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Abstract. The aim of the present work is to design a test rig suited to 
investigate the dynamic interaction between rotor and hydrodynamic 
journal bearings in micro gas turbines (microGT), i.e. with reference to 
small bearings (diameter in the order of ten millimeters). Particularly, the 
device is capable of measuring the journal location. Therefore, the journal 
motion due to rotor vibrations can be displayed, in order to assess 
performance as well as stiffness and damping of the bearings. The new test 
rig is based on Bently Nevada Rotor Kit (RK), but substantial 
modifications are carried out. Indeed, the relative radial clearance of the 
original RK bearings is about 2/100, while it is in the order of 1/1000 in 
industrial bearings. Therefore, the same RK bearings are employed in the 
new test rig, but a new shaft has been designed in order to reduce the 
original clearance. The new shaft enables us to study the bearing behaviour 
for different clearances, as it is equipped with interchangeable journals. 
The experimental data yielded by the new test rig are compared with 
numerical results. These are obtained by means of a suitable finite element 
(FEM) code developed by our research group. It allows the Thermo Elasto-
HydroDynamic (TEHD) analysis of the bearing in static and dynamic 
conditions. In the present paper, bearing static performances are analysed 
in order to assess the reliability of the journal location predictions by 
comparing numerical and experimental results. Such comparisons are 
presented for both large and small clearance bearings of original and 
modified RK, respectively. Good agreement is found only for the modified 
RK equipped with small clearance bearings (relative radial clearance equal 
to 8/1000). Nevertheless, rotor alignment is quite difficult with small 
clearance bearings and a completely new test rig is designed for future 
experiments. 

1 Introduction 
Gas turbines and particularly microGT may be equipped with fluid film bearings. They 
work by means of a thin self-pressurized lubricant film formed between the two opposing 
bearing surfaces in relative motion. In microGT applications, assuming the usual relative 
radial clearance (1/1000), since bearing journal diameters are as large as 10-20 mm, bearing 
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fluid film thickness is in the order of 10 microns. Therefore, high-quality standards are 
required for this kind of bearings, which must be manufactured with high precision.  

The dynamic behaviour of small hydrodynamic journal bearings has already been 
studied in several works by using numerical methods and RK-type test rigs. In example, 
Tůma and Biloš [1], who have studied the stability of the rotor vibration in a journal 
bearing by means of full spectrum analysis and Bently Nevada RK 4 Rotor Kit device, have 
concluded that the journal motion in bearings is governed by two equations of motion, 
referred to as linear and non-linear models. Meruane and Pascual [2] have found that 
nonlinear dynamic coefficients affect stiffness and damping. They have employed a CFD 
model in ADINA and Bently Nevada Rotor Kit 2000. Tůma et al. [3] have carried out 
experimental and theoretical analysis to determine the influence of external excitation on 
rotor behaviour. According to their results, kinematic excitation can affect amplitudes of 
vibration but not the stability limit. They have taken advantage of a lumped parameter 
model, Bently Nevada RK 4 and a suitable test stand (bearing diameter 30 mm) for the 
rotor active control investigation. 

All of these works employ experimental data obtained by means of large clearance 
journal bearings, when compared to industrial ones, which relative radial clearance is in the 
order of 1/1000. Indeed, the relative radial clearance of Bently Nevada RK 4 bearings is 
1.7/100 at ambient temperature, as reported below, while for Bently Nevada Rotor Kit 2000 
a relative radial clearance of 1.3/100 is reported [2]. In addition, due to differential thermal 
dilatation the (hot) relative clearance becomes larger during operation. 

This research project is aimed to develop a test rig and simulation methods suited to 
study the performance of small fluid film bearings for rotors, i.e. for microGT applications, 
with particular reference to their vibrational behaviour. In such perspective, prediction and 
measurement of journal locations are particularly important. In addition, the test rig 
bearings must have reasonable relative clearance. Indeed, its value should be typical of real 
bearings and, simultaneously, it should still allow the assembly of the test rig and the 
alignment of the two supports of the shaft. Therefore, in the present paper, in order to 
determine the design and a basic set-up of the test rig, the influence of bearing clearance in 
the assessment of the static journal position in hydrodynamic plain bearings is studied by 
comparing experimental and numerical results. 

Numerical simulations have been performed by using a previously validated ([4-5]) 
code for journal bearing analysis. Since the simulation model takes advantage of the 
classical Reynolds hypothesis that assumes a thin film, the bearing clearance must be 
sufficiently small. 

2 Experimental devices 
Rotordynamic analyses can be performed on rotor models, configured to reproduce 
particular working conditions of rotating machines. Initial experiments have been 
performed on the original RK. Later, a modified version of the RK has been designed for 
further measurements. For future tests, a brand-new design of the RK is briefly explained. 

The first experimental device used for investigations is the RK4 Rotor Kit designed and 
produced by Bently Nevada [6]. Such original RK is a modular rotating machine, which 
can be assembled and operated in different configurations. In the original arrangement 
adopted in the experiments, the rotor is supported by a fluid film bearing and a self-
lubricated bush located at the opposite end of the shaft. It is equipped with an electric 
motor, which allows adjustment of angular speed in modulus and direction in the range 
250-10,000 rpm. The frame has a V-shaped design and it houses motor, bearings and shaft. 
The fluid film bearing works in hydrodynamic lubrication regime under nominal supply 
pressure (7 kPa) and, in order to show possible suppression of oil whirl, it can add 



hydrostatic lift when is fed at higher pressure (up to 240 kPa). The bearing assembly 
includes holes that support proximity probes. These magnetic sensors are capable of 
detecting in terms of voltage the journal displacements in two directions (X and Y) normal 
to the rotor axis. The acquisition hardware and software provided by Siemens are LMS 
Scadas III and LMS Test Lab, respectively.  

Bently Nevada original fluid film bearing has high relative radial clearance, i.e. one 
order of magnitude more than in industrial and automotive applications. Therefore, in order 
to increase the correlation between experiments and real-world applications, a new shaft 
with increased and variable journal diameter is designed so that the fluid film bearing 
clearance can be reduced without changing the bush. The rotor designed for such modified 
RK is shown in Fig. 1. It is equipped with two interchangeable journals, so that bearing 
clearance can become a parameter of the experiments. The journal equipped with proximity 
probes can be easily assembled by means of a splined connection. 

 
 

Fig. 1. Rotor designed for the modified RK: a) exploded view, b) section. The following components 
are shown: 2–shaft; 3–splined connection; 4–splined hub (journal 1); 5–spacer; 6–safety washer; 7–
threaded locking nut; 8–key; 9–hub with keyways (journal 2); 10–retaining ring; 11–lock nut with 
locking screw. 

 

 
 

Fig. 2. Prototype of the new RK: a) picture of front view; b) exploded view; c) section. The following 
components are shown: 1-block; 2-ground round bar; 3-external bush; 4-bearing; 5-spacer; 6-shaft; 7-
set screw. 

a) 

b) c) 

a) b) 



Experiments are carried out in two configurations. The former (configuration 1), 
inherited from the original RK, arranges at opposite ends of the shaft the fluid film bearing 
and a self-lubricated bush. In configuration 2 it is replaced by a second identical fluid film 
bearing in order to avoid possible lift-off of the journal in the self-lubricated bearing [7]. 

After all of the measurements have been carried out, the design of a new test rig has 
been required. Indeed, in the modified RK the difficulty in the alignment of the two shaft 
supports due to their small clearance limits the repeatability of the measurements. 

In order to improve the alignment procedure, the new RK, shown in Fig. 2, has a frame 
made up by two cylindrical bars put in contact along their generatrices. The two bearing 
bushes are placed tangent to the bars. Both bush external surfaces and round bars are 
manufactured by precision grinding in order to ensure the required assembly tolerance. 

3. Numerical models 
The experimental data are compared in the successive paragraphs with numerical results 
obtained by means of the two ThermoHydroDynamic (THD) analysis methods described in 
[8]. Such models allow the simulation of the fluid flow in the thin oil film as well as of heat 
generation and exchange in the lubricant. In addition, the most advanced one includes the 
simulation of heat conduction in the bush and journal. Solution algorithm and theoretical 
aspects are explained in [4, 5]. The models, which require the solution of integro-
differential problems, use the finite element method (FEM) for the discretization. 
Isoparametric 4-node rectangular elements are used. 

Both of them take advantage of mass conserving hydrodynamic simulation based on the 
JFO theory [9-10], which is valid for moderately and highly loaded bearings and assumes a 
cavitated film region with infinite streamers and variable density ρ. According to JFO 
theory, thin film mechanics equation for journal bearings is: 
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where p is the hydrodynamic pressure, R the journal radius, ρ the fluid film density, ρL the 
liquid phase density, H the film thickness, ϑ the circumferential coordinate, z the axial 
coordinate, t the time, µL the liquid dynamic viscosity.  

Equation (1) is solved in weak form [5]. The thermal models rely on the cross-film 
averaged energy equation: 
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where u and w are the circumferential and axial fluid velocities, respectively, k the 
conductivity of the film, c the specific heat, T the film temperature, Φ the power dissipation 
density function and the subscript m denotes a variable averaged in the cross-film direction. 

In addition, q0 and q1 are the heat fluxes to bearing and journal surfaces, respectively. If 
they are both equal to zero, in the result paragraph the thermal model is referred to as “2D 
adiabatic” [11], although heat exchange is allowed in the feed grooves [4]. Differently, in 
the “2D correlation” model, q0 and q1 are computed by using Luke formula [12] and the 
heat exchange is roughly taken into account.  

4 Results 
Static characteristics have been computed by means of the two above-explained simulation 
models for both original and modified RK. The same bearing bushes are employed in the 
two test rigs, while journal diameters are different, so that radial relative clearances are 



1.7/100 and 8/1000, respectively. Lubricant supply is carried out by means of four holes in 
the bearing axial midplane oriented at 45 degrees with reference to the vertical direction. 
Bearing data required by both lubrication analysis methods are given in Table 1. Hot 
clearances ch are used as input data for THD calculations. Here the temperature-viscosity 
dependence is described by means of three parameters (reference oil viscosity µL0 at 
temperature T0 and coefficient β) according to the exponential law described in [4, 5]. The 
oil film in half bearing is discretized by means of 80x8 elements in circumferential and 
axial directions, respectively. 

Table 1. Lubrication analysis data 

 
Experimental and numerical journal center locations (components X, Y) are shown in Fig. 3, 
4 and 5 for the original RK as well as configuration 1 and 2 of the modified RK, 
respectively. Journal locations are plotted at different shaft rotation speeds (250, 500, 1000, 
2000, 3000 rpm) in clockwise (cw) and counter-clockwise (ccw) directions. Let ε be the 
operational relative eccentricity equal to e/ch, where e=(X2+Y2)0.5. Black and red circles 
identify the loci of points located at ε equal to 1 and 0.5, respectively.  Experimental 
“static” journal points are obtained by averaging the measured locations during several 



shaft rotations. The agreement between experimental and numerical results, based on thin 
film assumption, is better in modified RK results, due to the clearance reduction. In 
configuration 1 of modified RK the above-cited lift-off of the journal in the self-lubricated 
bearing may be influential and, together with misalignment, can explain the occurrence of 
positive Y components of journal location. 

 
Fig. 3. Journal center locations for the original RK 

 
Fig. 4. Journal center locations for the modified RK in configuration 1 

 
Fig. 5. Journal center locations for the modified RK in configuration 2 



Asymmetry between clockwise and corresponding counter-clockwise experimental 
locations is mainly due to misalignments. For configuration 2 due to oil whirl instability 
ccw locations are not significant as well as positive Y components of journal location. 
Signal processing has shown that the asymmetry between experimental cw and ccw journal 
positions shown in Fig. 5 is due to whirl phenomenon. Indeed, in the cascade plot recorded 
at ccw shaft speed (Fig. 6) a line relevant to order 1/2x appears. On the contrary, no 
corresponding subsynchronous vibration is visible in the cascade plot relevant to cw speed 
results (Fig. 7). 
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 Fig. 6. Cascade plot for modified RK in configuration 2, ccw rotation 
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Fig. 7. Cascade plot for modified RK in configuration 2, cw rotation 

Whirl inception in plain journal bearings depends on two independent non-dimensional 
parameters, i.e. the Sommerfeld number S and the ratio between bearing axial length and 
diameter. The inverse of S is the nondimensional bearing load, so that the higher the 
Sommerfeld number, the lower the load and the threshold speed. Particularly, S is inversely 
proportional to the square of the clearance and, therefore, whirl inception is very sensitive 
to this parameter, i.e. the lower the clearance, the lower the threshold speed. Sommerfeld 
number and clearance are global bearing parameters that are sensible for accurately aligned 
bearings. Differently, when the shaft misalignment is considerable, whirl inception should 
be linked to local parameters, i.e. the local film thickness or the average clearance in the 
active film region (where the pressure distribution develops). Consequently, if the shaft is 
not misaligned, whirl threshold does not depend on rotation speed direction. Indeed, for 
opposite rotation speeds, the corresponding film thickness distributions are symmetric with 
respect to the vertical bearing mid-plane and the average clearance of the active film is the 



same. Differently, if the shaft is misaligned, the average thickness of the active film and 
consequently the threshold speed may depend on the rotation speed direction. 
In order to illustrate the degree of agreement between experiments and simulations, Figures 
8 and 9 show in percentage the differences between measured and computed relative 
eccentricities (ratio between journal eccentricity and hot radial clearance). For the 
assessment of such differences, referred to as errors, the simulation results of “2D 
adiabatic” and “2D correlation” models are used in Figs. 8 and 9, respectively. Both of 
these plots point out that the modified RK errors (red and green columns for configuration 1 
and 2, respectively) are far lower than original RK ones (blue columns).  

 
Fig. 8. Difference between measured and 2D adiabatic model relative eccentricities for different test 
rigs and configurations 

 
Fig. 9. Difference between measured and 2D correlation model relative eccentricities for different test 
rigs and configurations 



Although such reduction is less significant for the modified RK in configuration 2 (green 
columns) for ccw (positive) rotation speeds, the relevant measurements are not significant 
equilibrium locations due to the occurrence of whirl, as mentioned above. As far as the 
attitude angle error is concerned, the drop is more moderate. A full three-dimensional THD 
analysis or even a TermoElastoHydrodynamic (TEHD) analysis would be required in order 
to achieve close agreement of attitude angles. 

5 Conclusions 
A reduction in the clearance of the original RK has improved the correlation between 
experiments and real-world applications as well as the agreement with numerical results 
from codes implemented for lubrication analysis. In future research, the new test rig set up 
in this work will be employed for the dynamic analysis of bearing-rotor systems. 
Aerodynamic bearings for oil-free lubrication will be also studied. 
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