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A B S T R A C T   

This paper presents measurements of the motion amplitudes from flexibly supported Herringbone 
Grooved Journal Bearing bushings. Measurements taken in four locations on the flexibly sup-
ported bearing bushing enable the distinction between the radial and the tilting motion, which 
allowed to identify an unstable bearing bushing tilting mode. The bushing tilting motion insta-
bility can be attributed to the cross-coupled tilting impedance of the gas bearing and its occur-
rence is characterized by the appearance of a sub-synchronous vibration at the speed of instability 
onset. The comparison between experimentally obtained data and the prediction of a two degrees 
of freedom dynamic model that includes the flexible support characteristics, the bushing trans-
verse inertia as well as the gas bearing tilting impedance suggests an excellent agreement on both 
the Eigenfrequency and the rotor speed of instability onset. Furthermore, the effect of the flexible 
support tilting stiffness and bearing bushing transverse moment of inertia on the critical bushing 
tilting speed and onset of tilting instability has been investigated, which led to a design guideline 
to avoid the onset of an unstable bush tilting mode. In addition, experimental data gathered after 
the introduction of damping in the flexible support of the bearing bushing suggests a significant 
increase of the onset speed of the unstable bearing bushing tilting mode.   

1. Introduction 

Herringbone-grooved Journal Bearings (HGJBs) offer competitive advantages compared to other bearing technologies, such as oil- 
free operation, low specific losses and the potential to achieve very high rotor speeds. However, in order to ensure stable rotor 
operation they require very small clearance to diameter ratios hr/DBrg [1]. For HGJB supported rotors featuring large bearing distance 
to diameter ratios (l/DBrg⩾5), the manufacturing of rigidly supported bushings is challenging and expensive due to the tight bearing 
clearances and the resulting alignment requirements. Hence, a solution with flexibly supported bushings can offer competitive ad-
vantages to mitigate the tight alignment tolerances. Fig. 1 presents such a solution of a bearing bushing supported by means of a 
flexible membrane, where the radial and the tilting stiffness can be tuned on a wide range by the design of the arms connecting the 
outer and the inner ring [2]. The flexible support of each bearing bushing is characterized by a radial stiffness kr and a tilting stiffness 
kt , as shown in Fig. 2. Various researchers have investigated ways to increase the stability threshold of HGJBs to allow for a relaxation 
in the stringent manufacturing tolerances in view of decreasing the manufacturing cost. Most solutions that successfully increase the 
stability threshold of the rotor-bearing system work on the principle of introducing external damping. This can be achieved by flexibly 
supporting the bearing bushings on elastomeric O-Rings [3–8], or by using flexible structures that provide Coulomb friction [9,10]. 
Both methods have shown promising results to increase the stability threshold of HGJBs. Thus, supporting the bearing bushings in a 
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flexible manner and applying an optimal combination of support stiffness and damping is suggested to offer a large potential to in-
crease the stability of the rotor-bearing system, while decreasing the manufacturing cost. 

1.1. Nature of the issue 

The introduction of a flexible support for each individual bearing bushing increases the degrees of freedom of the rotor-bearing 
system and can potentially induce an unstable motion of the bearing bushings itself. An unstable motion of the bearing bushings 
can potentially yield very large motion amplitudes, which could cause serious damage. The motion of the bearing bushing can be a 
pure translational motion, a pure tilting motion or a combination. Radial motion instability has been addressed in prior work [6], 
however, instability of a bearing bushing in tilting mode has not been reported and addressed yet in the literature. 

Nomenclature 

Acronyms 
HGJB Herringbone grooved journal bearings 
NGT Narrow groove theory 
SIO Speed of instability onset 

Greek Symbols 
α Groove width ratio [–] 
β Groove angle [rad] 
Γ Logarithmic decrement [–] 
γ Whirl speed ratio [–] 
ω Angular frequency, [rad s− 1] 
Ωcrit Whirl speed ratio of instability onset, [–] 
ωcrit Critical angular frequency of bush tilting mode, [rad s− 1] 
ϕ Tilting coordinate of bushing [rad] 
θ Tilting coordinate of bushing [rad] 

Roman Symbols 
P Normalized pressure, [–] 
A Vibration amplitude, [m] 
C Radial bearing clearance, [m] 
c Viscous damping coefficient, [N s m− 1] 
ct Tilting damping coefficient, [N s m− 1] 
Cii Bearing tilting damping, [N s m− 1] 
D Diameter, [m] 
DBrg Bearing diameter, [m] 
f Excitation frequency, [Hz] 
hr Bearing clearance, [m] 
hr Groove depth, [m] 
JP Polar rotor inertia, [kg m− 2] 
JTB Transverse bushing inertia, [kg m− 2] 
JTR Transverse rotor inertia, [kg m− 2] 
kr Radial stiffness, [N m− 1] 
kt Tilting stiffness, [N m rad− 1] 
Kii Bearing tilting stiffness, [N m rad− 1] 
l Bearing distance, [m] 
LBrg Bearing length, [m] 
mB Bushing mass, [kg] 
mR Rotor mass, [kg] 
NRot Rotor speed, [min− 1] 
p Pressure, [Pa] 
pa Ambient pressure, [Pa] 
R Bearing radius, [m] 
Tms Master slave transformation matrix, [–] 
Zii Bearing tilting impedance, [N m− 1]  
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1.2. Goals and objectives 

The objectives of this work are (1) to establish a reduced-order model that allows to capture the tilting motion of flexibly supported 
gas bearing bushings, (2) to experimentally analyze the motion of a flexibly supported HGJB bushing, (3) to investigate the variables 
governing the bearing bushing tilting motion and onset of bush tilting instability, (4) to assess the effect of support damping on the 
onset speed of the bushing tilting instability and (5) to devise design guidelines to avoid the onset of an unstable bearing bushing tilting 
mode in the nominal speed-range. 

1.3. Scope of the paper 

In a first step, a reduced-order model is presented to capture the tilting motion of flexibly supported bushings for gas lubricated 
bearings. In a second step, the experimental setup and the data processing is presented to experimentally investigate the tilting motion 
of the flexibly supported bearing bushings. In a third step, the effects of tilting stiffness, transverse bushing inertia and support 
damping on the critical speed of the bush tilting mode and on the onset speed of instability are investigated experimentally and 
compared to the numerical models. In a last part, the experimental and numerical data are condensed into a simple yet effective design 
guideline, which offers support to avoid the onset of an unstable bearing bushing tilting mode in the nominal speed range. 

2. Methodology 

2.1. Dynamic model for the bushing tilting motion 

As indicated by the equation of motion for the two bushing tilting axes (see Fig. 6, Eq. (1) and (2)) the tilting motion of a flexibly 
supported gas bearing bushing is governed by the transverse inertia of the bushing JTB , the bushing support characteristics (kt and ct) 
and the bearing tilting impedance (Kij and Cij). An underlying assumption leading to Eq. (1) and (2) is that the translational degrees of 
freedom of the bushing and of the gas bearing supported rotor do not influence the bushing tilting motion. 

JTB ϕ̈B + KϕϕϕB + KϕθθB + Cϕϕϕ̇B + Cϕθθ̇B + ktϕB + ctϕ̇B = 0 (1)  

JTB θ̈B +KθθθB +KθϕϕB +Cθθθ̇B +Cθϕϕ̇B + ktθB + ctθ̇B = 0 (2)  

where ϕ and θ are the two tilting degrees of freedom of the bushings. The equations of motion can be rewritten as a matrix system: 

M q̈→+C q̇→˙
+K q→= 0 (3)  

with: 

Fig. 1. Bearing bushing supported on flexible membrane and fitted to electric stator.  
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q→= [ϕ, θ]T (4) 

The assumption of an appropriate vibrational form such as v→= q→eδt transforms Eq. (3) into an Eigenvalue problem with the 
corresponding Eigenvalues given as follows: 

δj = λj + iγjΩRot (5)  

where the real part λj corresponds to the damping coefficient and the imaginary part γjΩRot to the damped natural frequency with the 
whirl speed ratio γj. In rotordynamic systems the stability if often quantified using the logarithmic decrement defined as follows: 

Γj = − λj
2π

γjΩRot
(6) 

A stable mode requires the logarithmic decrement Γj to be positive. Since gas lubricated bearing impedances not only depend on the 
rotor speed but also on the excitation frequency, the whirl speed map of the bushing tilting motion is obtained by applying Pan’s 
spectral analysis approach [11]. This method consists in exciting the dynamic system over a frequency range (ωEx = γΩRot with 
γ ∈ [0, 2]), while keeping the rotor speed ΩRot fixed. Natural system frequencies and the corresponding damping are identified for a give 
rotor speed, if both the computed whirl frequency and the excitation frequency coincide. 

As suggested by Eq. (1) and (2) the calculation of the tilting Eigenfrequency and damping requires knowledge on the gas bearing 
impedance in tilting motion. A particular challenge in modeling the static and dynamic behavior of HGJB comes from the presence of 
the rotating pumping grooves, which yield an unstationary pressure within the fluid film therefore leading to a varying bearing 
impedance. An elegant way to model HGJB has been introduced by Vohr and Chow [12], who assume an infinite number of grooves. 
The so called Narrow Groove Theory (NGT), which has been validated experimentally by Guenat and Schiffmann recently [13], leads 
to a smooth fluid film pressure distribution. The resulting non-dimensional modified Reynolds equation in cylindrical coordinates, 
which governs the fluid film pressure evolution is given in Eq. (7), with the different coefficients summarized in the Appendix. The 
following assumptions are made for deriving the modified Reynolds equation:  

1. The lubricant is a perfect gas operated in laminar conditions.  
2. The fluid film is isothermal with a constant viscosity.  
3. The pumping grooves are symmetrical, thus no axial mass flow is established within the fluid film.  
4. The bearing edges are exposed to the same ambient conditions. 

∂φ

[
P
(

f1∂φP + f2∂zP
) ]

+ ∂z

[
P
(

f2∂φP + f3∂zP
) ]

+ cs
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(
Pf4

)
− cosβ∂z

(
Pf4

) ]
− Λ∂φ

(
Pf5

)
− σ∂t

(
Pf5

)
= 0 (7) 

Lund’s perturbation method is applied to compute the linearized bearing tilting impedance [14]. However, rather than perturbing 
the fluid film with a purely radial motion, a tilting perturbation by Δϕ and Δθ is applied at a concentric bearing position around the x 
and y-axis as follows: 

h = 1+
ΔϕR

hr
zcosφeit +

ΔθR
hr

zsinφeit (8) 

The tilting motion clearance perturbation leads to a perturbation of the fluid film pressure as follows: 

P = P0 +Pϕeit +Pθeit (9) 

Introducing Eq. (8) and (9) into Eq. (7) and collecting the zeroth and first order terms allows to obtain three linearized differential 
equations, one for the unperturbed pressure P0 and two for the perturbed pressure distribution resulting from the harmonic fluid film 
excitation in Δϕ and Δθ,Pϕ and Pθ, respectively. The bearing tilting impedances Zij = Kij +iγΩRotCij are the obtained by integrating the 
perturbed pressure within the fluid film and projecting the resulting force around the x- and y-axes respectively: 

Zϕϕ = −

∫ L/D

− L/D

∫ 2π

0
Pϕzcosφdφdz (10)  

Fig. 2. Conceptual sketch of rotor flexibly supported by two HGJB bushings.  
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Zθϕ = −

∫ L/D

− L/D

∫ 2π

0
Pϕzsinφdφdz (11) 

Considering that the calculation of the impedances is performed in a concentric bearing configuration, the following simplification 
can be applied: 

Zii = Zjj
Zij = − Zji

(12) 

Fig. 3 represents the predicted synchronous tilting impedance of the HGJB supporting the test rotor using the model introduced in 
this section. The details of the bearing design are summarized in Table 1. The bearing impedance is clearly cross-coupled for both the 
stiffness and the damping matrices, which is a clear indication of a limited stability threshold in the bushing tilting motion. 

2.2. Simplified method to evaluate bushing tilting Eigenfrequency 

A simplified method to estimate the natural frequency of the bushing tilting mode is presented in Eq. (13), which assumes that the 
tilting stiffness of the flexible support is considerably higher than the stiffness of the gas film and therefore neglects the influence of the 
gas film tilting stiffness to predict the Eigenfrequency of the tilting mode. 

ωcrit =

̅̅̅̅̅̅
kt

JTB

√

(13)  

2.3. Prototype description 

The prototype and instrumentation used to experimentally investigate the flexible bearing bushing support is presented in Fig. 4. 
The rotor is supported on two HGJB bushings on the front and the back of the rotor, which are flexibly mounted in the housing by two 
identical flexible membrane supports as shown in Fig. 1. 

Table 1 summarizes the rotor and bearing configuration of the prototype used to investigate the flexibly supported bearing 
bushings. Details about the design of the tunable flexible membrane support are given by Bättig and Schiffmann [2]. 

2.4. Measurement setup 

Due to the impedance of the gas film, the orbital motion of the rotating shaft is transmitted to the flexibly supported bearing 
bushings. Any potential instability of the rotor-bearing-system can therefore be detected by measuring the motion of the bearing 
bushings. Furthermore, measurement of the bearing bushing motion allows to balance the rotor shaft in situ using the influence co-
efficient method [15]. 

The signature of an unstable gas bearing supported rotor due to self-excited whirl is the presence of sub-synchronous vibrations 
[12,16]. Hence, it is common practice to measure the rotor orbits on two planes and to analyze their frequency spectrum. 

On the prototype used for this analysis, the motion of each bearing bushing is constantly monitored using two LionPrecision 
capacitance displacement probes and can be extended to include two Philtec D20 optical displacement probes to distinguish between 
the bushing radial and tilting motion. The motion of each bearing bushing is therefore captured by measuring its displacement in four 
different locations. The probe locations are shown in Fig. 5, where the motion in x- and y-direction is monitored using two 
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Fig. 3. HGJB synchronous tilting impedance as a function of the rotor speed.  
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Table 1 
Rotor, bearing and bushing design parameters.  

Bearing diameter DBrg  10 mm 
Bearing LBrg/DBrg ratio  1 
Bearing groove width α  0.65 
Bearing groove angle β  161 
Bearing clearance hr  9 μm 
Bearing groove depth hg  13 μm 
Bearing groove length γBrg  1 
Rotor mass mR  0.0289 kg 
Bushing mass mB  4.102e-03 kg 
Polar rotor inertia JP  4.3258e-07 kg m2 

Transverse rotor inertia JTR  1.8112e-05 kg m2 

Transverse bushing inertia JTB  1.219e-07 kg m2 

Bearing distance l  58.5 mm 
Nominal rotor speed NRot  250 krpm 
Radial bushing support stiffness kr  0.9e6 N m− 1 

Tilting bushing support stiffness kt  4.3 N m rad− 1  

Fig. 4. Prototype with implemented flexible membrane bushing support and instrumentation.  

Fig. 5. Location of LionPrecision and Philtec displacement probes on bearing bushing.  
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LionPrecision capacitance displacement probes on one side of the flexible membrane support and two Philtec D20 optical displacement 
probes on the other side of the flexible membrane support, shifted by 30 deg relative to the x- and y-direction due to space limitations. 
la represents the distance of the LionPrecision measurement plane to the center plane of the bearing bushing, whereas lb is the distance 
of the Philtec measurement plane to the bushing center plane. The distances la and lb measure 3.25 mm and 2.75 mm respectively. 
Table 2 lists the relevant measurement equipment used to investigate the bushing tilting motion. 

2.5. Measurement analysis procedure 

The motion of a rigid body in the x- and y-plane can be described completely if two translational and two rotational degrees of 
freedom of any point of the rigid body are known. By defining a master node, the motion of any slave node can therefore be calculated 
using a rigid-body-transformation matrix Tms [17]. The transformation matrix Tms transforms the degrees of freedom of the master 
node qm

̅→ into the degrees of freedom of the slave nodes qs
→, as presented in Eq. (14). 

qs
→= Tms ⋅ qm

̅→ (14) 

By defining the center of the bearing bushing as the master node, with four degrees of freedom qex, qey,ϕ and θ, the displacement in 
x- and y-direction at each measurement location can be predicted. Reversing this procedure, as shown in Eq. (15), allows to reduce the 
measurement data from the four measurement locations presented in Fig. 5 into translational and tilting motion components of the 
bearing bushing. 

qm
̅→ = T− 1

ms ⋅ qs
→ (15) 

The translational degrees of freedom of the bearing bushing center qex and qey, as well as to two tilting degrees of freedom ϕ and θ 
around the x- and y-axis respectively, are shown in Fig. 6. During post-processing, the complete set of measurement data in the time- 
domain is transformed according to Eq. (15), followed by a spectral analysis performed on both the translational and the tilting degrees 
of freedom of the bearing bushing center. This procedure allows to determine whether a potential instability has its origin in a 
translational or in a tilting motion mode. 

Fig. 6. Transformation of measurement data to a cylindrical and a tilting movement in the center of the bearing bushing.  

Table 2 
List of instrumentation.  

Device Model 

Capacitive displacement probes LionPrecision C3S 
Optical displacement probes Philtec D20 

Signal amplifier Lion Precision CPL290 
DAQ system NI PXIe-1078/6356  
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3. Results and discussion 

3.1. Identification of an unstable bushing tilting mode 

The synchronous and sub-synchronous motion amplitudes recorded on the flexibly supported bearing bushing during a speed ramp 
up to 116 krpm are presented in Fig. 7. The radial stiffness kr of the flexible support is 0.9e + 06 Nm− 1, while the tilting stiffness kt is 
4.3 Nm rad− 1. The presented measurement results are captured with the two LionPrecision displacement probes located on the back 
measurement plane of the bearing bushing according to Fig. 5. 

The evolution of the sub-synchronous motion amplitude presents a steady increase until 110 krpm, after which the rise progresses 
much steeper until 116 krpm, at which point the sub-synchronous vibration amplitude exceeds the synchronous amplitude, suggesting 
the onset of an instability in the bearing bushing or rotor motion. The rotor speed of 116 krpm was not exceeded in order to avoid a 
failure of the prototype. After the decomposition of the measurement signals into a translational and a tilting motion, a frequency 
spectrum analysis is performed on each bushing degree of freedom separately and plotted in Fig. 8. 

The translational spectrum shows a steadily increasing amplitude suggesting that the translational Eigenfrequency has not been 
crossed yet. The absence of a clear sub-synchronous component also suggests a fully stable translational motion. The tilting spectrum, 
however, shows a peak amplitude around 1 kHz, thus suggesting a tilting Eigenfrequency, which corroborates with the orbit mea-
surement evolution in Fig. 7. Further, the spectrum clearly shows a steeply rising sub-synchronous peak, suggesting an unstable tilting 
motion of the flexibly supported bearing bushing. The results clearly suggest that the origin of the observed instability is caused by an 
instability of the bearing bushing in a tilting motion mode. 

This analysis also corroborates with the visualization of the motion of the bushings based on the experimental data and plotted in 
Fig. 9 for various discrete rotor speeds corresponding to the ones highlighted in Fig. 7 through the numbered vertical dotted lines. The 
orbit plots clearly indicate clean circular orbits suggesting stable operation up to a rotor speed of approximately 90 krpm (line 5) after 
which the tilting motion becomes increasingly noisy showing clear patterns of a superposed sub-synchronous component suggesting 
the onset of a bushing tilting instability. 

These measurements are clearly offering experimental proof that a flexibly supported bushing of a gas lubricated bearing can 
experience unstable motion not only in translational but also in tilting motion. It is therefore suggested that the design process of gas 
bearings on flexible supports needs to account also for this particular motion to ensure stable operation. 

3.2. Effect of support tilting stiffness on onset speed of bushing instability 

The measured synchronous motion amplitudes measured on the bearing bushing for four different support tilting stiffness levels kt 
all with the same radial stiffness kr are presented in Fig. 10 as a function of rotor speed. The plot clearly highlights that an increase in 
tilting stiffness also increases the rotor speed at which highest motion amplitude occurs. 

Fig. 11 presents the predicted whirl speed map for the bushing tilting motion and the corresponding evolution of the logarithmic 
decrement as a function of the rotor speed for the four investigated tilting stiffness levels based on the reduced order model introduced 

Fig. 7. Recorded synchronous and sub-synchronous motion amplitudes of flexibly supported bearing bushing (kr = 0.9e + 06 N m− 1, kt = 4.3 N m 
rad− 1) as a function of rotor speed. 
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above. For illustrational purpose, only the critical speeds and the logarithmic decrements of the forward modes are plotted, since the 
backward modes are well damped and therefore do not present any concern for instability. The occurrence of negative logarithmic 
decrements predicted by the dynamic model, and hence unstable motion, clearly suggests that the unstable behavior of the bushing 
tilting motion can be attributed to the cross-coupled characteristics of the tilting impedance of the gas bearing. Further, the predicted 
results suggest an increase in critical speed with increasing tilting stiffness of the flexible support, which corroborates with the 
experimental results presented in Fig. 10. The rotordynamic model predicts the critical speed of the bushing tilting modes (intersection 
of Eigenfrequencies with parity line) to be at 60 krpm, 123 krpm, 140 krpm and 251 krpm. 

For the sake of comparison, the measured Eigenfrequencies and the predicted ones obtained from the bushing tilting model and the 
simplified model (Eq. (13)) are summarized in Table 3. The obtained prediction results using the bushing tilting model match the 
measured critical speeds very well with the largest deviation of 5.7% occurring for the flexible support with a tilting stiffness kt of 28.3 
Nm rad− 1, whereas a deviation of 7.8% is obtained when using the simplified prediction model at the same tilting stiffness. Notice that 
the simplified model is obtained under the assumption that the tilting stiffness contribution from the gas bearing is negligible 
compared to the one from the bushing support. The relatively small difference between the two models in predicting the bushing tilting 
Eigenfrequency seems to support this assumption, which corroborates with the ratio between the flexible support stiffness and the 
tilting stiffness of the bearing (Fig. 3) ranging between 0.05 and 0.25 for the 4 tested support tilting stiffness. 

The evolution of the calculated logarithmic decrement ΓBush with rotational speed, presented in Fig. 11(b), suggests the speed of 
instability onset (SIO) of the bushing tilting motion to increase with increasing flexible support tilting stiffness. The predicted tilting 
speed of instability onset (SIO) for a tilting stiffness kt = 4.3 N m rad− 1 at 119 krpm corroborates very well the experimentally 
determined SIO of 116 krpm. The predicted SIO for a tilting stiffness kt of 21.8 N m rad− 1 is at 202 krpm. Due to the fatal consequences 
of a crash at such a high rotational speed, the SIO has not been experimentally verified, however, a speed of 185 krpm was obtained 
with this support tilting stiffness without any sign of instability. Supporting the bearing bushings with a tilting stiffness of kt = 28.3 N m 
rad− 1 is suggested to allow stable operation up to 230 krpm according to the prediction results shown in Fig. 11(b). Again, no 
experimental verification of the SIO was performed due to a high risk of crashing the prototype. However, a safe speed of 200 krpm was 

Fig. 8. Measured frequency spectrum of bushing translational and bushing tilting motion for kr = 0.9e + 06 N m− 1 and kt = 4.3 N m rad− 1.  
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Fig. 9. Bushing motion at selected speeds indicated in Fig. 7 on flexible support (kr = 0.9e + 06 N m− 1, kt = 4.3 N m rad− 1).  

Fig. 10. Comparison of synchronous bearing bushing motion amplitudes for different tilting stiffnesses kt with kr = 0.9e + 06 N m− 1 as a function of 
rotor speed. 
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reached and no sub-synchronous vibrations detected. 
According to the model prediction, a minimum tilting stiffness of kt = 40 N m rad− 1 is required to allow stable operation (ΓBush⩾0) 

over the whole speed range up to 250 krpm. A flexible support with a tilting stiffness of kt = 82.1 N m rad− 1 was designed, therefore 
offering a high margin against bush tilting instability in the nominal speed range up to 250 krpm. 

Fig. 12 presents the frequency spectrum of the measured bushing motion during a speed ramp from 0 to 250 krpm for the front and 
back bearing bushings supported on the flexible support offering a tilting stiffness kt of 82.1 N m rad− 1. The absence of any sub- 
synchronous vibrations (both translational and tilting) suggests stable operation of the prototype up to 250 krpm, which is in 
agreement with the prediction of the rotordynamic model. The good agreement between the predicted and the measured Eigenfre-
quency further emphasizes the accuracy of the reduced order model. 

3.3. Effect of bushing transverse moment of inertia on bushing tilting stability 

Fig. 13 presents the motion amplitude of the bearing bushing supported on a flexible support with kr = 0.9e + 06 N m− 1 and kt =

4.3 N m rad− 1 and compares it to the motion amplitude of the same bushing on an identical flexible support but with a total transverse 
moment of inertia of the bushing JTtot increased by 37% by means of an additional metal ring fitted on the bushing. The prominent peak 
at 60 krpm for the low inertia bearing bushing, has previously been identified as the critical speed of the bearing bushing tilting mode. 
As suggested by the measurement data, the critical speed of this tilting mode decreases from 60 krpm to 51 krpm due to the increased 
transverse mass moment of inertia caused by the additional ring. 

Fig. 14 presents the frequency spectra obtained by FFT for the tilt angle θ of the flexibly supported bearing bushing with and 
without additional ring. In both experiments, the speed is increased until a sub-synchronous motion component is detected in the 

Fig. 11. Influence of membrane tilting stiffness. (a) Predicted critical speed of bearing bushing tilting mode; (b) Logarithmic decrement ΓBush.  

Table 3 
Comparison of measured bushing tilting Eigenfrequencies with model predictions.  

Tilting stiffness kt  Exp. Model Simplified Model 
N m rad− 1 kHz kHz kHz 

4.3 0.99 1 0.95 
21.8 2 2.05 2 
28.3 2.47 2.33 2.28 
82.1 4.2 4.18 4.13  
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frequency spectrum. Both spectra show an increase of the synchronous frequency with speed, which is due to the residual rotor 
imbalance. The spectra also show the presence of sub-synchronous vibration in the tilting motion of the bushing. However, the speed of 
instability onset is decreased for the bearing bushing featuring an increased transverse moment of inertia JTtot . The spectrum of the test 
with the lower JTtot bushing presents the appearance of sub-synchronous bushing tilting vibrations at a synchronous vibration fre-
quency of 1930 Hz, corresponding to a speed of 116 krpm, whereas the sub-synchronous vibrations for the bushing with increased 
inertia (Fig. 14(b)) start appearing at 1783 Hz, which represents a rotational speed of 107 krpm. The sub-synchronous vibrations occur 
at a frequency of 1000 Hz and 850 Hz for the low inertia and high inertia bearing bushing respectively, corresponding to the critical 
speed of 60 krpm and 51 krpm of the bush tilting mode, as presented in Fig. 13. 

The critical bushing tilting whirl speed ratio γcrit, defined as the ratio of sub-synchronous to synchronous vibration frequency at the 
onset of instability, is 0.52 and 0.48 for the low inertia and high inertia bearing bushing respectively, representing a typical half- 
frequency whirl. 

The comparison of the experimental data obtained with the same support characteristics but with different transverse bushing 
inertia clearly suggests a strong impact of the inertia on both the onset speed of instability and the critical speeds related to the tilting 
motion of the flexibly supported bushing. 

Fig. 15(a) presents the predicted critical speed of the forward and backward bearing bushing tilting modes for the high and low 
inertia bushings supported on the flexible support with a tilting stiffness kt of 4.3 N m rad− 1, while Fig. 15(b) shows the evolution of the 
corresponding logarithmic decrement ΓBush. As suggested by the predicted whirl speed map (Fig. 15(a)), the critical speed of the 
bushing tilting mode decreases from 60 krpm to 51 krpm for a 37% increase of the transverse bushing inertia, matching exactly the 
observed critical speeds presented in Fig. 13. The predicted speed of instability onset of the bushing tilting mode (ΓBush < 0) for a 
support stiffness kt = 4.3 N m rad− 1 is at 119 krpm for the low inertia bushing, which agrees very well with the observed start of sub- 
synchronous vibrations at 116 krpm, visible in the frequency spectrum in Fig. 14. The numerical model predicts the speed of instability 
onset for the bushing tilting motion to drop from 119 krpm to 100 krpm for the increased transverse bushing inertia. The measurement 

Fig. 12. Measured frequency spectrum of the bushing motion (tilting and tranlalation) for a flexible support with a tilting stiffness kt of 82.1 N m 
rad− 1: (a) Front bearing bushing; (b) Back bearing bushing. 
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Fig. 13. Comparison of back bearing bushing motion amplitudes for a high and a low transverse inertia bushing.  

Fig. 14. FFT spectrum of back bushing tilt angle θ: (a) Original; (b) Increased bushing transverse moment of inertia (JTtot + 37%).  
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results suggest the onset speed of instability to be at 107 krpm for the high inertia bushing, 7% higher than the prediction obtained 
from the rotordynamic model. As suggested by the evolution of the logarithmic decrement ΓBush, the backward tilting motion remains 
stable over the whole investigated speed range. 

3.4. Effect of damping on bushing tilting stability 

The addition of external damping to the motion of the bearing bushing is suggested to increase the speed of instability onset [6]. 
The introduction of damping and its effect on the bushing tilting instability was experimentally tested by adding a friction disk to the 
flexible bearing bushing support. The friction disk consists of an axially pre-loaded disk that creates friction during the tilting motion of 
the bearing bushing and hence results in Coulomb damping [2]. Fig. 16 presents the frequency spectra of the measured bearing bushing 
tilting motion with and without damping supported on the same flexible support (kt = 4.3 Nmrad− 1). The measured spectra clearly 
suggest that the introduction of damping significantly increases the onset speed of bushing tilting instability. According to the pre-
sented measurement results, the additional external damping provided by the friction disk allows to increase the onset of instability of 
the bush tilting mode from 116 krpm to 160 krpm, which represents an extension of the stable speed range by 38%. 

3.5. Simplified design guideline 

The 2 degrees of freedom reduced-order model presented in this paper allows to predict whirl speed and stability maps of flexibly 
supported herringbone grooved journal bearing bushings in excellent agreement with experimental data. Good agreement with 
measurements is also obtained with the simplified model to determine the Eigenfrequency of the bushing tilting mode (Eq. (13)). Since 
the whirl speed ratio of instability onset γcrit is generally ⩽0.5, it is suggested that the following criteria has to be fulfilled to avoid the 
bushing tilting mode to become unstable in the nominal speed range: 

ωcrit > 0.5 ⋅ ωrot (16)  

where the critical frequency ωcrit of the bushing tilting mode is evaluated according to Eq. (13). This approach is neglecting the stiffness 
of the gas film, which therefore results in a conservative, yet simple to apply design guideline. 

Fig. 15. Influence of the bushing transverse moment of inertia. (a) Predicted critical speed of bearing bushing tilting mode; (b) Logarithmic 
decrement ΓBush. 
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4. Conclusions 

An experimental method based on proximity probe measurements to distinguish between translational and tilting motion of 
flexibly supported herringbone grooved journal bearing bushings has been introduced and used to identify the occurrence of an un-
stable tilting motion of the flexibly supported bearing bushing. As expected for gas bearing supported rotor instabilities, the tilting 
instability of the bushing manifested in the appearance of a typical sub-synchronous signature in the signal frequency spectrum. 

The introduction of a two degrees of freedom reduced-order model of the tilting motion of the gas bearing bushing allowed to 
investigate the effect of the bushing transverse moment of inertia, the tilting stiffness of the flexible bushing support and the intro-
duction of damping on the onset speed of bushing tilting instability. The reduced order model includes the dynamic specifications of 
the flexible bushing support as well as the gas bearing impedance. The effect of bushing inertia, tilting stiffness and damping on the 
onset speed of bushing tilting instability were also experimentally investigated, which allowed a validation of the reduced-order 
model. The comparison between the dynamic model and experimental data suggests modeling errors < 7% with regards to both 
the bushing Eigenfrequency and the rotor speed at the onset of instability. 

Both the dynamic model as well as experimental data suggest that an increase in the flexible bushing tilting stiffness increases the 
speed of tilting instability onset, while an increase in the bushing transverse moment of inertia results lowers the onset speed of 
instability. Further, the introduction of damping through the flexible support allows to significantly increase the onset speed of the 
tilting instability. 

The experimental data in conjunction with a simplified model, that enables to estimate the natural frequency of the bush tilting 
mode, based on the bushing transverse inertia and the flexible support tilting stiffness enabled the definition of a design guideline, 
which allows designers to avoid a bushing tilting mode to become unstable within the operating speed range of a prototype. 

Fig. 16. Frequency spectrum of bearing bushing tilting on a flexible support without damping (top) and on a flexible support with damp-
ing (bottom). 
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Appendix A 

The Narrow Groove Theory coefficients for the modified Reynolds equation (Eqn. 7) are summarized as follows: 
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