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ABSTRACT 
This paper presents experiences and diagnosis of 

excessive sub-synchronous vibrations of 6.6MW integrally 
geared centrifugal expander, and shows examples of solving 
vibration problems by applying derived design guidelines. 
The two stage expander consists of a bull gear and two 
pinions associated with high pressure (HP) and low pressure 
(LP), respectively. During mechanical run test, the vibrations 
of both pinion rotors exceeded the limits and main frequency 
components of the vibration were the harmonics of the 
rotational speed of the bull gear as well as synchronous one. 
Measurements showed that the bull harmonic vibrations are 
amplified and transmitted to the pinions due to excessive 
misalignment between the bull gear and the pinions. By 
replacing all bull gear and pinion bearings by new ones with 
design changes, the pinion vibrations were reduced but did 
not fully meet design criteria. In order to identify and solve 
the transmitted vibration problems from the bull gear to the 
pinions, we developed 3D finite element analysis tool that 
can analyse forced responses of multiple rotors coupled by 
the thrust collar. The new tool was utilized to analyse the 
effectiveness of various design changes on vibration 
reduction. As a result, some design guidelines including 
coupling weight reduction, LP and HP pinion position 
exchange, decrease of wheel mass were derived and applied 
to second expander unit. The bull harmonic components in 
the pinion vibrations of the second expander unit were 
significantly lower than those of the first expander unit, 
satisfying the vibration criteria. 

INTRODUCTION 
Subsynchronous vibration of integrally geared 

centrifugal compressor/expander usually become a very 

troublesome and time-consuming problem that cannot be 
easily solved in the field once it occurs [1, 2]. 
Troubleshooting begins with the search for a root cause by 
analysing the signals including rotor vibration and operating 
environment. After finding the root cause, the solution for 
the subsynchronous vibration problem can be found via past 
experience and extensive numerical analysis [3].  

The integrally geared centrifugal compressor/expander is 
composed of bull gear and pinions, and thrust collars are 
installed to manage thrust force acted on the pinion. Thrust 
collars are often preferred instead of pinion thrust bearings 
because of its advantage of consuming less mechanical loss. 
However, they sometimes serve to transmit the harmonic 
excitation force, caused by the misalignment, from the bull 
gear to the pinions, inducing subsynchronous pinion 
vibrations having harmonic frequencies to the bull gear 
rotational speed. An dynamic model for the lubricant film 
between the bull gear and the thrust collar was introduced by 
San Andres et al. [4], but the dynamic model describing 
multi-rotors equipped the thrust collars is hardly found yet 
[5]. The absence of the dynamic model has made it difficult 
to solve the transmitted vibration problem due to the thrust 
collar. This paper thus proposes the design guidelines to 
minimize the transmitted vibration from the bull gear to the 
pinion through troubleshooting experiences and analysis 
results that are derived from 3D finite element model. 

INTEGRALLY GEARED CENTRIFUAL EXPANDER 
Figures 1 and 2 show the integrally geared centrifugal 

expander with two stages, HP and LP, of which design 
conditions are as following 

 
 Fluid : N2 mixture 
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 Normal flow : 102,147 Nm3/hr 
 HP inlet pressure : 9.3 kg/cm2A 
 LP discharge pressure : 1.05 kg/cm2A 
 Shaft power : 6617kW 
 Rotational speed  

: HP(12,677rpm), LP(7353rpm), bull gear(1776rpm) 
 Rotor mass 

: HP with wheel(325kg), LP with wheel(1080kg), 
bull gear with half coupling(2806kg) 

 Wheel mass : HP(110kg), LP(554kg) 
 Half coupling mass: 409kg 

 
LP and HP pinions rotate clockwise when viewed from the 
LP and HP outlets. Axial movement of the pinions is 
constrained by thrust collars (rider rings) in contact to bull 
gear. The pinion and bull gear are supported by five-pad 
tilting-pad journal bearings and sleeve journal bearings, 
respectively.  

The power produced by the expander is consumed by 
air compressor, not shown here, which is coaxially connected 
via couplings and a motor. The X, Y-axis displacements of 

the pinion and bull gear rotors were measured by eddy-
current type proximity sensors in the vicinity of each bearing 
such as HP wheel and blind sides, LP wheel and blind sides, 
and bull blind and motor sides. Axial vibration of the bull 
gear was measured at the middle of the gear web.  

VIBRATION PROBLEMS 
First site test, mechanical run test, was performed during 

commissioning, but HP and LP pinion rotor vibrations 

Figure 1 Isometric view of integrally geared expander, 
first unit 

Figure 2 Cross section of integrally geared expander, 
first unit 

Figure 3 Frequency spectra of rotor vibrations  
during commissioning 

(b) LP blind X and Y 

(a) HP blind X and Y 

(c) Bull axial and bull motor X 
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exceeded limits irrespective of load conditions. Note that 
Table 1 lists the vibration amplitudes measured at rated 
condition for three site tests in which latter two tests had 
been conducted by applying each troubleshooting measure. 
In Figs. 3(a) and (b), the frequency spectra in RMS values 
indicates that the excessive pinion rotor vibrations are due to 
mainly harmonic components, two(bull 2X), three(bull 3X) 
and four(bull 4X) times, to the bull gear rotational speed as 
well as synchronous one. It demonstrates that bull gear 
vibration is transmitted to the pinion. Here, nX, n=integer, 
denotes nth harmonic component to the rotational speed of 
the specific rotor in the frequency spectrum plot; e.g. LP 1X 
means the synchronous component to the LP rotational 
speed. In Fig. 4, waterfall diagrams at start-up operation 
during the first troubleshooting showed that the correlation 
between the bull gear and the pinion vibrations are valid in 
the view of the vibration transmission. 

Since the bull harmonic components in Figs. 3(a) and (b) 
are below the pinion rotational speeds, fault tree analysis 
regarding sub-synchronous vibration was conducted to find 
the root cause and solve the vibration problem. Other causes 
besides the transmitted vibration from the bull gear to the 
pinions were investigated but turned out to be not feasible. 
For example, since natural frequency components associated 
with the pinion rotors were not found in the spectra, 
rotordynamic instability was ruled out from the root cause 
list. Bearing looseness and excessive aero-dynamic 
disturbance force at the wheel were also excluded from the 
list because wide band frequency components were 
insignificant in low frequency region of the spectra under 
various performance test conditions. 

Figure 3(c) shows that the bull gear axial/rotor 
vibrations also had bull harmonic components in the 

frequency spectra, such as bull 1X, 2X, 3X and 4X, like the 
pinion vibrations. It was seen as typical vibration spectra 
caused by misalignment between the bull gear, the coupling 
and the motor. Hence, as an immediate measure to reduce the 
harmonic vibrations of the pinions, it was proposed to adjust 
the alignment among them more precisely, reducing the 
resultant harmonic excitation forces. 

FIRST TROUBLESHOOTING 
Examination revealed the quality of both parallel and 

angular alignments below the corresponding limits, but an 
offset value between the bull gear and the motor rotor at 
“hot” running condition was relatively higher than other 
misalignment values. Hence, the offset value was adjusted 
much more precisely through hot parallel alignment, and it 
was expected that harmonic excitation forces are sufficiently 
reduced. In addition, axial clearance of bull gear thrust 
bearing was reduced by 13%, by which it was expected that 
the increase of axial bearing stiffness and moment stiffness 
leads to the reduction of bull gear conical motion and 
transmitted vibration to the pinions. Also, the supply 

Figure 4 Waterfall diagrams of rotor vibrations  
at start-up operation during commissioning 

Figure 5 Frequency spectra of rotor vibrations  
during first troubleshooting 

(b) LP blind X and Y 

(a) HP blind X and Y 

(c) Bull axial and bull motor X 
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temperature of bearing lubrication oil was lowered by about 
10°C to increase the oil viscosity. 

First troubleshooting actions did not have a significant 
effect on the reduction of the overall vibration magnitude 
except HP blind and bull blind vibrations, as shown in Table 
1. Figure 5 shows that, as a result of the hot parallel 
alignment and the axial clearance reduction of the bull thrust 
bearing, bull 2X and 4X components of the bull axial 
vibration and bull 4X component of the LP blind vibration 
decreased. The reduction of the bull blind vibration was 
mainly attributed to the reduction of the bull 1X component. 
However, the other bull harmonic components in the bull 
gear, HP and LP pinion vibrations were similar in magnitude 
or even larger as compared to the previous commissioning 
test results. 

Interestingly, the oil supply temperature reduction was 
effective in reducing some bull harmonic components of the 
HP pinion vibration and suppressing its overall vibrations. 
Thus it was determined to maintain the reduced oil 
temperature. 

PINION MISALIGNMENT RELATIVE TO BULL GEAR 
Because the first troubleshooting actions were not 

successful on suppressing the pinion vibration to be under 
the limit, much efforts were put on finding another root cause 
of the harmonic vibrations, and pinion misalignment relative 
to the bull gear was pointed out. The HP and LP pinions are 
of single overhung configuration, of which the wheels were 
designed primarily to optimize the aerodynamic 
performance. Especially, the weight of the LP wheel is about 
half the weight of the whole LP pinion rotor, leading to 
centre-of-gravity(C.G.) of the LP pinion rotor to be located 
outside of bearing span and close to the wheel as shown in 
Fig. 6. The problem is that the C.G. and gear force point are 
quite apart, and force directions are opposite to each other, so 
that a large moment force is generated in the LP pinion rotor 
irrespective of loading conditions. As a result, load angles of 
the LP wheel and blind bearings are out-of-phase to each 
other as shown in Table 2, indicating statically inclined and 
therefore possibly misaligned heavily with respect to the bull 
gear during the operation. 

The pinion misalignment relative to the bull gear was 
estimated quantitatively based on bearing eccentricity and 
attitude angle which are calculated from the force 
equilibrium state on full load condition, of which the results 
are listed in Table 3. Here, it was assumed that the bearing 
eccentricity and the attitude angle represent vectorially the 
shaft centre position at the journal of the associated bearing. 
A misalignment calculation example of the LP pinion for the 
commissioning is as following: 

 
1. Calculate eccentricity vector difference of bull blind and 
bull motor bearings; 


349.0270333.0230  A   

2. Calculate eccentricity vector difference of LP wheel and 
LP blind bearings; 


24.0650991.0360  B   

3. Calculate the magnitude of vector difference B A 


  
 
Note in Table 3 that the misalignment of the HP pinion for 
the commissioning is less than half of the LP pinion, which is 
mainly due to in-phase force directions of rotor weight and 
tangential/radial gear force of the HP pinion rotor. 

SECOND TROUBLESHOOTING 
Four measures were discussed to improve the 

misalignment of the HP and LP pinions. First was to 
exchange the original 17-4 PH wheel for one fabricated by a 
light material like titanium. However, this measure was 
discarded due to huge cost impact on the project in 
comparison to the expected vibration reduction. Second was 
to attach the dummy wheel to the blind side of each pinion in 
order to reduce the moment force and thus minimize the 
difference of bearing load angles between the bearings. But 
this method was also ruled out because it required 
considerable design modification of gear box. Third is to 
exchange the positions in the gear box of the HP and LP 
pinions to each other. It aims at preventing out-of-phase load 
angles of the LP bearings and consequent misalignment. 
Although it was a fundamental solution, it was decided to 

Figure 6 Free body diagram of forces acting on LP 
pinion rotor 
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apply to second expander unit since it required a complete 
redesign of the entire expander system. 

Last fourth measure, actually taken as second 
troubleshooting, was to replace the whole bearings with 
modified ones that minimize the pinion misalignment and 
increase bearing stiffness and damping at the same time, of 
which the results are shown in Tables 2 and 3. Design 
modification of the pinion bearings included decrease of 
bearing clearance, increase of preload, increase of L/D ratio, 
etc. The clearance of the bull bearings was also decreased, 
and moreover its type was changed from plain sleeve journal 
to 3-lobe journal so as to maximize the bearing stiffness. 

The second troubleshooting measure succeeded to 
suppress the HP pinion vibrations to be under the limit 25um 
as shown in Table 1. Figure 7(a) depicts all bull harmonic 
components of the HP pinion vibration are decreased 
considerably compared with those in Fig. 5(a) associated 
with the old bearings. It indicates that the reduction of the HP 
pinion misalignment was highly effective on the decrease of 
the bull harmonic vibrations. The reduction of both the HP 
and LP pinion misalignments also resulted in the decrease of 
the harmonic components of the bull blind vibration and 
accordingly its overall magnitude. 

On the other hand, the 32% reduction, from 0.092mm to 
0.063mm, of the LP pinion misalignment affected little on 
the decrease of the bull harmonic components of the LP 

pinion vibration. The decrease of the overall LP wheel 
vibration shown in Table 1 was mainly attributed to 
significant decrease of the LP 1X vibration, which was 
caused by the increase of the dynamic stiffness compared 
with the old bearing. Here, the LP vibration, together with 
the HP vibration, demonstrated that the pinion misalignment 
with respect to the bull gear should be designed to be under 
certain level in order to sufficiently reduce the bull harmonic 
vibration transmitted to the pinion. 

Although the magnitude of the overall LP pinion 
vibrations exceeded the limit 32um, it was mutually agreed 
with end user to operate the expander. It is because the LP 
vibration magnitude was far below the level for continuous 
operation defined by relevant ISO standard. It is also because 
there was no damage found in the core components such as 
the bearing and seal as a result of teardown inspection after 
the second troubleshooting. Over the years, the equipment 
has been operating well with the vibration below the alarm 
level. 

3D FE ANALYSIS OF MULTI-ROTORS  
In order to identify and solve the transmitted vibration 

problems from the bull gear to the pinions, we developed 3D 
finite element analysis tool that can analyse forced responses 
of multiple rotors coupled by the thrust collar.  

Figure 8 shows the 3D finite element(FE) model of the 
first expander unit. Contact mechanism among the bull gear 
web, the thrust collars and helical gears is sophisticatedly 
organized to ensure that the transmitted vibration is 

Figure 7 Frequency spectra of rotor vibrations  
during second troubleshooting of first expander unit 

(b) LP blind X and Y 

(a) HP blind X and Y 

(c) Bull motor X 

Figure 9 Time responses and frequency spectrum 
derived from 3D finite element analysis 

Figure 8 3D finite element model of first expander unit 

LP pinion 

HP pinion 

Bull gear 

Thrust collar 

Thrust collar 
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effectively described. It is capable of rotating the bull gear 
from standstill to a desired rotational speed, as well as the 
pinions according to given gear ratio. Stationary disturbance 
forces such as harmonic force as well as unbalance force can 
be given to the desired forcing points, and the resultant 
transient and steady-state time responses can be obtained. 
Also, the misalignment between the bull gear and the 
coupling can be explicitly assigned to demonstrate the 
harmonic forced responses of both the bull gear and the 
pinions. Figure 9 shows an example of the time responses 
and the frequency spectrum. 

The new tool was utilized to analyse the effectiveness of 
various design changes on the transmitted vibration reduction 
of LP pinion rotor. Through extensive sensitivity analysis, 
four design changes were found to be effective, which 
include exchange of the HP and LP pinion location, 
reduction of coupling weight, increase of bull shaft hub 
diameter, and reduction of LP wheel. Table 4 shows that 
77%(64%) of bull 2X transmitted vibration at the 
wheel(blind)-side of the LP pinion rotor is expected to be 
decreased by applying the four design changes 
simultaneously. 

Physically, it was concluded that the reduction of the 
coupling mass and the increase of the bull shaft hub diameter 
help reduction of the conical motion at the coupling and 
accordingly harmonic excitation force caused by the bull 
gear-coupling misalignment. Also, the reduction of the LP 
wheel mass including mass moments of inertia was thought 
to contribute the decrease of both the gyroscopic moment 
and precession motion of the LP pinion rotor. 

DESIGN AND VIBRATION OF SECOND UNIT 
Figure 10 shows the second expander unit with two 

stages of which design conditions are as following  
 
 Fluid : N2 mixture 
 Normal flow : 71,500 Nm3/hr 
 HP inlet pressure : 9.3 kg/cm2A 
 LP discharge pressure : 1.05 kg/cm2A 
 Shaft power : 4801kW 
 Rotational speed  

: HP(12,212rpm), LP(9314rpm), bull gear(1790rpm) 
 Rotor mass 

: HP with wheel(301kg), LP with wheel(830kg), 
bull gear with half coupling(2363kg) 

 Wheel mass : HP(99kg), LP(337kg) 
 Half coupling mass: 171kg 

The second unit was designed according to design 
guidelines for minimization of the transmitted vibration from 
the bull gear to the pinion, which were acquired based on the 
troubleshooting experience from the first unit and the 
analysis results of 3D FE model. The design guidelines are as 
following 

 
1. Minimize the pinion misalignment with respect to the 
bull gear 
2. Minimize the coupling mass 
3. Maximize the bull shaft hub diameter 
4. Minimize the wheel mass 
5. Maximize the pinion bearing stiffness and damping 
 

The first guideline was kept by avoiding out-of-phase 
bearing load angles between two bearings of the pinion. In 
particular, the exchange of the HP and LP pinion location 
enabled to make the load angle difference 72°, less than 90°, 
of the LP pinion bearings as shown in Table 5. The second 
guideline was able to follow by changing coupling type and 
optimizing coupling design. The fourth guideline was made 
possible by properly allocating LP and HP aerodynamic 
power. The fifth guideline was achieved by increasing L/D 
ratio of the pinion bearing. However, the third guideline was 
not able to be followed, as it conflicted with the second.  

The second expander unit was successfully 
commissioned with the all vibrations being less than the 

Figure 10 Cross section of integrally geared expander, 
second unit 
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limits irrespective of loading condition. Figure 11 shows 
frequency spectra of some rotor vibrations on full load 
condition. It demonstrate that the transmitted vibration from 
the bull gear to the pinions are hardly generated, and thus 
that the proposed design guidelines are effective. 

CONCLUSIONS 
Practical five design guidelines for the integrally geared 

centrifugal expander were proposed to minimize the 
transmitted vibration from the bull gear to the pinion. They 
were derived from the troubleshooting experiences and the 
3D FE analysis results, and include 

 
1. Minimize the pinion misalignment with respect to the 
bull gear 
2. Minimize the coupling mass 
3. Maximize the bull shaft hub diameter 
4. Minimize the wheel mass 
5. Maximize the pinion bearing stiffness and damping 

 
The design guidelines were applied to the newly developed 
unit and proved to be effective on preventing the transmitted 
vibration.  
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Figure 11 Frequency spectra of rotor vibrations of 
second expander unit 

(b) LP blind X 

(a) HP blind X  

(c) Bull motor X 


