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Abstract 
Transient Testing Results for an Experimental Hybrid Bearing 

(May 2009) 

Ralph Henry Borchard, B.S.M.E., Texas A&M University 

M.S.M.E., Texas A&M University

Chair of Advisory Committee:  Dr. Dara Childs 

An experimental test rig was designed and developed to test the performance of a 

hybrid bearing during its initial lift-off, referred to as start transient.  The hybrid bearing 

studied was designed to replicate the geometry of the bearing used in a new Liquid 

Hydrogen Turbopump.  The test rig uses a high-speed spindle motor capable of 20,000 

RPM that drives a 782 Inconel rotor connected by a high speed flexible coupling.  The 

rotor was supported by ceramic ball bearings on the coupling end, and the test hybrid 

bearing at the other end.  A magnetic bearing is utilized to apply loads to the rotor at mid-

span.  During testing, several factors were varied including ramp rate (rpm/sec) to vary 

drive torque, supply pressure, applied loading, and load orientation to simulate various 

start transient scenarios.  This data was analyzed in an attempt to quantify hydrodynamic 

and hydrostatic lift-off speeds.  Hydrodynamic lift-off occurs when the rotational speed 

of the rotor causes the wedge effect of the film to overcome forces acting on the rotor, 

while hydrostatic lift-off occurs when the pressure (which is speed dependent) developed 

in the bearing overcomes the forces acting on the rotor to cause lift-off.  The lift-off 

speed is an important quantity to determine for a certain condition to prevent rotor and 

bearing damage due to a prolonged rotor/bearing contact.  With the rotor being loaded 

with a static force of 1X rotor weight in the vertical direction, it lifted-off hydrostatically 

at 4275 RPM.  In the case of higher static vertical load, 8X rotor weight, it lifted-off 

hydrostatically at 7900 RPM.  Testing showed that an increase in load and ramp rate 

increases the speed at which the rotor lifted-off.  From this outcome, the hydrostatic lift-

off is highly dependent on supply pressure and can be determined by graphical means. 

Although attempts were made to quantify hydrodynamic lift-off, the data showed no 

reliable indicators.  To avoid damage during start transients, the hydrostatic lift-off speed 

must be minimized, decreasing the time the rotor rubs the surface of the bearing.    
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Introduction 

Hydrostatic bearings are increasingly being used in rocket engine turbo-pumps as 

a viable replacement for ball bearings due to their Diameter X Speed (DN) life. 

Hydrostatic bearings have some damping and a very high load capacity due to an external 

pressurized supply and a flow restrictor.  One of the benefits of the hydrostatic bearing 

for a turbo-pump and cryogenic applications is that the direct stiffness and load capacity 

are largely independent of the lubricant viscosity.  This proves useful when the lubricant 

is a process fluid like liquid oxygen or liquid hydrogen. 

Previous efforts by Pratt and Whitney under supervision from United States Air 

Force Research Laboratory (AFRL), during their recent design of the new Advanced 

Liquid Hydrogen (ALH) Turbo-pump, utilized hydrostatic bearings.  During testing of 

the design, several attempts to reach design speed failed.  Initial suspicions of the failed 

test were believed to be due to dry-friction whirl, which is characterized by rotor-stator 

contact.  During this contact, the rotor rolls without slipping along the bearing surface 

creating a large drag-torque on the rotor.  This large drag torque could have limited the 

maximum speed that the rotor was able to obtain during testing.  Since the supply 

pressure of the liquid hydrogen to the bearing is a function of the rotor speed squared, the 

bearing never reached full operating pressure.  The root cause of the failed program was 

not known at the time and led to a new effort to develop better design tools for predicting 

the transient behavior of the turbo-pump during start-up. 

To create these new design tools, a test program was needed to validate the 

theoretical predictions from computer codes.  The following discussion will explain the 

hybrid bearing test program and present the results from the transient testing. 

Transient Hybrid Bearing Previous Work   

Several papers have been published on steady-state performance of hydrostatic 

bearings and test data [1].  Childs and Hale show good agreement between test results 

and predictions for rotordynamic coefficients up to a 0.5 eccentricity ratio.  But, there is a 

lack of published data on transient hydrostatic bearing performance. 

Distribution A: Approved for Public Release; Distribution Unlimited. PA Clearance #15070
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Scharrer et al. designed a test rig based on start transients of the Space Shuttle 

Main Engine (SSME) High Pressure Oxidizer Turbo-pump (HPOTP) and conducted start 

transients for hydrostatic bearings in liquid nitrogen [2].  To design the test rig, care was 

taken to match pressure and loading profiles of the SSME HPOTP.  A servo-valve 

control scheme was implemented to control the supply pressure to the bearing that varied 

with speed squared.  Load was varied both linearly with speed and speed squared.  These 

experiments tested a hydrostatic journal bearing in liquid nitrogen with scalloped recesses 

[3].  Several different bearings underwent testing, but the most common geometry is in 

Table 1.  

Table 1.  Bearing geometry from Scharrer et al. [3] 

Bearing Length 31.75 mm (1.25 in) 

Bearing Diameter 76.2 mm (3.0 in) 

Operating Radial Clearance 0.084 mm (0.0033 in) 

Number of Recesses 6 

Recess Area Ratio 0.12 

Recess Axial Length 11.1 mm (0.438 in) 

Recess Circ. Length 13.3 mm (0.524 in) 

Recess Depth 0.254 mm (0.01 in) 

Orifice Diameter 1.3 mm (0.051 in) 

For these tests, Scharrer et al. [3] stated that the reversal in shaft direction from clockwise 

to counter-clockwise indicates the inception of hydrodynamic lift-off, as demonstrated in 

Fig. 1.   
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Fig. 1. Hydrodynamic lift-off and hydrostatic regime from Scharrer et al. [3]. 

At the end of the testing, Scharrer et al.[3] concluded that the combination of hard journal 

materials (Chrome-Plated NiCr and PS212-Coated NiCr) and soft bearing materials 

(Carbon P5N, Ag-Plated NiCr, and Nickel Chromium Alloy) resulted in immeasurable 

wear for the hydrostatic bearing after 337 tests.  They also concluded that the hydrostatic 

bearing can withstand the loads of the same magnitude as turbo-pumps.  No quantifiable 

determination of lift-off was made due to a design that supplied pressure before start-up.  

Scharrer et al. [4] later performed tests using liquid oxygen with a bearing 

diameter of 3.36 in (85.3 mm) and a bearing length of 1.25 in (31.75 mm).  This 

particular tapered journal bearing (Lomakin) had Cb/Rb = 0.00655 at the entrance and 

Cb/Rb = 0.00155 at the exit.  Equation 1 gives the definition of Cb/Rb. 

RadiusBearing

ClearanceDiametral

R

C

b

b  (1)

The Lomakin bearing uses a tapered diametral clearance axially that creates a velocity 

difference in the lubricating medium.  This velocity difference creates an increased 

stiffness effect due to the lubricating medium.  Hydrodynamic and hydrostatic lift-off 

were determined using proximity probes and by observing changes in the speed profile. 

The results are in Fig. 2.   
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Fig. 2. Lift-off testing from Scharrer et al. [4]. 

Typical shaft centerline results from Scharrer et al. [4] are seen in Fig. 3.  This figure 

illustrates little difference between the first and last test exists in the centerline, and the 

rotor seems to center itself in the bearing even after sixty start transients.   

Fig. 3.  Complete shaft centerline plots from Scharrer et al.[4]. 

After testing was complete, a close inspection of the wear was completed.  Wear was 

evident in an 80˚ arc in the direction of load with both burnishing of the bearing surface 

and debris formation.  Figure 4 depicts the wear associated with the bearing from the start 

transients. 
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Fig. 4.  Burnishing of the bearing surface after sixty start transients [4]. 

Even though the work by Scharrer et al. [4] proves to be a good indicator of the start 

transient behavior (bearing wear and shaft centerlines) for hydrostatic bearings, it mainly 

focuses on the influence of bearing-rotor material combinations and a Lomakin bearing. 

Their published data proves to be inadequate to calibrate a computer code for predicting 

transient bearing performance.  Scharrer et al. produced results for a Lomakin bearing, 

NGST is proposing to use a real hydrostatic radial bearing in the redesign of the 

turbopump, and the following will discuss the performance testing and results of a 

hydrostatic bearing.  

Test Rig and Hardware Description  

Initial research and design of the test facilities and hardware were performed by 

both Pavelek [5] and Dyck [6].  Thorough design analysis for specific test rig hardware 

was performed by Pavelek [5], and the initial assembly drawing of the test rig set-up can 

be viewed in Fig. 5. 

Distribution A: Approved for Public Release; Distribution Unlimited. PA Clearance #15070 
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Fig. 5.  Cross-sectional view of the designed transient radial bearing test rig by Pavelek [5]. 

Major test components for the test set up consisted of the hybrid bearing, magnetic 

bearing exciter, and test rotor. 

Test Bearing 

The test bearing design is consistent with the proposed turbo-pump bearing in 

terms of clearance, diameter, and number of recesses.  The designed bearing is illustrated 

in Fig. 6. 
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Fig. 6.  Hybrid bearing design from Solidworks by Pavelek [6]. 

The bearing features two recess pressure measurement ports that were utilized in the 

performance testing.  Ports are provided for the measurement of both static and dynamic 

pressure within the recess of the bearing.  The bearing itself was securely mounted to a 

bearing housing which allowed for further instrumentation mounting for performance 

evaluation, as well as the ports for supplied water entrance to the bearing supply annulus. 

Fig. 7 depicts a cross-section of the housing assembly. 

. 

Fig. 7.  Cross-sectional view from Solidworks of the test bearing support pedestal by Pavelek [5]. 

After the water has passed through the bearing, it is collected and exhausted to an 

external sump tank to be re-circulated back to the supply.  The computer code 
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HYDROJET© was utilized in the design of the test bearing by Pavelek [5].  A summary 

of the design parameters are in Table 2. 

Table 2.  Summary of the design parameters for the Hybrid bearing [5]. 

Test results from Mosher and Childs [7] demonstrated that an optimum pressure ratio 

(recess pressure divided by supply pressure) exists for hybrid bearings between 0.45-0.50 

for steady-state applications.  An orifice diameter of 1.19 mm (0.047 in) was selected 

because a pressure ratio of 0.50 is predicted at a speed of 15,000 RPM with a supply 

pressure of 18.3 bar (265 psia). 

Figure 8 shows the design components assembled together on the test stand. 

Special care was taken during component installation to minimize misalignment and rust 

formation.  Machined surfaces were coated with a mist oil to prevent rust from forming. 

Laser alignment was utilized to align the rotor to the motor at the coupling. 

Fig. 8. Assembly of the test bearing and components. 

Figure 9 is a close up view of the test bearing pedestal showing all the 

instrumentation involved in testing. 
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Fig. 9. Close up view of the test bearing support pedestal and instrumentation. 

Output from the following list of instrumentation was recorded during testing on a .dat 

file in LabView: 

1. Proximity probes (6 probes at 3 radial locations)

2. Accelerometers (5 sensors at 3 radial locations)

3. Pressure Transducers (3 probes at 3 locations including supply, recess at bottom

pocket, and exhaust pressures)

4. Dynamic Pressure Transducer

5. Speed (1 from optical tachometer)

6. Temperature (2 Resistance Temperature Displays for supply and exhaust

temperatures)

7. Flow meter (1 flow meter)

Table 3 gives the specification details for each of the instrumentation hardware. 
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Table 3.   Instrumentation specifications detailed for the sensors. 

Other readings that were recorded via the motor controller software included load and an 

encoder signal for speed.  Both Pavelek [5] and Dyck [6] have included specific details in 

regards to the instrumentation.  All instrumentation data were gathered at 5000 Hz to 

decrease data saturation.  A higher frequency sampling rate was not needed to indicate 

dry friction whip/whirl due to the conclusion of Dyck [6] who found that whip/whirl was 

only present when a pristinely and dry clean surface existed.  During testing, the surface 

was wet due to ambient conditions and supply lubricant (water). 

Magnetic Bearing Exciter 

The magnetic bearing exciter was design by SKF and was used as both a static 

and dynamic loading mechanism.  Fig. 10 shows a cross-sectional view of the magnetic 

bearing. 
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Fig. 10.  Cross-sectional view from Solidworks of the magnetic bearing support pedestal [5]. 

A laminated sleeve attached to the rotor transmits the magnetic force from the exciter to 

the rotor.  Catcher bearings are designed in the system to prevent damage to the exciter in 

the case of a loss of power.  A controller from SKF converts a voltage signal (0-10 V) to 

current which determines the amount of load the magnetic bearing applies to the rotor. 

The load applied is representative of the forces applied to the rotor at start-up, including 

forces from both the turbo-pump and turbine.  The current is sent to an axis channel on 

the bearing.  The axis channels are named V24 (horizontal plane) and W24 (vertical 

plane) and are 180 degrees apart (referred to as Itop and Ibottom).  The planes are oriented in 

the vertical and horizontal directions during installation, and a force in these directions is 

produced by sending current to each specific plane.  Equation (2) is used to calculate the 

amount of force applied with the magnetic bearing.   

      o
6

2

bottom

2

top F10
xg2

I

xg2

I
CF 
































 (2)

 Where, 

C = Calibration Factor 






 
2

2

A

mN

g = Effective Gap ( m ) 

x = Offset ( m ) 

Fo = Tare (N) 
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The calibration factor and effective gap are constants for both axes (C = 11.341 and G = 

535.01).  The offset is assumed to be zero, while the tare is different for both axes (Fo 

W24 = -0.064 and Fo V24 = 0.174).  The tare is calculated with the rotor centered in the 

bearing at designed max supply pressure and without any load applied.  The “Calibrations 

Settings” tab in MBScope calculates the tare during this process.   

Load Range for Mag. Bearing
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e

 (
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Fig. 11.  Graph illustrating the amount of load that the magnetic bearing can apply to the rotor. 

Fig. 11 shows the amount of force that was possible for the range of amps.  The max load 

possible is 1423.43 N (320 lbs.) with a 12 Amp current.  Using statics, this max force was 

calculated to be about 840.6 N (191 lbs.) at the bearing.  The loading was controlled by 

the SKF software Sisotune in MBScope.  Sisotune specifically controlled the current 

during the static testing.  The actual force was not measured; this was a calculated force 

based on amps and the magnetic bearing designed force equation from SKF.   

Test Rotor 

The test rotor was made of 718 Inconel steel, with a bearing span of 308.6 mm 

(12.149 in.) between a set of ceramic support ball bearings and the test bearing.  The 

diameter of the rotor at the test bearing is 38.1 mm (1.50 in.).  A steady-state 

rotordynamics analysis was conducted by Pavelek [5] using XLTRC2 Rotordynamics 

Software.  A 32 station model was used in the study and can be seen in Fig. 12. 
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Fig. 12.  A 32 station Timoshenko beam model used for the rotordynamic analysis [5]. 

The model takes into account the stiffness of the support ball bearings, stiffness and 

damping of the test bearing predicted by HYDROJECT©, and the added mass of the 

laminated sleeve for the magnetic bearing excitation.  Fig. 13 illustrates the results from 

the rotordynamic analysis created by Pavelek [5]. 

Fig. 13.  Rotordynamic damped natural frequency map depicting the first forward critical speed [5]. 
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As seen in the figure, the predicted first backward critical exists at around 11,000 rpm, 

but is largely damped.  The predicted first forward critical is around 25,000 rpm, well 

above the operating range of the test rig.  

Control Valve 

A high performance control valve, capable of going fully closed to fully open in 

less than one second, was needed.  The Flowserve air actuated valve also has a built in 

accumulator that helps maintain stability for valve position in case of severe pressure 

fluctuations.  Fig. 14 illustrates the valve installation as well as its proximity to the test 

stand.   

Fig. 14. Installed control valve. 

The valve position was controlled with a 0-10V voltage signal which would be converted 

to a 1.22-2.05 bar (17.7-29.7 psia) air signal in the valve to open and close depending on 

the voltage signal.  This signal was recorded and outputted using LabView.   

Test Rig Testing Design Considerations 

Care was taken to match the NGST Radial Test Rig load and speed predictions 

from the ROCETS code output provided by Northrup Grumman Space Technology.  Fig. 

15 gives the speed and pressure start transient that needed to be targeted.  Parameters of 

importance were the final supply pressure at 15,000 rpm, which was 8.87 bar (128.7 
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psia), and time to reach 15,000 rpm.  This pressure is the second stage discharge pressure 

of the pump which varies to the square of speed of the rotor.   
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Fig. 15.  Speed and pressure versus time from ROCETS provided by NGST for replication. 

During initial shakedown testing, it was decided to aim for a supply pressure of 18.3 bar 

(264.7 psia), doubling the initial supply pressure parameter.  The ramp rate corresponding 

to the ROCETS predictions was found to be 8824 rpm/sec, which corresponds to going 0 

to 15,000 rpm in 1.7 sec, for the SKF motor.  The best approach to replicate the ROCETS 

speed profile predictions can be seen in Fig. 16.   
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Fig. 16.  Comparison of speed versus time between ROCETS and TAMU-TL testing. 

The supply pressure was controlled by the control valve position since the total amount of 

water pressure available was 70 bar  (1014.7 psia) and 18.3 bar (264.7 psia) was the set 

point which was double the original data from ROCETS.  Fig. 17 illustrates this 

difference in set points between ROCETS and the TAMU-TL test rig.   
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Fig. 17.  Comparison of pressure versus time between ROCETS and TAMU-TL testing. 
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The voltage corresponding to the valve position was varied linearly with speed, which 

had its own 0-10V voltage signal.  This voltage control of pressure was carried out in 

LabView programming using the custom program Transient.VI.  A time delay was also 

utilized to delay the motor from starting until the water reached the bearing from the 

valve.  This action was needed to account for several feet of pipe between the valve and 

supply ports to the test bearing pedestal.  Figure 16 represents the 100% torque and 100% 

pressure cases, which will be described later.  

Misalignment Issues 

The inner diameter of the test bearing was 38.22 mm (1.5048 in.), while the 

diameter of the rotor was 38.1 mm (1.5 in.).  This yielded a measured diameteral 

clearance of 0.122 mm (0.0048 in.), within 0.0051 mm (0.0002 in.) of the designed 

clearance, 0.127 mm (0.005 in.).  The test bearing was designed to have a matching 

machined taper on the outside diameter with the inside diameter of the test bearing 

support pedestal.  Several finely threaded stainless steel socket head cap screws (SHCS) 

fastened the bearing through a bolt flange to the test bearing pedestal.  Coarsely threaded 

stainless steel SHCS were used to lock the test bearing in place axially.  When the 

bearing was secure, bump tests revealed a 0.0508 mm (0.002 in.) clearance (less than half 

of the design clearance).  Feeler gauges were used to confirm the result, but a four-mil 

thick gauge was able to fit in the clearance gap.  This result indicated a cocked or 

misaligned bearing in the test pedestal. After several attempts to achieve the designed 

clearance in the bearing from bump tests, troubleshooting the cause of the misalignment 

took place.  The machined taper on the outside diameter of the bearing was found not to 

agree with specification and to be the cause of the misalignment.  To save time, a 

procedure to align the test bearing with minimal misalignment was developed.  The test 

bearing would be tightened to a certain point to the test pedestal with a four-mil shim in 

the clearance at the 12:00 position at the rotor.  A bump test was performed in both 

horizontal and vertical directions to confirm the clearance, and then the bearing was 

secured or adjusted.  Once the test bearing was locked with the coarse SHCS, a final 

resulting clearance was determined from the bump test.  If the final clearance was not 
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within 0.0127 mm (0.0005 in.) of the design clearance, the bearing had to be readjusted. 

Table 4 shows the result from the above alignment procedure. 

Table 4.  Clearance results from the bump tests after test bearing installation. 

Even though the results from the bump test showed an almost elliptical clearance, Fig. 18 

shows the graphical representation from the 8-point bump test using the magnetic 

bearing.   

Fig. 18.  Clearance circle representation from an 8- point bump test. 

This figure shows that the clearance is still not exactly circular.  Another issue from this 

result is that the outboard clearance circle appears slightly smaller than the inboard 

clearance circle.  From this result, it was determined that the loading from the magnetic 

bearing causes a small rotor bow since Inconel 718 is a soft, ductile metal.  The rotor hits 
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the inboard side of the bearing causing the outboard side to move down almost an 

average of 0.00635 mm (0.00025 in.) around the entire bearing.  Careful attention must 

be taken when installing the test bearing; any small misalignment will cause an increased 

pressure ratio and premature rubbing of the rotor onto the bearing. 

Test Results 

To verify various code parameters, many tests were performed varying ramp rate 

(to simulate torque ranges), pressure, type of loading, amount of loading, and load 

orientation.  Table 5 summarizes the tests types and classifies them in to cases.  

Table 5.  NGST Radial Test Rig test matrix. 

The results of these tests are displayed by shaft centerline plots with several points of 

interest indicated on each plot.  The x-y positions have the DC offset voltage subtracted 

and represent the outboard location of the bearing.  Thus, point (0, 0) indicates the 

position of the rotor when it starts to rotate.  Note that the rotor rotates counterclockwise. 

Supply pressure, recess pressure, flow, speed, and time are provided for points of interest.  

Exit temperature is not noted due to its insignificance.  Its location during testing did not 

allow for accurate data since it was located too far from the actual water exiting from the 

bearing.  All of this information helps to indicate the position of the rotor with time and 

helps to determine the speed when hydrostatic lift-off occurs.  Hydrostatic lift-off occurs 

when the pressure developed in the bearing overcomes the forces acting on the rotor to 
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center the rotor.  These shaft centerline plots were graphically interpreted to determine 

hydrostatic lift-off.  Visual evidence of lift-off is when the rotor begins a clear change in 

direction towards the center of the bearing clearance.  This point was then compared the 

pressure ratio at that point in time to verify that recess pressure was less than the supply 

pressure, indicating lift-off.  Equation 3 defines the pressure ratio which was utilized to 

determine hydrostatic lift-off, specifically in the vertical direction when the load was 

applied on the pad.   

essureSupply

essurecess
PR Pr

PrRe
 (3)

Data obtained did not include sufficient evidence to quantify when hydrodynamic lift-off 

occurs.  The measured results will be used to estimate when the hydrostatic lift-off of the 

rotor occurs.  Fig. 19 shows the resulting shaft centerline for Case 1 with a 1X rotor 

weight static load. 

Fig. 19.  Case 1 test result with 1X rotor weight static load (Supply Temp = 23.3˚ C (74˚F)). 

In this shaft centerline plot, the rotor seems to start in an awkward side position, and then 

climbs the wall of the bearing, sticking and slipping until adequate supply pressure allows 

the rotor to transition to the hydrodynamic regime.  Once the pressure begins to increase 
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significantly, and the rotor moves upward towards the center, hydrostatic lift-off occurs, 

which is 4275 rpm depicted by Point 2 in Fig. 19. At this point, note that the pressure 

ratio had just begun to reduce below 1.0, and the flow is significant at 1.11 LPM (0.29 

GPM).  The final position, described by Point 5, shows that the rotor is centered with a 

0.59 pressure ratio.  

 Fig. 20 shows the resulting shaft centerline for Case 1 with an 8X rotor weight 

static load.  The shaft centerline plot shows some severe rubbing occurring during initial 

start under the heavier load.   

Fig. 20.  Case 1 test result with 8X rotor weight static load (Supply Temp = 23.9˚ C (75˚F)). 

Once the rotor sees a significant increase in pressure, it moves to the right and has a 

delayed hydrostatic lift-off due to the increased loading.  Hydrostatic lift-off occurs at 

7900 rpm, at Point 4.  The center position is also 0.0127 mm (0.0005 in.) lower than the 

1X loading case with a final position pressure ratio of 0.74 probably indicating a smaller 

clearance in the bottom pocket.   

Fig. 21 shows the resulting shaft centerline for Case 6 with a 1X rotor weight 

static side load which corresponds to load on land as well. 
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Fig. 21.  Case 6 test result with 1X rotor weight static load (Supply Temp = 27.2˚C (81˚F)). 

This result also shows severe rubbing initially when the rotor tried to climb the bearing 

surface.  When the supply pressure started to increase, the bearing moved to the right and 

then eventually upward to center.  Hydrostatic lift-off occurs at 8700 rpm, depicted by 

Point 4 and the transition upward.  This is almost twice the lift-off speed under the same 

load of the first test case.   

Fig. 22 describes the resulting shaft centerline for Case 6 with an 8X rotor weight 

static side load. 
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Fig. 22.  Case 6 test result with 8X rotor weight static load (Supply Temp = 27.8˚C (82˚F)). 

The test result shows severe rubbing and instability (an unclear orbit and irregular shaft 

movement) with a low supply pressure during the start-up. The rotor seems to move 

slowly to the right with an unclear orbit finally stabilizing with higher supply pressure of 

8.03 bar (116.5 psia) when the rotor hydrostatically lifts-off at 12640 rpm, at Point 4 on 

the graph.   

Torque is another parameter that indicates how soon the rotor lifts-off.  The faster 

the lift-off, the smaller the drag torque will be seen.  This viewpoint is verified by 

comparing the torques during both the 1X and 8X static load cases in the vertical 

direction, Fig. 23.   
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Fig. 23.  Torque and speed versus time depicting the torque difference between 1X and 8X static 
loading. 

The figure shows that the two tests have almost the exact starting torque values of 11 N-

m (8.1 Ft. lbs.).  Notice that the 1X case torque decreases sooner than the 8X loading 

case.  This difference confirms that lift-off occurs sooner for more lightly loaded case. 

Fig. 24 takes this concept and compares the initial torque at (8824 rpm/sec) by decreasing 

the ramp rate to 4112 rpm/sec and 2206 rpm/sec.  The start torque for the 50% torque 

case is almost half of the 100% case, and the start torque for the 25% case is a quarter of 

the 100% case; therefore, decreasing the ramp rate does in fact decrease the starting 

torque.  It is also worth noting that the decrease in starting torque indicates an even 

sooner lift-off.  
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Fig. 24.  Torque and speed versus time with a comparison of torque with 4412 rpm/sec ramp rate 
with 18.3 bar (264.7 psia) supply pressure at 15,000 rpm. 

Table 6 lists the graphically determined hydrostatic lift-off speed results for all the 

test cases and conditions.   

Table 6.  Test results giving the hydrostatic lift-off speeds for test cases 1-10. 

Cases 1-5 represent a vertical loading condition (load on recess), while cases 6-10 

represent a horizontal loading condition (load on land).  The lift-off speeds for horizontal 

loading are much higher than the vertical load.  For all cases, when the ramp rate was 

reduced, the lift-off speed decreased.  Increasing the applied load for all cases increased 
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the lift-off speed.  The 8X load condition with cases 5 and 10 lifted off right before 

reaching steady-state (15,000 rpm).  When ramp rate is constant and pressure is reduced, 

lift off speed increases for the vertical loading which is evident in the difference in lift-off 

speeds in cases 2 and 3 and cases 4 and 5, but increases for the horizontal loading evident 

in the differences in lift-off speeds for cases 7 and 8 and 9 and 10.   

With all the rubbing and high loading, the bearing and rotor did not go 

undamaged.  After undergoing in excess of 100 start transients, Fig. 25 depicts the 

burnishing that occurred on the rotor. 

Fig. 25.  Burnishing of the rotor seen after completed testing. 

Heavier burnishing is present on the surface without the recess pockets.  Also, small 

particles of bearing bronze from the test bearing are present on the rotor.  Fig. 26 shows 

the damage to the test bearing surface with heavy burnishing and some pitting in the 

direction of loading.  
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Fig. 26.  Burnishing and pitting of the test bearing after completed testing. 

Fig. 27 depicts the bottom of the bearing where the vertical loading occurred.  The 

bottom recess pocket is also visible.  Heavy pitting occurred at this location since this is 

where the rotor started on the vertical loading cases. 

Fig. 27.  Localized pitting and burnishing where loading was applied during testing. 



28 

Distribution A: Approved for Public Release; Distribution Unlimited. PA Clearance #15070 

Conclusions 

Hydrodynamic lift-off occurs when the rotational speed of the rotor causes the 

wedge of effect of the film to overcome forces acting on the rotor, while hydrostatic lift-

off occurs when the pressure (which is speed dependent) developed in the bearing 

overcomes the forces acting on the rotor to center the rotor.  The lift-off speed is an 

important quantity to determine for a certain condition to prevent rotor and bearing 

damage due to a prolonged rotor/bearing contact.  Data for a lift-off code validation using 

water as a supply medium have been completed successfully.  The data gathered here is 

more than adequate to help validate lift-off. The data can be accessed via a portable hard 

drive.  Appendix A gives the directions on accessing and analyzing the data.  Since the 

tests were recorded by .dat files, they can be replayed in LabView or sorted using other 

computer programs.  Conclusions regarding the testing can be viewed in the following 

statements: 

 Hydrodynamic lift-off cannot be accurately predicted with this graphical method

 Hydrostatic lift-off can be determined by graphical observation

 Hydrostatic lift-off is highly pressured dependent

 Hydrostatic lift-off increases to a higher speed for higher loads and ramp rates

 The test bearing and rotor surfaces were significantly damaged during testing

 To avoid damage during start transients, ample supply pressure must be present to

avoid rotor/stator contact.
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Appendix A 

Data Storage 

The following describes how the test data and results are stored and how it can be 

accessed.  The data is stored in a hierarchy of folders beginning with “Final Transient 

Test Results.”  This folder can be seen in Fig. 28 

Fig. 28.   First folder on the storage device. 

The second hierarchy separates the results into two categories, “Static Side Loading” and 

“Static Vertical Loading.”  Fig. 29 shows this separation. 
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Fig. 29.  Next level of folders depicting both the vertical and side loading test results. 

The third hierarchy has the specific cases.  Each has 5 different cases which vary the 

parameters of pressure and torque.  Fig. 30 shows the cases listed under the “Static Side 

Loading” hierarchy. 

Fig. 30.  The third hierarchy of folders showing the different test cases for the side loading cases. 

Fig. 31 shows the cases listed under the “Static Vertical Loading” hierarchy. 
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Fig. 31.  The third hierarchy of folders showing the different test cases for the vertical loading cases. 

The fourth hierarchy of folders gives the different loading cases described by multiples of 

rotor weight.  Loading range varies from 1 times the rotor weight to 8 times the rotor 

weight.  Fig. 32 shows the list of folders representing the different loading cases. 

Fig. 32.  Fourth hierarchy giving folders for each specific test loading condition. 

The fifth and final hierarchy gives the data.  Excel spreadsheets labeled “Profiles_01” and 

“Profiles_02” have 4 seconds worth of data of specific channels.  The spreadsheets are 

named in numerical order based on when they occur in time.  The first 4 seconds of 

recorded data with be in “Profile_01” and the next 4 seconds will be in “Profiles_02.”  A 

spreadsheet with the name “Profiles_01_100T_100P_1x” has a combination of the data 

which has been processed for results.  Each file also contains a .dat file will all the 
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recorded channels of data and a screenshot of LabView.  Fig. 33 gives the details of the 

actual data files. 

Fig. 33.  The fifth and final hierarchy which consists of the test results and a .dat file of the recorded 
channels. 

Every .dat file recorded information according to Fig. 34.  Each channel is in order (top 

to bottom).   

Fig. 34.  The list in order of the channels recorded in the .dat file for each test. 
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Data Processing 

Further data processing can be accomplished in with a code base program that can 

separate out each channel of data.  When the excel file is first opened it shows 14 

columns worth of data.  Each row represents a snap shot in time of the test.  A sample is 

shown on each row every 0.0002 sec (5000 Hz sampling rate).  Every column has a 

heading as seen in Fig. 35.  The X adj and Y adj takes the raw prox probe signals and 

rotates them into the proper axis (Test Case 1@5X is used for this example). 

Fig. 35.  Test results in excel (specific channels were chosen to record to excel during testing for data 
processing). 

The first step in finding the lift-off speed is to find the first point at which the rotor starts 

moving.  This is done by plotting an X/Y scatter plot for Columns H and I.  Fig. 36 shows 

the result of this plot. 



35 

Fig. 36.  Raw X vs. Y data resulting in shaft centerline. 

This plot represents the shaft movement from 0 – 15,000 rpm.  The plot range is 

manipulated to locate the point when the rotor first begins to move.   

Fig. 37.  Data range configuration in excel. 

Every excel spreadsheet recorded 20024 rows worth of data (4 sec of data points).  The 

data range is reduced from 25-20024 to 25-10000 to reduce the amount of data points in 

the plotting range. 
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Fig. 38.  Point at which rotor begins to rotate. 

Fig. 38 shows the first movement of the rotor.  The dark area represents the initial shaft 

position that will need to be subtracted out of the X adj and Y adj to bring the centerline 

to (0,0).  After further reduction in the data range the first data point was found to be row 

number 9878.  Another row is added to separate the initial data from the actual test data. 

Row number 9878 is highlighted in Fig. 39 and is the first data point.  The time value in 

Column B and Row 9878 is used to offset the rest of the time points in a new Column A. 

Fig. 39.  Zero time reference representing the beginning of the test. 
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To zero centerline and subtract out the initial rotor position, two more columns are added 

and an average of the static rotor position is taken and subtracted out of the new columns. 

This result can be seen in Fig. 40. 

Fig. 40.  Average of the zero position of the rotor that is subtracted out to zero the prox probes. 

Now the data points from the end of the test need to be truncated (the point at which the 

rotor reaches 15,000 rpm).  This occurs at 1.7 seconds for this case due to the ramp rate. 

A new shaft centerline plot is generated shown if Fig. 41.  This is the rough shaft 

centerline for the test.   

Fig. 41.  New shaft centerline starting at (0,0). 

Now that the full test range is narrowed down.  It is possible to locate important points on 

the shaft centerline and have location, pressures, speed, and time with each point.  To 
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locate hydrostatic lift-off, the data range is reduced to the point at which the shaft 

centerline moves up and to the center of the bearing clearance.  Fig. 42 illustrates the 

point at which the rotor is lifting off. 

Fig. 42.   Part of the shaft centerline depicting hydrostatic lift-off. 

Important points to follow for data processing: 

 Data points are sporadic, points must be averaged at least 10 points before and

after to receive a good data point.

 The speed output from the encoder is also sporadic; a least squares approximation

can be used to approximate the speed and pressure profiles.

 For longer tests, data points from “Profiles_01”, “Profiles_02”, and “Profiles_03”

may need to be combined for data processing.
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ROCETS SIMULATION DATA 

Table 7.  ROCETS data that was used as a baseline reference for the lift-off testing. 
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Amps Applied with MBScope 

Force diagrams were used to calculate the force at the test bearing.  This assumes 

that the weight of the rotor acts at the same location at the magnetic bearing applied load 

(not a calculated center of gravity). 

Vertical Case 

P = Applied load of Magnetic Bearing 

RS = Reaction at the Support Bearing 

RB = Reaction at the Test Bearing 

WR = Weight of the Rotor (15 lbs.) 

Sum of Forces in Y-Direction 
ΣFY = P + WR – RS – RB = 0  

RS = P + WR – RB 

Sum of Moments about Applied Load Location 
ΣMP = RS(7) - RB(5.25) = 0 

(P + WR – RB)7 – RB(5.25) = 0 

RB = (7P – 105)/12.25 

Rotor 

P + WR 

RS RB 

7 in. 5 1/4 in. 
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The above relationship was used to correlate the amount of amps to use in MBScope for 

the Y-Direction. 

Amps for Vertical Load Case 

1X – 0.0 Amps 
2X – 2.1 Amps 
3X – 3.0 Amps 
4X – 3.8 Amps 
5X – 4.5 Amps 
6X – 5.1 Amps 
7X – 5.7 Amps 
8X – 6.2 Amps 

Horizontal Case 

P = Applied load of Magnetic Bearing 
RS = Reaction at the Support Bearing 
RB = Reaction at the Test Bearing 

Sum of Forces in Y-Direction 
ΣFY = P – RS – RB = 0  

Sum of Moments about Test Bearing Location 
ΣMB = P(5.25) – RS(12.25) = 0 

RS = 3P/7 

Rotor 

P  

RS RB 

7 in. 5 1/4 in. 
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P – RB – (3P/7) = 0 

RB = 4P/7 

The above relationship was used to correlate the amount of amps to use in MBScope for 

the X-Direction. 

Amps for Horizontal Load Case 

2X – 3.15 Amps 
3X – 4.0 Amps 
4X – 4.73 Amps 
5X – 5.38 Amps 
6X – 5.97 Amps 
7X – 7.1 Amps 
8X – 7.67 Amps 
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LabView 

LabView was used to capture the test data including prox probes, acceleration, 

pressure, temperature, and speed.  The front panel in the Transient.vi is shows the user 

interface.  The user inputs the test speed of the rotor, acceleration rate, and the name and 

location of the excel file the data writes to.  Several graphs are present giving live data of 

the shaft centerline plot, acceleration vs. time, and x and y displacement.  Fig. 43 shows 

the front panel that the user interfaces with to run the tests.  

Fig. 43.  Transient.vi Labview interface. 

The back panel in the Transient.vi has the block diagram programming language. 

Software from the motor controller and the order analysis tool kit from Texas Instruments 

was used to develop the program to record the data during testing.  Fig. 44 shows specific 
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examples from the program.  The block diagrams show a time delay that was used to 

slow the start transient due to sluggish water pressure build up from the piping design. 

Fig. 44.  Labview block diagram depicting the time delay and equation programming. 

Fig. 45 shows parts of the program using tools from the order analysis tool kit used to 

initiate the channels for data recording.  The tools allowed the program to tie specific 

characteristics to the data for each channel.  For example, a tachometer signal can be 

separated from a prox probe signal due to the channel initialization.  This allows for 

easier data manipulation. 
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Fig. 45.  Channel initialization software from Order Analysis Software from LabView. 

Each channel of data was recorded into a .dat file and is considered raw unprocessed 

data.  Specific channels were chosen for shaft centerline and lift-off speed analysis and 

was written into an excel spreadsheet.  Fig. 46 shows the channels being routed to the 

excel writing software in the LabView program. 
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Fig. 46.  Specific part of the block diagram that allows the info from the channels to be written in 
Excel. 




