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Ii J'HACT 
"I ' hased finite element program is being developed for 

! 11111 \.:d concept rotor bearing systems, including those 
I II'~ active magnetic bearings (AMB). The finite 

t , I, III program is aimed at modeling the rotor-bearing 
11 111.\. 10 perform the stability analysis and unbalance 
11, llIse calculations. This paper presents the results of 

I. _llIbi lily analysis and unbalance response calculations of 
II MU rotor drop test stand, which has been described in 
I I I IIr Ihis paper. The paper also compares the analytical 

111 1 Ihe experimental results obtained, for the damped 
I I • II speeds and the unbalance response. 

J HOf)UCTION 
I h. Ilierease in high speed turbo machinery applications, 

I 'd 10 a significant progress in the study of rotor 
I 1lI lIlIi(.;s in the last decade. The evaluation of the dynamic 
I 111I!t lv and response to unbalance has become a standard 
dl ula lion procedure for all new turbomachinery designs. 

I III \I ~C of finite element in rotor dynamics dates back to 
1'1 I ')70's. The usual calculation procedure used in rotor 
I 1I1\ II1i cs has been described in several papers published in 
11/\ 10 mid-seventies [1,2,3,5,6]. Ruhl and Booker [2] 

I '111I1I1:lled a distributed parameter finite element model 
I .. d on the Euler-Bernoulli beam. Since then the 

IlIIhkllllg has undergone a lot of modifications, enhancing 
II tlludcl to include the effects of rotary inertia, gyroscopic 

II fi lii ' Ill s, shear deformation and axial load [4,7]. The 
Itl l~' 1l1 program models the rotor based on the Timoshenko 

1111 I heory as developed by Nelson [7]. 

I II! majority of the industry standard codes are based on 
1111 well established transfer matrix method, for the stability 

Iii IInbalance response calculations. The transfer matrix 
' Ihdily programs are capable of only solving for a finite 

lil lIllhcr of eigenvalues, usually the lowest eigenvalues. In 
I II 1 cecnt past, the finite element method has gained a lot 
II I Importance in the field of rotor dynamics. The use of 
111 111' clement method for the formulation makes it possible 
It , lIIodei increasingly complex problems, and recent 

~ 

advances in digital computers have made the computations 
of large ordered problems feasible. 

Another technology that has gained acceptance in recent 
years is the use of active magnetic bearings for industrial 
turbomachinery [8,9]. The advances in active magnetic 
bearing (AMB) technology present a new challenge to 
rotordynamicists. The rotor dynamic analysis of a 
machinery supported on AMB is complicated by the fact 
that the stiffness and damping properties of the magnetic 
bearing are a function of the whirl frequency rather than 
the running speed. Secondly, the position of the sensors, 
which feed back the displacement of the rotor to the 
bearings, are, in general, not aligned with the bearings. 
The non collocated positions of the sensors pose as 
additional problems, when the standard transfer matrix 
method is used for the analysis. However, recent work 
[10,11] has been done in modifying the transfer matrix 
solution procedure to cope with these two characteristics of 
AMB supported rotors. The finite element method has a 
distinct advantage in tIlis regard. The sensor 
noncollocation can be conveniently handled and the usual 
iterative procedure of the transfer matrix method is not 
necessary, when the finite element method is used. 

This paper compares the results of the damped eigenvalue 
analysis of the finite element program with the 
experimental results. The program accounts for sensor 
noncollocation and includes the evaluation of the 
eigenvalues based on the frequency dependent bearing 
properties. The validity of the finite element program was 
evaluated by comparing the results of the stability analysis 
to the well established transfer matrix codes, in previous 
work [12]. The paper also presents results of the unbalance 
response calculations of the AMB test rotor. 

STABILITY ANALYSIS 
The rotor shown in Fig. 1, was modeled using 39 elements. 
The rotor has a thin shell cross-section, typical of aircraft 
jet engine design. It is coupled to the gear-box through a 
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dry diaphragm type coupling. The rotor was modeled 
along with the coupling shaft and the gear-box pinion. 
The rotor weighs about 300 lb. and is about 230 mm in 
length. The pinion shaft is supported on two fluid 
bearings. The stiffness of the fluid film bearings were 
calculated and were relatively higher than the magnetic 
bearing stiffness. The operating speed of the AMB rotor is 
8000 rpm. 

The results generated by the finite element program for the 
stability analysis were compared to the damped eigenvalues 
obtained experimentally, by exciting the rotor using the 
magnetic bearings. The stiffness and damping of the 
magnetic bearings, as a function of frequency, were 
supplied by the magnetic bearing manufacturer. Initially, 
the undamped critical speeds were calculated. Damping 
was then included in the model, and the damped 
eigenvalues were evaluated. The comparison of the 
analytical and experimental eigenvalues are as shown in 
Table 1. 

Number of stations (nodes) : 10 
Beari.nqs at Oroln iE'ft): 5 133336 

Sensors at (from left) I 6 12 

- Outside dimension: 'B' - Bparing locations 
- -- - inside dimef"lsion: '5' - Spnsor locations 

FIGURE 1 : Rotor model used for the analysis 

Table 1. Comparison of results from the FE program and the experimental observations. 

Finite Element Analysis 

Mode Collocated Noncollocated Obtained from 

Undamped freq. Damped freq. Undamped freq. Damped freq. test rig 
(Hz) (Hz) (Hz) 

1 48.36 47.42 48.61 

2 57.61 55.12 56.50 

3 112.20 110.78 112.28 

From the results of the undamped and damped analysis, it 
can be seen that the frequencies drop as the damping is 
added to the system. This is in agreement with the theory. 
The influence of the sensor positions can also be seen from 
the results. The first and third frequencies increase, though 
by a small amount, as the sensors are moved inboard from 
the collocated positions. This is to be expected, because 
moving the sensors inboard, pulls the rotor down in the 
first and third modes, which essentially increase the 
stiffness for those modes. This results in an increase in the 
frequencies for the inboard sensor position. Similarly, for 
the second mode, the inboard sensor position decreases the 
stiffness and hence the frequency drops. The second mode 
was not observed in the excitation of the rotor, since both 
the magnetic bearings were excited in-phase. 

(Hz) 

47.70 46-50 

53.85 (not observed) 

110.86 102-107 

UNBALANCE RESPONSE 
The rotor has 4 location (planes) on which weights can h, 
conveniently added. The four planes are the two di ,~ • 
(with 30 equally spaced holes drilled axially along a Cil liLl 

of diameter of 10 in.) and the hub of the coupling at Ihl 

rotor end and the pinion end. Trial weights were addcd II 

these four locations, separately, and the rotor speed WI 

increased to 5000 rpm. The rotor was then allowed to CO:II,I 

down on the magnetic bearings. Currently, there arc I 
probes on the rotor for the measuring the displacemclIl 
the two sensors of the magnetic bearings (two at each of 11 11 

magnetic bearing), one in the axial direction, and UI II 

probe each at the two ends ofthe coupling. The readings "' 
the probes were recorded at every 50 rpm increment usi lit 
the ADRE data acquisition system. 
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!'he test rig was balanced by a muItiplane least squares 
IlIcLhod to achieve the lowest possible residual unbalance 
distribution. The trial weight runs were made with a 
\I' ' ight of 4.66 gms. located in the rotor disk inboard and 
11 11 I board planes, and at a radius of 127 mm. After the rotor 
W:1S balanced, additional runs were made with the same 
Ili al weight in each of these planes. The data was captured 
II l1d reduced for all channels. Figs. 2 to 5 show the response 
,II Ihe two magnetic bearing sensor locations for the 
" nbalance weight at the inboard disk. Figs. 6 to 9 show the 
I 'sponse at the two magnetic bearing sensor locations for 
III ' unbalance weight at the outboard disk. It must be 
I'llinied out that the magnetic bearing sensors have a 
. 'nsitivity of 600 mVlmil, and since this cannot be set on 
III' ADRE data acquisition system, the sensitivity was set at 
10-1 -309 for the above sensors. Hence, the amplitudes 
( I' ': lk -peak) shown in Figs. 2 to 9 are twice the actual 
II ll1 plitudes (peak-peak). 

1'i1'.lI fes 2 and 3 show the response of the magnetic bearing 
l' IIS0f, at the outboard location. The phase data shows a 

~ 1{lW rolling phase with no clear indication of a critical 
' " ·cd. Figures 4 and 5 show the response of the sensors at 
III ' inboard location, where the unbalance weight was 
lidded . The amplitude shows an increasing trend with a 
111 lx imum around 2500 rpm, but the curve is still too flat to 
I' 'cify the location of the critical speeds. The damping 
I " illS to be relatively high, and this prevents any sharp rise 
II fl llIplitude. 
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I II ; " ~ 2 : Response at outboard location (probe # 1) for 
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FIGURE 3 : Response at outboard location (probe #2) 
the unbalance at inboard location 
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FIGURE 5: Response at inboard location (probe #5) 
the unbalance at inboard location 

Figures 6 and 7 show the response of the sensors at the 
outboard location, where the unbalance weight was added. 
The amplitude seems to have an increasing trend, but again 
seems to indicate high damping. The curves in Figs. 8 and 
9 show the response at the inboard location. The two solid 
lines on each of these plots correspond to run-up and run
down of the rotor. It can be seen that the two curves almost 
run together. It can also be noticed from the plots that the 
response increases at the locations of the unbalance. But 
the response at the opposite end does not show any 
significant information. This is due to the fact that the 
system has residual unbalance and this combined with the 
run-out, which keeps changing, distorts the low level 
amplitudes. 

Figures 10 and 11 show the unbalance response of the rotor 
at the four sensor planes, as evaluated by the finite element 
program. The frequency dependent bearing parameters, 
supplied by the bearing manufacturer were used in the 
finite element program for the above analysis. Comparing 
the curves in Fig. 10 and Figs. 2 to 5, it can be seen that the 
amplitude ranges are quite agreeable. The curve for probe 
#4 (Le., channel #4) from Fig. 10 shows the same trend as 
the curve in Fig. 4. The absence of a distinct critical speed 
in the Figs. 10 and 11 are in complete agreement with the 
data obtained from the experiment. Also the curves that 
correspond to the response at the unbalance locations, agree 
quite closely. It can be noted the from the curves for 
channel # 1 and channel #2, and similarly for channel #4 

and channel #5, that the amplitudes sensed by both the 
sensors in each of the planes, are of comparable 
amplitudes, indicating a circular response. 
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FIGURE 6 : Response at outboard location (probe #1) 
the unbalance at outboard location 
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FIGURE 7 : Response at outboard location (probe #2) 
the unbalance at outboard location 



Fourth International Symposium on Magnetic Bearings. August 1994, ETH Zurich 217 

COI'f'fW" I \1I~lnl. l'Rh 
f'lJIINT I Rotor Lab 
J'1lI REFERaaI RGtOl'" dr-ap 
rw::HtNE Hli'UN1 AnIt r •• t r'o 
"-chlnel N18 <Full rotOl'" 

.... or,."._ 

24 MY 94 11111011016.1J to <! .. MY 94 115IU,U.8 Start"", 11 Fltt ..... u--
"&<;:1'11_, Ne dru. rotor 0>11 .- \It (~.n.d line) 

24 My.,4 181111:00.8 to 24 M'f ,. 1811'1« •• Start.". Olr.ct 

SOO lllea ISee 288It lSN .... 
. 1 I . .. 1 . 1 I . 

'80 I 1 1 1 1 

1 1 1 1 I 1 

1 

1 1 

I .1 

.1 1 

I I. 
I .1. 

I 

s." 

.. 1. 
I 
I. 

.. 

I. 

FIGURE 8 : Response at inboard location (probe #4) 
the unbalance at outboard location 
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CONCLUSIONS 
1. The comparison of the results of the stability analysis, as 
shown in Table 1, show that the sensor location must be 
considered in evaluation of the critical speeds. Also the 
critical speeds, observed by the excitation of the rotor, 
change as predicted by the finite element program for the 
inboard sensor positions. 

2. The results of the critical speed analysis as calculated by 
the finite element program are in close agreement with the 
critical speeds obtained by exciting the rotor. 

3. The response levels as calculated by the finite element 
program agree closely with those obtained from the 
experiment, at the plane of the unbalance location. 

4. The response amplitudes at the opposite end from the 
applied unbalance location do not match exactly due to the 
residual unbalance and the changing run-out during each 
run of the rotor. 
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