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Abstract
In this paper, an effective tool based on harmonic balance method to assess the
forced response of these systems under parametric changes is developed. A
flexible rotor with multiple masses supported on a squeeze film damper at one
end is investigated and modeled using finite element method. The forced
response of this asymmetrically supported system is calculated using the
harmonic balance method with a predictor-corrector procedure by changing
unidirectional loads, stiffness of centering spring of the damper and the
gyroscopic effects of the disks. It is observed that under large unbalance forces,
jump phenomenon occurs due to the nonlinear forces of SFD which indicates
the presence of multiple harmonics within the response of the SFD operating at
high eccentricity ratios and shows the insensitivity of the damper to surrounding
gyroscopic variation.
Keywords: Squeeze film damper, Unbalance response, Harmonic balance method.

1. Introduction
Squeeze film dampers are the shock absorbers of turbomachinery. The trend of
high-speed and high-power density of modern turbines requires reliable operating
conditions avoiding vibration and stability problems. Squeeze film dampers, due
to their ability to improve those performances, has been widely employed in these
machines for over five decades [1-3]. Meanwhile, the nonlinearity introduced
within the application continues to draw the interests of researchers and engineers
in the field of rotordynamics.
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Nomenclatures
C
c
e
F
𝑓𝑥 , 𝑓𝑦
𝐺
h
𝐼𝑝
K
k
L
M
𝑀2
𝑝
R
r
𝑠
𝑇
𝑡
𝑈
𝑋𝑜
𝑋𝑐𝑖
𝑋𝑠𝑖
𝑥, 𝑦
𝑥̅ , 𝑦̅
𝑧

Damping matrix, N. s/m
Damper radial clearance, m
Eccentricity ratio, 𝑒 = √𝑥 2 + 𝑦 2 , m
External force vector, N
Damper forces, N
Gyroscopic matrix, N. s 2 /m
Film thickness, ℎ = 𝑐 − 𝑥 cos 𝜑 − 𝑦 sin 𝜑, m
Polar inertia of disk, N. s 2 /m
Stiffness matrix/stiffness, N/m
Number of harmonics included
Damper axial length, m
Mass matrix, kg
Ball bearing mass, kg
Pressure, Pa
Damper radius, m
Radial direction of polar coordinate
Step length to ensure the continuity
Tangential direction of polar coordinate
Time, s
Unbalance, g-mm
Constant terms in Fourier series, m
Cosine terms of the Fourier coefficients with ωi, m
Sine terms of the Fourier coefficients with ωi, m
Components of Cartesian coordinate/displacement, m
𝑥
𝑦
Components of Cartesian coordinate/displacement, 𝑥̅ = ,𝑦̅ =
𝑐
𝑐
Axial direction, m

Greek Symbols
Eccentricity ratio
𝜀
µ
Lubricant viscosity, Pa. s
𝜌
Density, Kg/m3
Angle in polar coordinate, rad
𝜑
Rotational speed, rpm
𝛺
ωi
ith frequency included for analysis, rad/s
Subscripts
Α
Β
FL
FNL
I
J
1
2

Integer, 1,2
Integer, 1,2
Fourier coefficients of linear external forces
Fourier coefficients of nonlinear external forces
Integer, number of harmonics
√−1
Linear part
Nonlinear part

It is a common practice to assume that the journal in squeeze film damper
whirls in a centered circular path with the same frequency as that of the shaft
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rotation, namely, Circular Centered Orbit (CCO). Gunter et al. obtained linearized
coefficients of SFDs used in aircraft engines. Similarly, San Andres and Vance
[3] examined the force coefficients of an open-ended damper executing offcentered circular orbits with small amplitudes. More recently, Ertas et al. [4]
applied linearized coefficients method to model a damper for unbalance response
analysis of a rigid rotor. The presentation of SFD’s nonlinear forces with linear
coefficients is limited to simple rotor-bearing systems and small motion ranges.
To understand the complete characteristics of the nonlinear forces, Taylor [5]
and Cookson [6] modeled the damper forces with a fourth order Runge-Kutta
integration method to find the nonlinear response of a rotor-bearing system
supported on centered, short and off-centered SFDs. With the same procedure,
Sykes and Holmes [7] achieved the effects of bearing misalignment on the response
of a damper supported rotor, and captured the nonlinear jump phenomenon under
different cavitation pressures. Although the direct integration of the damper force in
the time domain can include a complete model for rotordynamic analysis, the
execution is time consuming, especially for large order systems.
Nataraj and Nelson [8] avoided the disadvantage in time domain by assuming
that the displacement has trigonometric form and adopting Trigonometric
Collection Method (TCM) for the analysis of uncentered squeeze dampers
supporting an axially symmetric rotor. Zhao et al. [9] extended the method to a
rotor with 6-DOFs supported on two short squeeze film dampers for both forced
response and stability analysis. The convergence of the nonlinear iteration was
improved with initial variables having a linear polynomial form. Shiau and Jean
[10] used the Harmonic Balance Method (HBM), which has the same
displacement form as TCM, to obtain periodic responses of large order nonlinear
systems. Their analysis indicated the presence of ultra-sub, sub, super and ultrasup harmonic components in the results. Similarly, Hahn and Chen [11] obtained
the dynamics of a multi-DOFs rotor-bearing system, also using the HBM. The
rotor-bearing systems documented above are limited to simple rotors with
symmetric bearings. Bonello, Brennan, and Holmes [12], in the discussion of
nonlinear modeling of rotordynamic systems with squeeze film dampers,
modified the HBM by introducing receptance matrices between displacements
and forces and applied the approach to an over-hung rotor. Later, the method was
employed to an aeroengine rotor for forced response and stability analysis [13],
without including the gyroscopic effects.
The journal inside the squeeze film damper is prevented to rotate. In the lack
of rotational lift off motion, a centering mechanism is utilized [14]. This centering
mechanism (or spring) provides supporting stiffness and dictates the effective
damping property of SFD. Dousti et al. [2, 14] modeled the dynamic behaviour of
elastomer O-ring seals as a centering element of SFDs. The use of O-ring seals, as
centering spring in addition to their sealing purposes, is more practical in low
weight rotors. In larger machines a flexible structure or mechanical spring plays
this role. The impellers (disks) dictate the majority of shaft weight and often are
considered solid with natural frequencies much higher than those of the rotor’s
[15]. The heavy load on SFDs can violate the CCO assumption.
An extensive experimental study is conducted by San Andres [16, 17] to show
the importance of inertia effects in squeeze film dampers. Dousti also showed the
effect of inertia and its appearance in groove SFDs [18]. Adilleta and Della Pietra
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[19, 20] provided a comprehensive review of the relevant analytical and
experimental work conducted on SFDs.
In the present study, the Harmonic Balance Method is used in the dynamic
analysis of a flexible rotor with a finite element model. An improved iteration
method with predictor-corrector procedure is applied to a condensed set of
equations of motion to improve the computational efficiency. The forced
system response under different parameters, such as external loads, supporting
stiffness and gyroscopic effects, are investigated to show the influence of the
squeeze film damper.

2. Rotor Dynamic Model
Equations of motion of a SFD equipped flexible rotor can be expressed as
[𝑀]𝑥̈ (𝑡) + [𝐶 + 𝛺𝐺]𝑥̇ (𝑡) + [𝐾]𝑥(𝑡) = [𝐹(𝑡)]

(1)

where x(t) is displacement vector having N components, with N the number of the
degrees of freedom of the entire system.
In the above equation, F(t) is the external forces acting on the system,
including both linear and nonlinear forces. The linear part consists of the
unbalance forces and gravity. The nonlinear effects for the current system come
from the hydrodynamic forces of SFD.
The HBM approach approximates the displacements as the summation of
components with different frequency contents, indicated as
𝑥(𝑡) = 𝑋0 + ∑𝑘𝑖=1[𝑋𝑐𝑖 cos(𝜔𝑖 𝑡) + 𝑋𝑠𝑖 sin(𝜔𝑖 𝑡)]

(2)

Substituting the above equation into Eq. (1) and balancing the frequencies on
the sides yield new equations in frequency domain as
[𝐾]𝑋0 = 𝐹̃𝑐𝑜𝑛𝑠𝑡

(3)

([𝐾] − 𝜔𝑖2 [𝑀])𝑋𝑐𝑖 + 𝜔𝑖 [𝐶 + 𝛺𝐺]𝑋𝑠𝑖 = 𝐹̃𝑐𝑜𝑠

(4)

([𝐾] − 𝜔𝑖2 [𝑀])𝑋𝑠𝑖 − 𝜔𝑖 [𝐶 + 𝛺𝐺]𝑋𝑐𝑖 = 𝐹̃𝑠𝑖𝑛

(5)

where 𝐹̃𝑐𝑜𝑛𝑠𝑡 , 𝐹̃𝑐𝑜𝑠 and 𝐹̃𝑠𝑖𝑛 are the Fourier coefficients of the external forces of
the rotor-bearing system, representing constant, cosine and sine terms,
respectively. To this point, the original implicit equations of motion in the time
domain are replaced with the new implicit linear algebraic equations in the
frequency domain. This increases the total number of the unknowns from N to
N(2k+1). To eliminate the number of unknowns to be solved for directly, a similar
condensation procedure introduced by Hahn [11] is applied to Eqs. (3), (4), and
(5) in complex form for simplicity. Based on this method the complex vector R is
defined as
𝑋0 , 𝑖 = 0
𝑅={
𝑋𝑐𝑖 + 𝑗 𝑋𝑠𝑖 , 𝑖 = 1,2, … 𝑘

(6)

Rearranging Eqs. (3), (4), and (5) by separating the linear and nonlinear parts
gives leads to the following equations for each frequency,
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𝑃12 𝑅1
𝐹1
] { } = {𝐹𝐿2 } + {𝐹02 }
𝑃22 𝑖 𝑅2 𝑖
𝑁𝐿 𝑖
𝐿 𝑖

(7)

[𝑃𝛼𝛽 ]𝑖 = [𝐾𝛼𝛽 ]𝑖 − 𝜔𝑖2 [𝑀𝛼𝛽 ]𝑖 − 𝑗𝜔𝑖 [𝐶𝛼𝛽 ]𝑖

(8)

[

𝑃11
𝑃21

From Eq. (7), a condensed equation will be available for the displacement of
nonlinear part {𝑅2 } as
2
{𝑅2 }𝑖 = [𝑈]−1
𝑖 ({𝐹𝑁𝐿 }𝑖 − {𝑉}𝑖 )

(9)

where the terms on the right hand side are
−1 ][𝑃 ]
[𝑈]𝑖 = (−[𝑃21 ][𝑃11
12 + [𝑃22 ])𝑖

(10)

−1 ]{𝐹1 }
2
{𝑉}𝑖 = ([𝑃21 ][𝑃11
𝐿 − {𝐹𝐿 })𝑖

(11)

An iterative procedure will be carried out on the n DOFs of the nonlinear parts
only, which is usually fewer than the N DOFs of the entire system. The solution
of the linear components {𝑅1 } is available readily from Eq. (7) when the 𝑛(2𝑘 +
1) unknowns of {𝑅2 } are obtained. Thus, the main effort required to implement
the Harmonic Balance Method is only conducting the iterations to get the
displacements of the nonlinear parts. The efficiency of this iterative algorithm
dominates the overall computational speed of this method. One of the major
factors influencing the speed is the initial guess. The further away the initial
values are from the solution, the longer it takes for the iterative procedure to
convergence. An inappropriate initial guess may also lead to divergence. The idea
of homotopy [21] can be adopted to get closer initial guess for the first solution.
For this particular problem of rotordynamic systems, the unbalance responses
without nonlinear components (using linearized squeeze film damper coefficients)
are ideal initial guesses. Even for unsupported-damper systems with the
consideration of gravity, the responses from a linearized system analysis without
gravity can be the first solution set. It is then followed by a piecewise increment
to full-load. For each step of iteration, a root finding method such as the NewtonRaphson is utilized.
A predictor-corrector procedure is employed to find the next solution, once the
first iteration results are available. In the current analysis, the predictor of the next
step is obtained using a pseudo-arc length continuity model [22] as given in Eq.
(6). This predictor is then corrected with Newton-Raphson method.
∑𝑛𝑙=1 (𝑦𝑙 − 𝑦𝑙 (𝑠𝑗 ))

𝑑𝑦𝑖 (𝑠𝑗 )
𝑑𝑠

+ (𝜆 − 𝜆(𝑠𝑗 ))

𝑑𝜆(𝑠𝑗 )
𝑑𝑠

= 𝑑𝑠

(12)

Together with Eq. (5), the total 𝑛(2𝑘 + 1) + 1 unknowns are found by solving
𝑛(2𝑘 + 1) + 1 equations, with ensured continuity of all the solutions over
interested range of parameter λ.
Another factor affecting the computational results during the iteration is the
number of frequencies included in the Harmonic Balance Method. In present
analysis, a group of harmonics from sub- to super- is included for the initial guess
(or the predictors). Then, based upon their component amplitudes, as compared to
the damper clearance, the important components will be kept for the corrections
within the current step.
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3. Squeeze Film Damper Model
Figure 1 depicts the side view of a squeeze film damper. The squeeze film
lubricant is considered to be Newtonian, laminar, and with inertia included. We
follow the method by Dousti et al. [23, 24] by adopting the short bearing
assumption in order to simplify the solution of Reynolds equation. Thus, the
reduced Reynolds equation with the inclusion of temporal inertia which is
pertinent to SFDs reads
𝜕
𝜕𝑧

(ℎ3

𝜕𝑝
𝜕𝑧

) = 12𝜇

𝜕ℎ
𝜕𝑡

+ 𝜌ℎ2

𝜕2 ℎ

(13)

𝜕𝑡 2

Fig. 1. Axial view of SFD.
The solution of the above equation, 𝑝(𝜑, 𝑧), is analytically available [23].
Additionally, Dousti et al. calculated the pressure profile and the generated forces
using a CFD technique [25]. Be noted that in this study, the cavitation
phenomenon is considered by suppressing the negative part pf pressure profile.
Thus, the nonlinear hydrodynamic forces generated by the damper are
𝑓𝑥

𝐿

2𝜋

{ 𝑓 } = ∫0 ∫0 {
𝑦

𝑝(𝜑, 𝑧)𝑅 cos 𝜑 𝑑𝜑 𝑑𝑧
𝑝(𝜑, 𝑧)𝑅 sin 𝜑 𝑑𝜑 𝑑𝑧

}

(14)

Note that the harmonic balance method is carried out in frequency domain
instead of the time domain. To avoid complicated direct Fourier transformation of
Eq. (9), the nonlinear forces are integrated in time domain before being
transferred to the frequency domain. With this alternating procedure, more
complex damper models, such as piston-ring or O-ring sealed dampers, can be
applied without much additional effort using a similar method.
To this point, the overall calculation process for the forced response of
squeeze film damper supported systems using harmonic balance method is
displayed as shown in the flow chart in Fig. 2.
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The aforementioned
methodology
is applied to aisflexible
rotor with
disks. rotor
The
aforementioned
methodology
applied
to athree
flexible
The rotor is modeled using finite element method as depicted in Fig. 3. The rotor,
with three
disk.
Theis rotor
is on
modeled
using
finite (Brg1
element
method as
having 24
elements,
supported
two identical
ball bearings
and Brg2),
whichinhave
1.05e8
N/m. 24
Brg2,
as shown is
in supported
the figure, is on two
depicted
Fig.stiffness
3. Thearound
rotor,
having
elements,
connected in series to a centered squeeze film damper. The geometry and
identical
ball bearings (Brg1 and Brg2), which have stiffness around
operating conditions of the damper are listed in Table 1.
600,000Three
lbf/in.
Brg2, as shown in the figure, is connected in series to
identical disks, D1, D2 and D3, with 𝑀𝐷 = 3.4 kg and 𝐼𝑝 = 9.3𝑒 −
a centered
squeeze
film ondamper.
The
and operating
3 kg. m2 each,
are mounted
the shaft. The
ball geometry
bearings are assumed
to
have
very
high
stiffness
compared
to
the
squeeze
film
damper.
The
damper
is
conditions of the damper are listed in Table1.
considered to have two translational DOFs along 𝑥, 𝑦 directions only and is
not misaligned. The overall system has 100 DOFs from the rotor and 2
Table!1.!Damper!Geometry!and!Operating!Conditions
additional
from the damper. Based on Eq. (9), the number of the equations
required
to
solved iteratively
the number of
Journal be
Diameter
(mm) is 2(2𝑘 + 1), where 𝑘 equals
76.2
the included harmonics.

Radial Clearance (mm)

0.254

In this section, the dimensionless displacement in the squeeze film damper

Axial Length (mm)
√𝑥 2 +𝑦 2
𝜀=
Lubricant
𝑐

25.4
ISO VG 32

(15)

is reported in Figs. 4-19. In Eq. (15), 𝑐 presents the SFD clearance. Different
parameters are varied in order to investigate the behaviour of squeeze film
damper under different operating conditions [26-28].
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Table 1. Damper geometry and operating conditions.
Journal Diameter (mm)
Radial Clearance (mm)
Axial Length (mm)
Lubricant
 = 865 kg/m3

76.2
0.254
25.4
ISO VG 32
𝝁 = 𝟎. 𝟎𝟐𝟖 𝐏𝐚. 𝐬

Fig. 3. Finite element model of a flexible rotor, a=25.4 mm.

4.1. Forced response with varying unbalance
The responses of the damper to unbalance applied at the locations of three disks
are calculated. The amplitude 𝑈 and phase angle of the unbalances are applied to
one disk only for each calculation as 431.9 g-mm and 0 degrees, respectively. As
depicted in Fig. 4, the critical speeds and their amplitudes for the three cases are
quite similar, with the largest amplitude for unbalance on disk 2 and the least on
disk 1. This indicates that the squeeze film damper is more sensitive to unbalance
on disk 2 than the similar unbalance on other disks.
With larger unbalance (503.9 g-mm), the SFD Response starts to jump, as
shown by Figs. 5 to 7. The jump happens between 3,890 and 4,200 rpm for these
cases. The speed difference between start-up and coast-down is the largest with
180 rpm when the unbalance is located on disk 2, as compared to 110 rpm for
unbalance in disk 3 and 97 rpm for unbalance in disk 1. The corresponding
hysteresis area in Fig. 6 is the largest. This implies that the squeeze film damper is
the most responsive to unbalance in disk 2.
Note that the responses shown in Figs. 5 to 7 are excited by unbalances
on disks only, without considering other external forces. Thus, the
justification for the observed hard and soft spring effects of the above
nonlinear jump phenomenon is the excessive unbalances. Figure 8 displays
the FFT of the response at 3,990 rpm during start-up for unbalance on disk
2. The super-harmonics of the 3x component starts to appear along with the
synchronous component.
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Fig. 4. SFD response, U=431.9 g-mm.

Fig. 5. SFD response, U=503.9 g-mm on disk 1.

Fig. 6. SFD response, U=503.9 g-mm on disk 2.
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Fig. 7. SFD response, U=503.9 g-mm on disk 3.

Fig. 8. FFT of response at 3990 rpm, with unbalance on disk 2.

4.2. Forced responses with unidirectional loads
The unidirectional loads are applied by including the gravity forces of the rotor
shaft and disks. Compared to the previous cases without gravity loads, the SFD
operates eccentrically and exerts more nonlinear forces.
With the same unbalance of 431.9 g-mm on disk 2, Fig. 9 provides the
comparison between rotor response with and without loads at location of disk 2.
The maximum amplitude of the response with load at the critical speed is quite
similar to the case without load. Nevertheless, at rotational speeds other than the
critical speed, the difference between cases with and without unidirectional
gravity load is accented, i.e., the vibrations amplitude with the inclusion of the
gravitational force is higher. This result displays some evidences for the
nonlinearity of the squeeze film damper force with displacement. The nonlinear
behaviour of SFD is also responsible for the jump phenomenon in Fig. 9. Figure 9
also illustrates the sensitivity of the jump to gravitational force. By neglecting the
Journal of Engineering Science and Technology
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effect of gravity on the system, no jump is predicted once a 431.9 g-mm
unbalance is mounted on disk 2. Only by increasing the unbalance value to 503.9
g-mm on disk 2, jump appears in the system. However, once the effect of
gravitational force is included in the analysis, jump phenomenon occurs even with
431.9 g-mm unbalance on disk 2.
The effect of varying unidirectional loads is investigated by applying an
additional downward force at the location of disk 3. The magnitude of this force is
varied from 1 up to 16 times the weight of the system. The unbalance of 431.9 gmm is considered on disk 2 at 0 degree phase angle and Fig. 10 displays the
responses to various loads.

Fig. 9. SFD response with load, U=431.9 g-mm on disk 2.

Fig. 10. SFD response with varying loads on disk 3.

As expected, higher loads push the damper to a more eccentric region. The
first critical speeds, as is shown in Fig. 10, shifts to the right as loads increase,
which is due to higher loads applied by damper in higher eccentricity ratios. By
increasing the unidirectional load, the resonance amplitude of vibration decreases.
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The amplitude of vibration, when the external load increases to 16xG, is the
highest for lower rotational speeds 2000 rpm. Within low operating speed region,
the dynamic forces are not large enough to lift off the journal effectively. The
increasing speed, although lifts the journal upward somehow, but cannot pull the
damper out of high eccentric region that prevents responses with large amplitude.
This fact of increasing nonlinearity with loads can also be observed from the
shape change of damper orbits as well. Fig. 11 depicts the orbits at 7,000 rpm for
increasing unidirectional 16xG. The shapes of the orbits change from an offcentered circle to an ellipse with shrinking amplitude. The non-circular shape
implies that multiple harmonics are present for large static loads, which can be
confirmed by the FFT in Fig. 12.
0
1X G
-0.1

2X G
4X G

-0.2

8X G
-0.3

12X G
16X G

y/c

-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-0.6

-0.4

-0.2

0

0.2

0.4

0.6

x/c

Fig. 11. Orbits at 7000 rpm, with varying loads on disk 3.

Fig. 12. FFT of orbits (7000 rpm) with varying load.
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The zero frequency component in the 𝑦 direction, which is shown by the
offsets of the orbits in Fig. 11, is not included in the FFT plots. The appearance of
a zeroth component in the 𝑥 direction, which is also illustrated in Fig. 11, implies
that the center of orbit becomes eccentric not only in 𝑦 direction, but also
displaces in 𝑥 direction as well. The 1x component in 𝑥 direction is present for all
the cases, however, its amplitude decreases with the growing unidirectional static
loads. Meanwhile, the increasing static loads lead to an excitation of the 2x and
3x harmonics within the unbalance response results and produce non-circular
orbits as are shown in Fig. 11.

4.3. Stiffness of centering spring
To evaluate damper responses with a varying stiffness of centering spring, the
unbalance is kept constant as 431.9 g-mm on disk 2. Both cases with and without
the gravitational force are examined.
Case 1. Varying spring stiffness without gravity: Figure 13 displays the responses for
spring stiffness ranging from 11.3 N/m to 1130 N/m without gravity inclusion. As the
centering spring stiffness increases, the effective damping drops and increases the
critical speed, however, not to the extent that the linear model predicts [1].
As shown in Fig. 13, the amplification factor is smaller than 2.5 for the softer
centering spring. This indicates that the squeeze film damper acts more
effectively without the restriction enforced by centering spring. For speeds above
4,100 rpm, the damper with low centering spring stiffness, on the other hand,
operates with larger amplitudes. This observation is quite similar to results with
base excited flexible rotor vibrations for frequencies beyond the first critical.
Case 2. Varying spring stiffness with gravity: Figure 14 shows the response of
squeeze film damper with centering spring stiffness ranging from 170 to 1130
N/m with the inclusion of gravitational force. As the centering spring stiffness
decreases, the damper, as expected, operates at larger eccentricity ratio, similar to
the cases with increasing unidirectional loads, however, the amplitude of the
vibrations decreases to the level that the resonance peak diminishes completely.
Comparing the graphs in Fig. 14 with those of Fig. 13, the responses with a
hard centering spring have a slightly higher first critical speed and amplitude; e.g.,
the critical speed for K=1130 N/m is 3,800 rpm with dimensionless amplitude of
0.58, which is larger than the amplitude of vibration at 3,790 rpm for the cases
without gravity consideration. For both cases, the system is shown to be welldamped with soft centering springs by the evidence of the disappearance of
critical speed for centering spring stiffness values less than 282.5 N/m.
For the rotor operating with speeds below 3,000 rpm, the gravity effect
dominates the total response for soft centering spring supports and results in high
eccentricity operation, which excites the super harmonics as expected. Figure 15
depicts a flat orbit at 2,000 rpm with spring stiffness of 170 N/m. The orbit has
small amplitude, indicating rather large hydrodynamic forces acting on the
journal. A larger displacement in 𝑥 direction than 𝑦 shows that the damper
generates higher forces along 𝑦 direction, exhibiting the high asymmetry of the
damper. Also, the FFT of the 𝑦 direction response contains multi-harmonics

Journal of Engineering Science and Technology

March 2017, Vol. 12(3)

680

F. He et al.

including the 0th (not shown in Fig.16), 1x, 2x and 3x, as compared to the 𝑥
direction response which has the 0th and 1x component only.

Fig. 13. SFD response without gravity and varying spring stiffness.

Fig. 14. SFD response with gravity and varying spring stiffness.

Fig. 15. Orbit at 2000 rpm, K=170 N/m.
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Fig. 16. FFT of response at 2000 rpm, K=170 N/m.

4.4. Gyroscopic effects of disks
The gyroscopic matrix of each disk (as the dominant source of gyroscopic effect)
is dependent on the polar moment of inertia, 𝐼𝑝 , of the disk as
0
𝐺=[
−𝐼𝑝

𝐼𝑝
]
0

(16)

The gyroscopic effect is not exclusive to disks but also in other rotating structures
like beams, where a vibrational motion along the rotation line exists [29].
Thus, the disk gyroscopic effects on the force response of the SFD are
investigated by varying the polar moment of inertia, 𝐼𝑝 . An unbalance of 288 gmm is retained on disk 2 and the gravity effect is not included. The centering
spring stiffness is maintained at 282.5 N/m. Figures 17 through 19 display the
eccentricity of the journal in SFD for the varying polar moment of inertia from 1x
to 16x of nominal value for each disk, i.e., 𝐼𝑝 = 9.3𝑒 − 3 kg. m2 .
Figure 17 shows the SFD response for the polar moment of inertia varied on
disk 1, which is the furthest from SFD end. It is observed that the smallest inertia
results in the maximum response at the damper for speeds less than the respective
critical speed. This trend is reversed above the critical speed. By increasing the
disk polar inertia, the first critical speed shifts to the right and results in higher
resonance amplitude. This shift is justified by the hardening effects of the
gyroscopic terms on the first forward mode of the system. In addition, due to the
stiff ball bearing at left end, the conical mode of the system is more likely to be
excited by disk 1 than the other two, as it locates furthest to the damper.

Fig. 17. Response with varying inertia of disk 1.
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With the same varying range of the disk polar moment of inertia, Fig. 18 depicts
the damper force responses corresponding to the inertia variation in disk 2. The
amplitude of all responses is quite similar for operating speeds less than 3,000 rpm.
The largest gyroscopic term produces the highest amplitude around the first critical
speed and it becomes the lowest for speeds above 4,000 rpm. In contrast to the
previous cases, the first critical speeds with studied range of polar moment of inertia
of disk 2 are identical, with only a slight increase of the amplitude.

Fig. 18. Response with varying inertia of disk 2.

Fig. 19. Response with varying inertia of disk 3.
For the variation of the polar moment of inertia of disk 3, the SFD acts
similarly to the second studied case for speeds below 3,000 rpm, having
indistinguishable responses. However, in this case, the increasing polar moment
of inertia decreases the first critical speed and its amplitude.
Comparing all the three cases, one can deduce that the damper behaviour is
dependent on the location of the varying polar moment of inertia. The resonance
amplitude is the most sensitive to polar moment of inertia of disk 1 and the least
to that of disk 3.
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5. Conclusions
The presented paper models a squeeze film damper supported flexible rotorbearing system using Harmonic Balance Method. By introducing a predictorcorrector procedure Harmonic Balance Method is enhanced. The unbalance
forced response of a three mass rotor supported on squeeze film damper at one
end is investigated by varying different system parameter including, unbalance,
unidirectional loads, stiffness of centering spring and gyroscopic effects of the
disks. The squeeze film damper is modeled as a short bearing and the inertia
effect is considered. Some concluding observations from the investigation are
given below.
 The damper is found to be the most sensitive to the unbalance located on disk
2, showing the largest amplitude and hysteresis area.
 By including the unidirectional gravity loading, the orbit shape in the SFD
changes dramatically, while it is displaced downward. Additionally, multiharmonic frequency components appear in the response.
 The squeeze film damper with low centering spring stiffness can produce a
well damped system, if the effect of gravity is negligible. However, the
consideration of gravity results in quite different results. With soft centering
spring stiffness, the more eccentric operation can introduce nonlinearity at
low speeds where the effect of the unbalance force is not large enough to lift
the journal more toward the journal center.
 Gyroscopic effect has a difference influence on the damper response which is
dependent on the location of the gyroscopic forces along the rotor. The
studied squeeze film damper response is relatively robust to the gyroscopic
variations occurring within its neighborhood.
A more comprehensive model would include a finite length SFD model which
renders more accurate results. This can be subject of a future work.
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