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1. BACKGROUND AND INTRODUCTION

The object of this report is to review the synchronous unbalance response of the eight

stage Cooper compressor with a squeeze film damper mounted at the non-drive end of the 

compressor. The principal objective of the squeeze film damper is to increase the log decrement 

of the compressor first mode to increase its stability characteristics. The squeeze film damper 

also has highly desirable effects on the unbalance response at running speed. 

Figure 1.1, for example, represents the spectrum analysis of the Y motion at the free end 

of the eight-stage compressor during shutdown. This particular compressor exhibits an unusual 

self-excited instability phenomenon below the operating speed. As can been seen in the waterfall 

diagram, the self-excited instability appears to initiate at approximately 2,500 RPM and the 

subsynchronous whirl frequency tracks running speed. After passing through the rotor first 

critical speed around 4,000 RPM, the subsynchronous motion disappears. 

This type of behavior in a centrifugal compressor in tilting pad bearings is highly unusual. 

Normally, self-excited whirl instability in a tilting pad rotor is initiated only when the rotor is 

operating well above its first critical speed. The whirl mechanism is usually caused by 

aerodynamic cross-coupling of the impellers and the balance piston. This does not appear to be 

the case. This type of whirl motion has been observed with floating bushing oil seals. It has also 

been observed that a supporting structure or foundation resonance can lead to a low frequency 

subsynchronous whirl motion. However, a pure structural mode does not normally track the rotor 

speed, as it appears to do in this case. 

In addition to the observed self-excited whirl motion, it can be observed that the rotor 

amplitude at the Y probe is increasing with speeds above 5,000 RPM. This is caused by the rotor 

moving towards the second critical speed. Couple unbalance in the rotor will cause the ends to 

increase in amplitude above the first critical speed. 

Figure 1.2 represents the synchronous response of the eight-stage compressor on start-up. 

The large jump at 3,900 RPM was due to a change in operating conditions. At speeds above 

5,500 RPM, it is seen that the rotor synchronous amplitude increases. This is to be expected 

since the rotor is operating above the first critical speed and is approaching the rotor second 

critical speed. In the design of the combination of the tilting pad bearings and the squeeze film 

damper, both were optimized to provide the maximum rotor log decrement for the first forward 
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1. Background and Introduction Discussion and Conclusions 

critical speed. It was also observed that the introduction of the squeeze film damper increases 

the log decrement for the second critical speed, as well. The squeeze film damper improves the 

synchronous unbalance response characteristics of the rotor at running speed with static and 

couple unbalance distributions. 

For example, the center labyrinth seal provides additional damping which is beneficial for 

the reduction of the amplitude at the first critical speed. However, since the center seal is near 

a node point for the second mode, it has only a negligible effect on the attenuation of the rotor 

second critical speed. However, the addition of a squeeze film damper at the non-drive end has 

a considerable influence on the attenuation of the rotor amplitude at the second critical speed. 

In general, it results in a reduction of the rotor response and also the bearing forces transmitted 

for a given unbalance distribution. 

The unbalance response of the eight-stage compressor was analyzed assuming both linear 

and nonlinear squeeze film damper characteristics. For small displacements, the squeeze film 

damper may be evaluated as a linearized spring and damper system. The damping in a squeeze 

film damper remains relatively constant for eccentricities up to 40% of the damper clearance. 

The total stiffness of the SFD (squeeze film damper) is a combination of the mechanical spring 

rate of the O-ring plus the hydrodynamic stiffness generated by the damper. The hydrodynamic 

stiffness generated in a squeeze film damper varies from O at centered position and increases with 

the eccentricity of the orbit. However, for an orbital eccentricity of 40% or less of the bearing 

clearance, the main contribution of the stiffness for the SFD is provided by the supporting O

rmgs. 

One of the areas of concern with the squeeze film damper is the response of the damper 

with large values of unbalance. With large values of unbalance, the rotor orbital motion about 

the origin can cause the squeeze film damper stiffness to become quite high. When the 

synchronous orbit in the damper exceeds 40% of the bearing clearance, the damper stiffness 

becomes highly nonlinear. Under these circumstances, a condition called damper lockup can 

occur in which the dynamic characteristics of the damper are no longer desirable under the large 

loading conditions. 
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1. Background and Introduction Discussion and Conclusions 

In this report, both the linear and nonlinear responses of the rotor were analyzed with a 

wide range of unbalances, including both static and couple unbalance distributions. The 

DYROBES unbalance response program iterates on the nonlinear stiffness and damping generated 

in the squeeze film damper to determine the synchronous unbalance response. It was determined 

that the squeeze film damper behaves extremely well under a large range of unbalance. 

Therefore, it is concluded that in addition to attenuating the first critical speed and 

increasing the log decrement for the first mode, the squeeze film damper also has highly desirable 

characteristics in attenuating the second critical speed and reducing the bearing forces transmitted 

at running speed for a generalized unbalance distribution containing both first and second mode 

unbalance distributions. 
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2. ROTOR UNBALANCE RESPONSE ON STIFF SUPPORTS

The rotor unbalance response for the eight-stage compressor was computed over a speed 

range from 1,000 to 8,000 RPM with three planes of unbalance. The unbalance distribution was 

chosen such that the first and third planes of unbalance represented a dynamic couple acting on 

the shaft. The second plane acting at the center was placed at 90° to the couple unbalance 

distribution. In this fashion, both first and second modal unbalance distributions are represented. 

Figure 2.1 represents the 24-station finite element model of the eight-stage compressor. 

The circles on the figure represent major mass stations. The triangles drawn within the circle 

represent planes of unbalance. For example, the unbalance placed at stations 8 and 19 are 180°

out of phase. The unbalance at station 13, which is near the rotor center, is 90° in phase from 

the unbalance at station 8. The rotor system is represented as a three-bearing system in order to 

include the effect of the center seal. The supporting structure under the tilting pad bearing and 

the center seal is assumed to be 4.0E6 lb/in stiffness. 

Figure 2.2 represents the unbalance response of the eight-stage compressor at the bearings 

and mid-span without the squeeze film damper at the non-drive end. In this sample run, one oz

in unbalance was placed at each of the unbalance planes. The tilting pad bearing characteristics 

used are for the four-pad bearing and were assumed to be speed dependent, as shown in Table 

2.1. In Figure 2.2, the amplitudes of motion are shown at stations 4, 14, and 22. These represent 

the first bearing, rotor center, and drive-end bearing, respectively. The largest amplitude of 

motion occurs at station 14 at 3,700 RPM. This represents the first resonant frequency. The 

amplitude at the rotor center is approximately two-and-a-half times larger than the amplitude at 

the bearing ends. 

At a speed of approximately 6,000 RPM, the amplitude at the center span is of the same 

order of magnitude as the motion at the bearings. At speeds above 6,000 RPM, the center span 

amplitude is rapidly decreasing, while the motion at the bearing ends increases. The motion of 

the shaft near the center is similar to a single mass Jeffcott rotor passing through its critical 

speed. The amplitude at the bearing ends become out of phase as the rotor speed increases above 

the first critical speed. The motion at the bearing ends is relatively unaffected by the unbalance 

at station 13 near the rotor center. The amplitude of motion at the bearings above 6,000 RPM 

is controlled by the couple unbalance at stations 8 and 13. 

2.1 











2. Unbalance Response With Stiff Supports Response at Center Span and Bearings 

Figures 2.3 and 2.4 represent the bearing forces transmitted at the non-drive end bearing 

(NDE) and also at the drive end bearing (DE), respectively. The maximum forces transmitted 

occur at 3,800 RPM and are 179 lb at the NDE bearing and 193 lb at the DE bearing. At 6,000 

RPM, the bearing forces transmitted reduce to a minimum and then begin to increase. At 7,700 

RPM, the bearing forces transmitted are approximately 100 lb per bearing. The rotating load 

generated by 1 oz-in at 7,700 RPM is 105.3 lb. Therefore, it is seen that the bearing forces 

transmitted above 6,000 RPM increase at a rate that is considerably greater than the rate of 

increase of the bearing amplitudes in this speed region. 

Table 2.1 represents the DYROBES finite element model for the eight-stage compressor 

mounted in four-pad tilting bearings. The model consists of a shaft with 23 finite elements, four 

attached disks, and three bearing stations. At each bearing station is also considered a flexible 

support, as shown in Figure 2.1. 

The bearing characteristics for the tilting pad bearing were computed by a separate 

program based on the nominal design bearing for the four-pad bearing for optimum damping. 

The bearing coefficients were computed for a speed range of 1,000 to 8,000 RPM. The computer 

program interpolates between speeds using a linear interpolation procedure. The tilting pad 

bearings for the non-drive and drive end were assumed to be identical, although they each carry 

a slightly different loading. The aerodynamic cross-coupling and seal damping were lumped at 

station 15. The seal damping and aerodynamic cross-coupling were also assumed to be speed 

dependent. 

Table 2.1 shows the typical magnitude and location of the unbalance distribution for the 

rotor. Identical weights were placed at planes 8, 13, and 19. The center plane is rotated 90°

from the first unbalance plane at station eight and the third unbalance plane is placed at 180°

from station eight. This, in effect, produces a static and dynamic couple acting on the rotor. The 

dynamic component acts at a 90° vector to the static rotor unbalance forcing function. In this 

section for the simulation of the unbalance response on stiff supports, at identical foundation 

support stiffness values were used at all three bearing locations. These values were 4.0E6 lb/in 

for the bearing support stiffness values and an assumed damping of 0.1 lb-sec/in. It was found 

that the assumption of labyrinth seal stiffness and damping and also the assumed lumped 

aerodynamic cross-coupling acting at the center of the rotor had little effect on the rotor 

unbalance response when the rotor system was operating above the first critical speed. 
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3. ROTOR UNBALANCE RESPONSE IN NONLINEAR SQUEEZE FILM DAMPER

AT NON-DRIVE END BEARING

The unbalance response of the eight-stage compressor was analyzed with a nonlinear 

squeeze film damper placed at the non-drive end bearing. The design of the squeeze film damper 

used in the calculations has a radial clearance of Cr=6 mils, an effective damper length of L= 1. 52 

inches, and damper radius of R=5.5 inches. The oil viscosity used was assumed to be µ=2.6E-6 

reyns. The spring rate supporting the squeeze film damper generated by the O-rings was assumed 

to be K
d
=75,000 lb/in. The support assumed acting at the center seal and the drive end bearing 

was assumed to be K
5
=4.0E6 lb/in. 

For small values of damper displacement or eccentricity, the damping characteristics may 

be considered constant. The squeeze film damping does not begin to increase until eccentricities 

exceeding .4 are achieved. The squeeze film damper for small displacements produces four 

damping coefficients. For the assumption of circular synchronous orbiting about the origin, the 

cross-coupled damping coefficients act as radial stiffness terms. These coefficients vary 

nonlinearly as a function of eccentricity. Above values of E=.4, the effective stiffness of the 

damper begins to increase dramatically. The characteristics of the squeeze film damper are given 

in Appendix A. 

In the normal unbalance response analysis, the supporting structure is assumed to be 

linear. That is, if one should double the rotating unbalance acting on the shaft, then the 

unbalance response would be proportional. With a squeeze film damper, this is not the case, 

since the damper characteristics are nonlinear. The orbital motion of the damper must remain 

within the damper clearance. At very high levels of unbalance, a situation referred to as "damper 

lockup" may occur. Under these circumstances, the damper is orbiting at 80-90% of the damper 

clearance and the system acts as a very stiff spring. Under these circumstances, the dynamic 

characteristics of the damper system may be highly undesirable. 

In this phase of the analysis, the shaft unbalance response was analyzed for three levels 

of rotating unbalance. The first level was an unbalance distribution of 1 oz-in unbalance placed 

at the three planes along the rotor. In the calculation of the nonlinear response of the shaft, it 

is assumed that the damper motion is in a synchronous circular orbit about the bearing origin. 

This is a reasonable assumption for most situations. To compute a solution, the program must 

iterate on the nonlinear stiffness and damping forces to determine an equilibrium solution for 
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3. NONLINEAR RESPONSE WITH NDE DAMPER Response and Forces Transmitted 

a particular speed. Therefore, the nonlinear lateral response calculations are considerably more 

time consuming. Figure 3.1 represents the unbalance response of the eight-stage compressor with 

three planes of unbalance of 1.0 oz-in. The motion is shown for the mid-span, the NDE bearing, 

and the drive end (DE) bearing. Note that the squeeze film damper has caused a dramatic 

reduction of the center span amplitude, as compared to Figure 2.2. In Figure 2.2, the amplitude 

at 3,700 RPM is 5E-4 in. The maximum amplitude occurs now at 8,000 RPM and is 5.4E-5 in. 

The squeeze film damper has reduced the first critical to approximately 1,800 RPM. The 

amplitude along the rotor at the first critical is now higher at the NDE bearing, 7E-5 in, as 

compared to 3.0E-5 at the shaft center. The mode shape for the rotor at 2,400 RPM is shown 

in Figure 3.5A. The drive-end bearing motion is very small, with a conical motion about the 

non-drive end bearing. Thus, the single squeeze film damper at the non-drive end is extremely 

effective in attenuating the unbalance response at the critical speed. 

As the speed increases, the amplitude at the non-drive end bearing continues to increase 

and reaches a maximum at 8,000 RPM. Figure 3.1 shows that the maximum motion at the NDE 

bearing at 8,000 RPM is higher than what would be encountered with the bearing on the stiff 

supports. However, the bearing forces transmitted have been reduced. 

Figure 3 .2 represents the transmitted bearing forces to the NDE bearing with the nonlinear 

squeeze film damper and three planes of unbalance of 1.0 oz-in. The maximum force transmitted 

at 8,000 RPM is 59 lb, as compared to the over 120 lb transmitted as shown in Figure 2.3. Thus, 

the NDE squeeze film damper has reduced the bearing forces transmitted by over one-half. Even 

though the rotor motion may be larger with the squeeze film damper at the NDE bearing, the 

actual bearing forces transmitted will be half of the original values because of the reduced support 

stiffness and increased damping. 

Figure 3.3 represents the transmitted bearing forces to the drive end bearing with the 

nonlinear squeeze film damper at NDE and three planes of unbalance of 1.0 oz-in. Figure 3.3 

shows that the maximum force has a peak value of 62 lb at 5,800 RPM. This also corresponds 

with the peak amplitude as observed in Figure 3 .1. It is of interest to note that the drive end 

bearing forces reduce above 5,800 RPM, whereas the non-drive end forces continue to increase. 
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3. NONLINEAR RESPONSE WITH NDE DAMPER Response With 10 oz-in U
b 

Figure 3.4 represents the unbalance response at the mid-span and bearings with the 

unbalance increased by a factor of 10, to 10.0 oz-in at each of the three unbalance planes. The 

response due to the ten-fold increase is fairly linear, as can be observed by the comparison of 

Figure 3.5 with Figure 3.1 on the response with 1 oz-in unbalance. The rotor is well behaved 

with the unbalance distribution of 10 oz-in and does not exhibit any indication of damper lockup. 

Figure 3.5A and Figure 3.5B represent the rotor unbalance response mode shapes at 2,400 

RPM and 7,800 RPM, respectively. The form of the mode shapes remains similar for the three 

ranges of unbalances computed. Figure 3.5 shows that at 2,400 RPM the response at all stations 

is essentially in phase. The largest orbit occurs at station 7 near the non-drive end bearing. The 

coupling motion at station 24 is approximately a node point with little motion. At the running 

speed of 7,800 RPM, the mode shape has changed dramatically, with the bearings out of phase. 

The motion is essentially a conical motion, with the largest orbit at station 1. There is an inside 

orbit drawn at the fourth station which represents the motion of the squeeze film damper. Station 

13 has zero motion and is a nodal point. The center seal is acting at approximately station 15. 

Hence, the damping provided by the center seal will have little effect on the attenuation of the 

rotor at running speed. 

Figure 3.6 represents the forces transmitted to the drive-end bearing with the three planes 

of unbalance of 10 oz-in per plane. The maximum transmitted bearing force occurs at 6,400 

RPM, with a maximum force of 653 lb. From Figure 3.3, it is seen that the maximum force 

transmitted at the DE bearing occurs at 5,800 RPM. The increase in speed of 600 RPM at which 

the maximum force occurs is due to the nonlinear effects of the squeeze film damper at NDE 

bearing. The maximum force for the 1 oz-in at DE was 62 lb, as compared to the 653 lb for the 

10 oz-in case. This is still approximately a 10 to 1 ratio. Therefore, it is seen that the unbalance 

response of the rotor bearing system with the NDE damper is still fairly linear with 1 0 oz-in of 

unbalance. 

Table 3.1 represents the unbalance response of the rotor with the NDE squeeze film 

damper, and presents also the bearing and transmitted support forces at 2,400 RPM with the 1 0 

oz-in unbalances at the three planes. The largest rotor amplitude occurs at station 1, which is at 

the non-drive end. The amplitude is shown to be . 75 mils at a phase of 92°. The amplitude at 

station 14, for example, is only .28 mils at a phase of 105°. The plane angle of 105° near the 

3.9 







3. NONLINEAR RESPONSE WITH NDE DAMPER Response With 10 oz-in U
b 

rotor center at the speed of 2,400 RPM is an indication that this speed is above the first critical 

speed. The drive end of the rotor at station 24 is .17 mils at a phase of 252°. 

The squeeze film damper is located at station 4. The motion of the damper is .61 mils 

at a phase of 92°. It is of interest to note that the absolute amplitude at station 4 is .68 mils at 

92°. Therefore, the damper is in phase with the bearing motion and the relative motion of the 

bearing to the damper is only .07 mils. Therefore, the majority of the motion is due to the 

motion of the squeeze film damper. Under the column of bearing and support transmitted force, 

the first tilting pad bearing is located between stations 4 and 25. The bearing force transmitted 

is 78.2. The damper is located between stations 25 and 0. Zero represents a grounding, or 

absolute node point. Its bearing force is 78.1. The slight difference between the loads 

transmitted between the bearing and the damper is due to the mass assumption of the damper 

bearing. 

The seal, which is given by stations 15 to 27, indicates a force of 1,450 lb. This is due 

to the assumption of the seal stiffness and damping at this speed. Reducing the effective 

characteristics of the center seal at 2.400 RPM would cause corresponding larger loads to be 

transmitted to the damper support. However, there would be some increase in amplitude 

dependent upon the assumption of seal stiffness and damping. The drive-end bearing at station 

26 indicates a transmitted force of 93 lb. 

Table 3.2 represents the rotor response and bearing forces transmitted with 10 oz-m 

unbalance at 8,000 RPM. The largest rotor motion occurs at the non-drive end at station 1 and 

is 3 mils. The phase at station 1 is 153 °. At the drive end of the rotor, the amplitude is .44 mils 

and the motion is out of phase to the 2-station one. 

The bearing and support forces transmitted at the non-drive end is 715 lb. The amplitude 

ratio between the non-drive and drive end bearings is approximately 5. However, the transmitted 

bearing forces are similar. The force transmitted through the drive end bearing is 575 lb, as 

compared to 714 at the NDE bearing. 

In conclusion, the unbalance response and bearing forces with the large unbalance of 10 

oz-in appears to be well behaved and within the linear range. It would appear that a probe at the 

non-drive end bearing would be the most sensitive to indicate large unbalance at running speed. 

The center plane unbalance has a minimal effect on the unbalance response at running speed. 

3.12 



3. NONLINEAR RESPONSE WITH NDE DAMPER Response With 100 oz-in Unbalance 

Figure 3. 7 represents the unbalance response with the unusually large unbalance of 100 

oz-in at each of the three planes. This level of unbalance is never expected to occur in practice, 

but was run to examine the nonlinear response of the squeeze film damper. From Figure 3. 7 it 

can be seen that the largest response at the NDE bearing occurs at 7,400 RPM and is 13 mils. 

The mid-span amplitude reaches its maximum value at 2,800 RPM at a value of 5.2 mils. 

Above 2,800 RPM, the amplitude at the mid-span continues to decrease. 

Figure 3.8 represents the transmitted bearing forces to the NOE bearing with the large 

value of unbalance. Figure 3.9 represents the transmitted forces to the NDE bearing. In this 

case, it is seen that high bearing forces are transmitted at 8,000 RPM of 12,170 lb at the NDE 

bearing and 10, 160 1 b at the DE bearing. The motion generated by this large unbalance 

distribution is conical at running speed. The calculation of the unbalance response with the 100 

oz-in unbalance was for illustrative purposes only. It is felt that even with extremely large values 

of unbalance, the rotor system would be well behaved. 

In summary, it can be concluded that the single squeeze film damper at the NDE bearing 

will perform very well from the standpoint of unbalance response at both the critical speed and 

at running speed. The rotor system should be tolerant to moderate values of unbalance. Also, 

the rotor system should behave very well with the use of 2-plane rigid rotor balancing. 
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