD) solution of the incompressible Reynolds
equation. Based on the complex fluid-structure interaction phenomenon inside the ring
SFD, the pressure distribution of the damper oil film and the phenomenon of oil film whirl
are worthy of further study for ring SFDs.

To improve the performance of SFDs, various new design concepts had been proposed.
In Ref. [13], Han proposed a calculation procedure to investigate the dynamic characteristics
and response of an ERSFD-supported rotor system. The study reveals that three effects of
elastic cause the better dynamical performance of ERSFD than SFD and rigid ring squeeze
film damper. Chen et al. [14-18] analyzed the influence of SFD oil film damping, oil
film stiffness, and elastic ring stiffness on the rotor system through theoretical modeling,
numerical calculation, finite element analysis, and so on. Andrés [19] studied the response
of a rigid rotor system supported by SFD under the short-bearing approximation theory.
The study showed that the oil film of SFD can withstand a certain negative pressure.
Ding [20] studied the damping mechanism of SFD and showed that through the elastic
ring deformation, the nonlinearity of SFD can be effectively lightened. Cao [21] established
a rotor system model considering the nonlinear characteristics of SFD and analyzed the
influence of SFD on the bistable response and non-coordinated precession response of the
rotor system. Liu [22,23] used a rotor tester with an SFD to study the influence of the static
eccentricity of SFD on the rotor vibration response and combined the design of SFD with
the rotor dynamics design. Then, the design method of the aeroengine SFD was proposed.
Zhou [24-26] used a two-way excitation tester to test the influence of the oil film width
and oil film gap of SFD on its damping coefficient. In addition, experiments and numerical
simulations on the damping mechanism of the floating ring SFD and the dynamic response
of the rotor system were also carried out. As mentioned above, most works on ring
deformation of SFD are based on vibration response analysis and identification. It is hard to
observe the oil film distribution, bearing capacity, and deflection angle through experiments.
Thus, this paper develops the dynamic analysis of the small-scale and low-stiffness floating
ring SFD.

The SFD has highly nonlinear characteristics, which creates high-amplitude bi-stable
and nonsynchronous responses for the rotors. The large-amplitude response can result in
rotor rubs and fatigue [27]. The rotating machinery support of the aeroengine will endure a
severe bad working condition when the aircraft operates at high speeds. Correspondingly,
the rotor machinery support is wrecked by fatigue fracture under the effect of multi-period
or irregular transient vibration and no apparent phenomenon before fracture. It majorly
depends on support damper stiffness and damper mass. Therefore, the objective of the
present work is to examine the stability of the small-scale and low-stiffness floating ring
SFD mounted on the rotor system.

The research of this paper addresses the dynamic analysis of the small-scale and
low-stiffness floating ring SFD. It combines the relative strengths of the small scale and low
stiffness and uses two techniques to overcome their deficiency. Based on the perspective of
theory and simulation, the vibration attenuation mechanism and the oil film whirl mech-
anism of the model are revealed according to the analysis of the transient characteristics.
The numerical results provide useful insights into the design and development of a floating
ring SFD for rotating machinery that operates at high speeds.
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2. Theoretical Method and Physical Model
2.1. Solution of Oil Film Reynold Equation
2.1.1. Reynolds Equation

The Reynolds equation of incompressible fluid in a cylindrical coordinate system is
defined by the classical lubrication theory [20].

1 0 ,30p 0, 30p - oh  oh

z2og W ag) T (M 50) = 6upsg + = M
where R is radius, P the oil film pressure, k the oil film clearance, i the fluid viscosity, z
and 6 are the axial and circumferential coordinates. e and ¢ are the journal eccentricity and
deflection angle.

Figure 1 illustrates the positional relationship of the various parts of the floating ring
bearing when the journal whirl is eccentric. The solid line is the initial position, the dashed
line is the changed position, C; and C; are the initial clearances of the inner and outer
oil films, r(0) is the radial deformation of the floating ring, and h; and h; are the oil film
clearances of the inner and outer layers, respectively. e is the eccentricity of the journal with
respect to the bearing.
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Figure 1. The swirling form of the floating ring squeeze film damper.

The clearance of the inner oil film can be estimated as
hi1(0) = C; +ecos®+r(0)
% = g—g —esinf 2)
5t = % +écosf

The clearance of the outer oil film can be expressed as

=% ©
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For the convenience of the finite difference method, introducing non-dimensional
parameters A = 2z/1, H; = h;/Cq, P = pClz/ 20;4;’2, I is the axial width of the floating ring.
The influence of the deformation of the floating ring is ignored here. Equation (1) can be
rewritten as follows:

0 (pOP, 2R20  ,0P,  OH 6 0H

a0 30! T ) x M o) =65x T e ot @
Equations (2) and (3) are estimated as
{Hl(G) =1+ w(0) +ecosb 5)
Hy(0) = c3 —w(0)

where € = ¢/Cyq, c3 = C»/C; is the eccentricity ratio and w(f) is the deformation function of
the floating ring.

2.1.2. Equation of Motion

The inner and outer oil film pressures in the oil cavity can be equivalent to the resultant
force in two vertical directions, radial force F,, and circumferential Fy, which can be
converted into horizontal force Fy and vertical force F;, through coordinate transformation.
Assuming that a single-disk symmetrical rigid rotor is supported by floating ring SFDs at
both ends, the equation for the system dynamics becomes [20]

mx + kyx + c1x = emQ? cos Ot + Fy 6
{ mij + koy + cox = emQ?sinQt + F, + G ©

where G = myg is half of the gravity of the turntable, k; and k, are the equivalent stiffness of
the elastic support, c; and c; are equivalent damping which are under different pedestal
contact statues of SFD, e is the eccentricity of the disc, and w is the rotation without
measuring the excitation frequency. Fy and Fy are oil film forces along x and y directions. If
the displacement and time quantities T = wt and X = 2x/] are introduced, and the simplified
Equation (6) is substituted into the dimensionless system dynamics equation, it may be
given that

X+ w?X+mX = i—flcosr—i- —2F;

@)

Y + wp?Y + mpY = %sinT—i— ﬁl—ﬂy—kl%gz

where w; = /k;/(mQ?), n; = c¢;/(mQ?),i=1,2.

2.1.3. Solving Method

The internal surface of a cylindrical bearing is flattened into a two-dimensional rectan-
gle and the rectangle plane is partitioned. Then, several meshes are divided along with the
axial and circumferential directions. The pressure value on each grid node is constituted by
the difference quotient of each order, which approximately replaces the partial derivative
of each order in the Reynolds equation. The continuous partial differential equation is
discretized into n algebraic equations. Then, the pressure value at each node is solved
iteratively. The pressure value obtained by the solution can approximately represent the
pressure distribution of the oil film in the oil cavity. Figure 2 depicts the obtained discrete
grids of the oil film.
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Figure 2. Discrete grid of the oil film.

The grid nodes are numbered sequentially in rows and columns. The number of rows
along the axis is coded as j, and the number of columns along the circumferential direction
is coded as i. It is uniformly divided into n grids along the axial direction,j=1,2,... ,n+1,
where j =1 and j = n + 1 are the same points. It is evenly divided into m grids along the
circumferential direction,i=1,2,... ,m +1,wherei=1 and i = m + 1 are the same nodes.
Then, the length of each grid in the axial direction is AA = A; — A;_; =2/n and the length
of each grid in the circumferential direction is A8 = 0; — 6;_1 = 2R/m. The coordinate
number of each node is (i, j), and the pressure value on each node is represented by P; ;.

The partial derivative of the pressure on each node can be approximately equal to the
pressure value of its adjacent nodes through the central difference, which can be deduced as

oP\_ Piyrj—Piaj 9P, _ Bij—DBiju

(%)i,j 2A0 ! (a/\)i,j - 2AN ®)

Equation (8) is the classical five-point difference format. In order to improve the
calculation accuracy, it is required to use the half-step difference method, as shown in
Figure 3.

A
@i il
i, j-1/2
[ 4 @ @ 0
i-1, j i-1/2, i, j i+1/2, j i+l, j
i, j-1/2
® i, i

Figure 3. Half-step difference method.
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Equation (4) can be solved under the rectangular coordinate [28]

d,.30P  2R?%09 , 9P, 9H
%( %)JF(T) ﬁ( ﬁ)— R )

The first derivative is obtained as

ae)i%,j* i+3,j  AB

(H%)

P i.—P:. i i—Pi 1
= H3,, P (3P, 1= H3, g 2o (10)

P 1—P:
= H3 M/(HB?TIH’)
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The second derivative gives the following expression as

H3
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RS Vi ¥ 12
00 AO

Substituting Equations (10)—(12) into (9), the Reynolds equation can be obtained as [20]
Aij(Piy1); + Bij(Pic1); + Cijj(Pij1), + Dij(Pij-1); + Eij(Pij), = (Fij), (13)
Among them, the following items are included

H° HS H5

H3
o1 1 | co 1
o it g imad o (2RN\2 Gty oy (2R\2 i
Aij= g Bij= g~ Cij = (T) 2 Dij = (T) 35
H 1.—H. 1. . 14
i+5, i—5,
(Fi,]') 6 ZJA(-) 2/ + 6¢ecos 6 ( )

RIy
Eij=Aij+Bij+Cij+ D

where (P; )1 and (P; ), are the oil film pressures of the inner and outer layers, respectively,
and A; ; to F; ; are the equation coefficient matrices. The final dimensionless expression of
the oil film pressures of the inner and outer layers is derived as

A;j(Pia,j) + Bij(Pi1;) + Ci j(Pyjr1) + Dij(Pij—1) — (F;j)
(Pj) = E (15)
i,j

P, of all nodes is expressed by the above formula, and a set of (m — 1)(n — 1) inhomo-
geneous linear equations can be formed. According to the Reynolds boundary condition:
the lubricating oil film is continuous between the start point and the end point of the oil film
pressure in the circumferential direction of the journal. Then, some boundary conditions
are defined, in which A =0, and at 8 = 0, P = 0. The equations are measured to get the
pressure distribution P}’]- ; then, it is regarded as the initial value of the next iteration. The
iteration termination condition can be obtained as

v | p) _ plk=1)
jgz Ez KA
TR < 4, (6 generally go to around 1072) (16)
L Y|P,
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Dimensionless oil film pressure
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2.2. Numerical Results
2.2.1. Oil Film Pressure Distributions

The dimensionless oil film pressure P is obtained using the two parameters of width-
to-diameter ratio and eccentricity. According to the foregoing, the oil film pressure inside
and outside the floating ring bearing is derived.

Figures 4 and 5 present the selected pressure distribution of the inner and outer oil
films during one period of the journal’s whirl. After the cylindrical oil cavity is expanded
into a plane, the three-dimensional distribution of the non-dimensional oil film pressure
calculated is approximately a continuous parabola. In the wedge-shaped convergence zone,
the dimensionless oil film pressure gradually increases from zero to the maximum pressure
value, and then the oil film pressure begins to drop to zero. Still under the Reynolds
boundary condition, the oil film pressure remains at zero in the divergence zone. The oil
film pressure value is varied under different eccentricity conditions. Note that the oil film
pressure is larger when the eccentricity is greater. The corresponding oil film damping will
also increase, which leads to a subsequent reduction in journal vibration.

x1072

Dimensionless oil film pressure

x1073

0.003 0015

0.002 0.01

0.001

0.000
50

40
30

Dimensionless oil film pressure

"~ 60

}\»\'."“\

(o) (d)

Figure 4. Oil film pressure distributions of the inner oil film. (a) e = 0.1, ratio=0.5; (b) e = 0.3,
ratio = 0.5; (c) e = 0.1, ratio = 0.3; (d) e = 0.3, ratio = 0.3.

2.2.2. Oil Film Bearing Capacity and Deflection Angle Calculation

The bearing capacity of the lubricating oil film versus for the journal and the floating
ring provides lubrication and damping effects, with less friction and vibration. According
to the oil film pressure distribution, note that the bearing capacity of the oil film inside
and outside of the floating ring bearing is derived from the vector sum of the oil film force
of each micro-element area of the bearing working surface. Based on the analysis of the
working principle of the floating ring, the line of action of the bearing capacity of the inner
oil film passes through the center of the journal and the center of the floating ring.
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Figure 5. Oil film pressure distributions of the outer oil film. (a) e = 0.1, ratio = 0.5; (b) e = 0.3,
ratio = 0.5; (c¢) e = 0.1, ratio = 0.3; (d) e = 0.3, ratio = 0.3.

After the dimensionless oil film pressure is measured in the oil cavity, the dimension-
less bearing capacity W of the oil film can be obtained by integrating the oil film force on
each micro-unit area of the bearing working surface. The calculation formula is written as

1 27
W, = / PdgdA (17)
-1Jo
1 2n L
Wy = [2; [; PcospdpdA = Y. Y. P;;cos g;ApAA
j=1li=1

(18)
W, ——fl f2ﬂPsin dedA = §n m§ P; i sin @; ApAA
y -1Jo pap = ij SIN QAP

where W, g is the bearing capacity under the cartesian coordinates and Wy, is the bearing
capacity under the polar coordinate.
The dimensionless oil film bearing capacity is defined as

W = /W2 + W,2 (19)

The deflection angle of the sliding bearing can be obtained as

Wi
0 = arctg— (20)
Wy

Figure 6 depicts the results of the maximum oil film pressure, bearing capacity, and
deflection angle with eccentricity. The evolution of the maximum oil film pressure is

close to linear growth in the case of a small eccentricity, as shown in Figure 6a. When
the eccentricity exceeds 0.5, the maximum oil film pressure increases sharply with the
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Dimensionless maximum oil film pressure

e
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increase in eccentricity, showing a non-linear increase. Also shown in Figure 6b is that
the dimensionless bearing capacity of the oil film increases linearly in the case of small
eccentricity. In comparison with Figure 6a, the bearing capacity increases sharply and
grows nonlinearly in this instance of the eccentricity exceeding 0.5. The oil film squeezing
effect is significantly enhanced, and it will show strong nonlinear characteristics. In the
case of large eccentricity, the oil film may rupture, and the journal and the floating ring may
be in direct contact at some locations. Figure 6¢ depicts that the deflection angle decreases
linearly with the increase in eccentricity.
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Figure 6. The maximum oil film pressure, bearing capacity, and deflection angle. (a) The maximum
oil film pressure. (b) The oil film bearing capacity. (c) The deflection angle.

The dimensionless maximum oil film pressure, bearing capacity, and deflection angle
curves during one period are presented in Figure 7. Note that both the maximum oil
film pressure and bearing capacity are closed due to the actions of the width-to-diameter.
The wider the bearing, the greater the oil film pressure at the center of the wedge-shaped
convergence zone. On the contrary, the deflection angle changes slightly with the increase
in the width-to-diameter ratio.
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Figure 7. The dimensionless maximum oil film pressure, bearing capacity, and deflection angle.
(a) The maximum oil film pressure. (b) The oil film bearing capacity. (c) The deflection angle.

2.3. Process of Modeling

The structure of the simplified rotor-bearing system is shown in Figure 8. This model
basically consists of two bearings including the ring SFD and a shaft, a disk 1, and a disk 2.
Figure 9 shows that the ring SFD is composed of the floating ring, and the inner and outer
oil films. Six holes are evenly spaced on the whole circumference of the floating ring. Based
on the model proposed above, the lubricating oil flow channel between the inner and outer
oil chambers is built. Then, the flow rate of lubricating oil between the inner and outer
membranes through the oil holes and the pressure transmission characteristics of the oil
film can be highlighted.

Disk2

Figure 8. The floating ring bearing-rotor system FEM model.
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Figure 9. Schematic diagram of the inner and outer oil film channels.
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The connection between the rotor and the bearing is based on the “multi-physics
coupling characteristics”. The force transmission between the bearing and the rotor can
be used to describe the behavior of the hydrodynamic pressure effect. In this simulation
calculation, the stress and deformation of the floating ring are neglected. The centroids of
the two disks are set to offset 6 x 1077 m from the center to the z-axis direction. Due to
factors such as gravity and errors of assembly, the position is set to be approximately equal
to the mass unbalance and eccentricity of the rotor system. From the final calculation results,
note that the system has reached a steady state before 0.05 s. Therefore, it is reasonable to
set the analysis time as 0.2 s in the numerical simulation. Known from the result of the
simulation, the rotor speed is 8000 rad /min while the time step is 5 x 10~* s. Thereby, the
backward difference formula solution method is selected. The floating ring bearing adopts
a full-floating model. With the Sommerfeld hypothesis taken into account, the solution

result can be compared with the Reynolds boundary conditions.

Table 1 shows the geometric parameters, material parameters, and settings of the
floating ring bearing-rotor system, and the attribute parameters of the floating ring are

shown in Table 2.

Table 1. Model parameters of the rotor system.

Parameter Name Numerical Value Parameter Name

Numerical Value

Young’s modulus 205 GPa Poisson’s ratio
Rotor material density 7800 kg/m?3 Length of the rotor, L
Position of disk 1 0.1L Position of bearing 1
Position of disk 2 09L Position of bearing 2
Quality of disk 1 l4kg Quality of disk 2

Lateral moment of inertia of disk 2
Polar moment of inertia of disk 2

Lateral moment of inertia of disk 1
Polar moment of inertia of disk 1

6.3 x 10~* kg-m?
1.26 x 10~ kg-m?

0.3
0.15m
03L
07L
1.0kg
4.5 x 1074 kg-m?
9 x10°* kg-m2

Table 2. Floating ring bearing parameters.

Parameter Name Numerical Value Parameter Name

Numerical Value

Quality of the floating ring 0.02 kg Outer gap
Outer radius of the floating ring 9 mm Inner gap
Inner radius of the floating ring 6 mm

Lubricating oil viscosity
Length of the floating ring 0.01 m -

0.08 mm
0.02 mm
0.06 Pa-s
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The rotor model in this section is meshed with Timoshenko beam elements. The
beam element is a one-dimensional line element in space, which can resist certain linear
deformation and has high calculation efficiency. At the cantilever end of the beam rotor
and the outer end of the disc, the rotor only bears its gravity, and the force is small.
Thus, it can be divided into fewer beam elements. Finally, the entire rotor is divided into
100 beam elements.

The meshing of the oil film in the inner and outer layers of the floating ring: consider-
ing the existence of oil holes, the oil film in the inner and outer layers of the floating ring
can be divided into two parts: the edge of the oil film and the middle flow channel. The
edge of the inner and outer oil film uses a quadrilateral mesh, which is evenly divided into
15 nodes in the circumferential direction and four nodes in the axial direction. The free
triangular mesh is used for the intermediate flow channel part, and the final meshing result
of the floating ring-rotor system is shown in Figure 10. The partial diagram of the inner and
outer oil film grid is shown in Figure 11. The largest element is 8.25 x 1073 m, the smallest
elementis 6 x 10~% m, the largest element growth rate is 1.4, and the curvature factor is
0.4. There are 2816 triangle elements, 960 quadrilateral elements, 1480 edge elements, and
167 vertex elements. The minimum element quality is 0.4615, the average element quality
is 0.8627.

5
DOGT,

ib

Figure 11. Partial diagram of inner and outer oil film grid.

3. The Numerical Simulation of the Floating Ring Rotor System
3.1. Analysis of Oil Film Pressure Distribution and Fluid Load

The oil film pressure distribution of the inner and outer layers of the floating ring at
the steady state of 8000 rad /min is shown in Figure 12. There are two obvious pressure
concentration zones in each oil film. Blue represents the pressure divergence zone, namely
negative pressure. Red represents the pressure convergence zone, namely positive pressure.
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(a) (b)

Figure 12. Oil film pressure distribution of the inner and outer layers of the floating ring. (a) Oil film
pressure distribution of floating ring 1; (b) oil film pressure distribution of floating ring 2.

It can be observed from the pressure contour that the maximum oil film pressure of the
inner and outer oil films is located in the middle area of the floating ring. From the inside
to the outside, the pressure decreases gradually, and the pressure at the outer end of the
floating ring is the smallest. The simulation results of oil film pressure are consistent with
the pressure distribution obtained using the numerical method in Section 2. Additionally,
in the area of the minimum oil film clearance, the positive pressure of the oil film transits to
the negative pressure. The wedge-shaped convergence zone forms positive pressure, while
the divergence zone forms negative pressure. In a clockwise direction, the pressure in the
wedge-shaped zone gradually increases from 0 to the peak of positive pressure and then
begins to decrease. It enters the divergence zone through the region of minimum oil film
clearance, and the pressure gradually reaches the peak of negative pressure.

After calculating the oil film pressure distribution, the oil film pressure along the inner
and outer surfaces of the floating ring is integrated. The fluid load components on the inner
and outer surfaces of the floating ring in all directions are obtained, as shown in Figure 13.

T T T

Fluid load (N)
o

\/

vV

Fluid load (N)
drANonsom

-10

|
-
N

-14
. M .

|
'~
L=

0 0.02

0.04 0.06 0.08

orrTTT T T T T

0.02 0.04 0.06

t (s)
(a)

Figure 13. Cont.

(b)

t (s)



Appl. Sci.

2022,12,7167

14 of 20

N
T

IS
T

12 T T T T

Fhud load (N)
N o

=10}

—12

Fhuid load (N)

1

TN f
vvv- | AAA -

1 1

— Fluid load on the ring, Intima. X component

-4
-6
-8
0.02 0.04

()

t (s)

2}
A -ar
- 61 1
i |
0.06 0.08 0 002 0.04 sooe 0.08

(d)

Fluid load on the ring, Intima, Y component  —— Fluid load on the ring, Intima, Z component

Figure 13. The fluid load of the inner and outer layers of the oil film on the floating ring. (a) The fluid
load of the inner of the floating ring 1; (b) the fluid load of the outer of the floating ring 1; (c) the fluid
load of the inner of the floating ring 2; (d) the fluid load of the outer of the floating ring 2.

The following conclusions can be drawn from the figure: (1) The y-direction and
z-direction components of the oil film fluid load inside and outside the floating ring are
distributed in periodic sine waves. There is only a small fluctuation when the initial
instantaneous load increases. (2) There is a phase difference between the inner oil film load
and the outer oil film load. When the inner oil film load reaches the maximum value, the
outer oil film load reaches the minimum value. (3) The fluid load on the floating ring 1
with larger bearing capacity and obvious oil film squeezing effect is greater than that on
the lightly loaded floating ring 2. After reaching the steady state, the peak values of the
fluid load components in the y and z directions received by the inner and outer membranes
of the floating ring 1 are both 17 N. The peak values of the load components received by
the floating ring 2 in different directions are both 9 N.

3.2. Analysis of Floating Ring Fluid Torque and Rotation Speed

When the system is started, the journal starts to accelerate and rotate. The rotation
will drive the oil film in contact with the journal surface to start the shearing flow and
finally drives the inner oil film to flow as a whole. At this time, there is a relative slippage
between the fluid—solid contact wall of the inner oil film and the floating ring. There is
no relative sliding motion at the fluid—structure interface between the outer membrane
and the floating ring. Therefore, the relative sliding speed difference between the inner
membrane and the outer membrane produces a viscous moment acting on the floating ring
to make the floating ring start to rotate.

The fluid torque change on the floating ring is shown in Figure 14. The maximum
fluid torque produced by the inner oil film is 0.035 N-m, which continuously decreases to
0.016 N-m with time. The fluid torque of the outer oil film is initially 0 and continues to
increase to 0.016 N-m with time, which is a negative value. At this time, the inner and outer
oil film fluid moments are in opposite directions. The total moment received decreases
from 0.035 to 0 N-m with time, and the force of the floating ring reaches a balanced state.
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Figure 14. The torque of the floating ring 1.

The speed change of the floating ring is shown in Figure 15. Due to the net torque on
the ring, it starts to accelerate axially, and the speed continues to increase. The subsequent
rotation of the ring reduces the relative slip speed of the ring and the oil film. This result
will lead to a decrease in the viscous force from the inner membrane and an increase in
the viscous force from the outer membrane. The direction of the outer membrane torque
and the inner membrane torque are opposite and cancel each other out. It can also be
observed from the slope change of the ring velocity curve in Figure 15 that the net angular
acceleration of the ring continuously decreases with the acceleration of the ring. Eventually,
the floating ring will reach a stable rotation. When the torque of the outer membrane is
equal and opposite, the net angular acceleration of the ring becomes zero. The force of the
floating ring reaches a balanced state, and the fluid torque drops to 0. Then, the floating
ring will keep rotating at this speed.
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Figure 15. The speed of the floating ring.
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Under the sub-working condition of 8000 rad /min, the floating ring 1 bears a greater
load and the oil film squeezing effect is greater. As shown in Figure 15, the minimum oil
film clearance is smaller and the viscous moment generated on the floating ring is greater, so
the floating ring speed of ring 2 is higher than that of floating ring 1. The maximum angular
velocity of floating ring 2 is 450 rad /min, the maximum rotating speed of floating ring 1
is 430 rad /min, and the rotating speed of floating ring 2 is slightly larger. The maximum
angular acceleration of floating ring 2 is 2.5 x 10* (r/min?). Based on the working condition,
the rotating speed ratio of the floating ring to the rotor is 5.6%. Compared with the rotor
speed, the floating ring only rotates in the oil chamber at a very small speed.

3.3. Analysis of Rotor and Floating Ring Trajectory

The trajectory of the shaft journal center follows from Figure 16. In the initial transient
stage, the rotor is subjected to the oil film force and oil film damping provided by the
floating ring damper, and the vibration is continuously reduced. After a process of rapid
amplitude convergence, the rotor finally reaches the equilibrium state, and a small ampli-
tude convergence is performed around the equilibrium point of the ring. The trajectory of
floating ring 2 converges faster than that of floating ring 1, but the amplitude of the floating
ring 2 in the final equilibrium state is significantly greater than that of floating ring 1.
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Figure 16. The trajectory of the shaft journal center.

The trajectory of the floating ring is drawn in Figure 17. In the initial transient phase,
the decrease in the oil film force is evident when the rotation speed is small, and the floating
ring sinks due to the gravity of the rotor and the turbine disk. It can be learnt from the
plot of the trajectory of the floating ring that the relative maximum sinking amount of
floating ring 1 is 0.5 mm. Simultaneously, the maximum sinking amount of floating ring 2 is
0.35 mm. With the increase in the rotor speed, the oil film pressure and the oil film bearing
capacity tend to increase, and the floating ring starts to float. This process is basically
synchronized with the convergence process of the rotor shaft trajectory and finally reaches
a balanced state.
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Figure 17. The trajectory of the floating ring center.

3.4. Analysis of Oil Film Clearance and Oil Film Flow

The flow rate of the oil hole channel is illustrated in Figure 18 along the squeeze zone
of floating rings 1 and 2. The flow rate is defined as “the mass of fluid passing through the
oil hole per unit time”. During the very short transient start-up process of the system, the
quasi-periodical behavior of the flow is obvious. One finds that the change in the flow rate
is periodic when the system reaches a steady state. The flow rate changes from positive
to negative during one period. The time point where the flow rate is positive indicates
that the channel is located in the positive pressure zone, and the oil film is squeezed out.
The lubricating oil film in the inner cavity is mainly affected by the squeezing effect from
the channel to the outer cavity. On the contrary, the channel is in the negative pressure
zone when the flow rate is negative. The lubricating oil flows from the outer oil cavity to
the inner oil cavity, so as to keep the balance of the lubricating oil flow in the oil cavity.
Simultaneously, one finds that within one period, the positive flow rate has a peak with a
larger value while the negative flow rate has two valleys with a smaller value. Figure 12
illustrates that in the whole oil film pressure distribution, the area of the positive pressure
convergence zone is small and the pressure is large, which includes only one channel, and
the negative pressure zone contains two channels. The maximum flow rate of floating
ring 2 can reach 2 kg/s. In addition, the maximum flow rate of floating ring 1 is 5 kg/s,
which changed significantly and greatly impacts the squeezing performance.

The relationship between the minimum oil film clearance thickness and time is shown
in Figure 19. In the model set, the bearing inner clearance is 0.02 mm, and the bearing outer
clearance is 0.08 mm, which is the initial oil film clearance. From the analysis results of
the above figure, note that the minimum oil film clearance of the inner film of the floating
ring bearing 1 fluctuates very little due to the limitation of the initial gap; the minimum
oil film clearance of the outer film undergoes a significant reduction within 0.02 s of the
initial transient stage. The clearance thickness drops from 0.08 to 0.03 mm and reaches
0.045 mm within 0.02-0.05 s, and then reaches a steady state. The change rule of the
minimum oil film clearance of bearing 2 is similar to that of bearing 1, but the fluctuation
range of the minimum oil film clearance of the outer film is relatively small. The initial
transient state drops from 0.08 to 0.041 mm and then returns to 0.058 mm, reaching a steady
state. The minimum oil film clearance of bearing 2 is greater than that of bearing 1. Within
0.02 s of the initial transient phase, the minimum oil film clearance of the inner oil film
decreases significantly, almost approaching zero. Due to the existence of oil holes on the
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floating ring, after squeezing out too much oil, the clearance of the oil film will continue to
decrease and the pressure of the oil film will increase. This result may cause the oil film to
rupture somewhere in the squeeze zone, and the journal and the floating ring are in direct
contact and friction. At the same time, a strong nonlinear disturbance to the rotor system is
generated, resulting in increased vibration; and the wear of the floating ring will shorten
its longevity.
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Figure 18. The flow rate of the oil hole channel.
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Figure 19. The minimum oil film clearance. (a) Minimum oil film clearance of floating ring 1;
(b) minimum oil film clearance of floating ring 2.

4. Conclusions and Future Work

This paper considered the modeling of the small-scale and low-stiffness floating
ring SFD bearings commonly used in the aeroengine rotor support system. Based on the
perspective of theory and simulation, the oil film pressure distribution, fluid—structure
coupling dynamic characteristics, and elastic ring support stiffness of the ring SFD-rotor
system were identified. The main research contents and conclusions are as follows:

(1) The inner and outer oil film pressure distribution of the floating ring was investigated:
the maximum oil film pressure keeps increasing with the increase in eccentricity,
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and it increases linearly with small eccentricity and increases non-linearly with large
eccentricity exceeding 0.5. The bearing capacity of the oil film increases with the
increase in eccentricity. The squeeze effect of the oil film is significantly enhanced,
showing a strong nonlinear effect. The deflection angle decreases linearly with the
increase in eccentricity. With the increase in the aspect ratio, the maximum oil film
pressure increases linearly. The bearing capacity of the oil film also increases linearly
with the increase in the aspect ratio.

(2) Inthe balanced state, compared with the rotor speed, the floating ring rotates in the
oil cavity at a very small speed. The results of the shaft trajectory and floating ring
trajectory changes during the rotor start-up speed-up process show that the ring SFD
has a significant effect on regulating rotor vibration, and the rotor shaft trajectory
quickly converges to a balanced state and then whirls slightly in the ring. These results
may encourage further work based on enhancements of the theoretical model in test.

(38) The conclusions will be used to verify the theoretical results, and the influence of
other parameters of SFD will be evaluated in the future. To comprehensively and
deeply study the nonlinear dynamic behavior of the small-scale and low-stiffness ring
SFD, the structural parameters of the ring SFD should be carefully selected to acquire
a good vibration reduction performance.
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