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EXECUTIVE SUMMARY

Further advancements in high performance turbomachinery operating at extreme
temperatures, hot or cold, mandate the development of gas (foil and herringbone) bearmes to
procure compact units with improved efficiency m an oil-free environment. Some of the
current applications encompass air propulsion jet engines and auxiliary power units (4PUy).
¢pace propulsion and life support systems, micro gas turbines, ceramic /CESs and flywheel
energy storage units, Likewise, high-speed air conditioning compressors and miniature data
storage systems become feasible only if inexpensive gas herringbone bearings replace ball
bearings having inherent life limits. Current demands from environmental protection laws
require the development of spiral grooved face seals for petrochemical compressor applications
¢ffectively minimizing harmful leakage and entirely eliminating oil-lubricated sealing.

Historically, experimental data and experience from gas bearings and seals at low speeds
bave compared well with theoretical predictions. However, test results from high-speed,
turbulent flow foil bearings consistently defies predictions from restrictive computational
riodels. The major reason for discrepancies lies in the questionable extension of limited
¢nalytical models to complex configurations where structural effects, fluid compressibility and
volume compliance. flow turbulence, and gas rarefaction effects at the molecular scale
cominate. The need for improved analysis becomes urgent as demonstrated by the practice of
rianufacturers to test every mechanical component, openly acknowledging the limited worth of
current numerical models.

Along with the need for better analytical models is the need for reliable and significant
experimental measurements of the dynamic performance of high speed rotors supported on gas
bearings. During the first year of this project, a new test facility has been designed, The test rig
consists on a rigid rotor supported on gas bearings and driven by an electrical motor at variable
speeds up to 100.000 rpm. High-frequency, high-sensttivity displacement sensors measure the
shaft motion at two axial planes in the horizontal and vertical directions. An infrared
tichometer registers the shafi speed on the whole range of operation. Three load cells sense the
farces transmitted through one of the gas bearings. The general arrangement allows for easy
titerchangeability of the bearing elements so that different designs can be tested. Special
attention has been put into ensuring overall safety of the test rig operation at high speeds.

During the second year of this project, the test rig construction will be completed. Run-up
and coast-down tests with increasing levels of disk imbalances will be performed to measure
t1e rotordynamic forced response and to extract equivalent stiffness and damping coefficients
cf'the air bearings. Experiments arc also aimed at determining the lifi-off speed and *“break™
targue at which the rotor runs freely on a hydrodynamie air cushion created by the air bearings.
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1. INTRODUCTION

Increasing requirements of efficiency, power, and space urge the development of small size.
Figh-speed. hightweight turbomachinery. Modem auxiliary power units (AL LS, airplane's air
conditioning units, turbochargers, trbocompressors, and crvogenie or high temperature
applications are some of the critical applications where designers are already seeking
alternative forms of lubrication or supports for the rotating parts. In these applications. the use
cftraditional oil lubricated bearings and seals is impractical. or even impossible in some cases,
due to the extreme temperatures, reduced clearances, high velocities, environmental CONCEIMS,
and the added weight and volume intrinsic to the lubrication svstem. The use of process gas
bearings emerges as a practical option to solve all this problems. Bearings and seals that
employ the process gas as lubricant eliminate added weight of oil pumps and reservoirs. reduce

the risk of contamination, and can operate at extreme temperature conditions.

Since the 1970's. the airplane industry has been employing gas foil bearings in high speed
APUs and air conditioning units demonstrating the applicability of this technology as a reliable
a1d cost-effective option. However, very little is known abourt the operation of foil and gas
bzarings in general, as evidenced by the manufacturer's requirement to test every design before
it 15 actually implemented. Under the operating conditions of these bearings, thermal effects.
turbulence, mechanical deformation, dry and hysteretic friction, and gas rarefaction due to the
sinallness of the film thickness are important parameters that affect the performance of the
bearing. To date, there is not a mathematical model or predictive tool accounting for this
parameters, which prevents or at least retards the implementation of process gas bearings in
more industrial applications that are awaiting for a reliable alternative solution to traditional o1l

lvbrication.

The main concern about gas bearings is their rotordvnamic performance. The gas film itself
does not provide significant damping and, due to the smallness of the film thickness. the
bearing stiffness 1s mainly given by the compliance of the housing. Therefore, in compliant
biarngs the main source of energy dissipation or damping is related to dry friction and/or

hv/steresis on the flexible parts. The limited literature available on the topic shows that the
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predominant vibration of rofors supported by gas bearings is subsynchronous, meaning that the
system is out of the linear stable range. However, limit cycles are reached that allow "stable"
cperation of the machine at very high speeds for long periods of time, which would not be
possible with oil lubnicated ball bearings. The comprehension of this operating regime is
precisely the weakest point in the understanding of the operation of gas foil bearings, as it
cceurs in the operation of floating ring bearings. Yet, many other parameters like lift-off speed.
surface coatings. and rarefaction of the gas at the atomic level due to the small clearances and
high speeds also need to be addressed before a conclusive description of gas bearings can be

produced.

There is a need for experimental evaluation of the effects of these parameters on the
performance of gas bearings to support further development of numerical models and to
provide design guidelines. Tests targeting individually the effects of different mechanisms of
faction {dry or hysteretic), surface coatings. and flexibility of the foil, for example. will
unprove our current understanding of these devices and provide solid ground for the
dzvelopment of sound theoretical models. However, to perform tests that replicate actual
operating condrtions represents a technical challenge by itself. A careful selection of the
mstrumentation is imperative to ensure that the high frequency, extreme temperature, and small

displacement and gap ranges are covered.




2. OBJECTIVES

To provide the TAMU Rotordynamics Laboratory with a test facility where different
configurations of high speed gas bearing and/or gas seal configurations could be tasted,
The test ng consists of a rigid rotor supported on air bearings and driven by an electrical
motor installed at the midspan. A top test speed of 100,000 pm can he obtained, with a
maximum power of 1 KW. to study the rotordynamic behavior of the rotor supported on
the test bearings. Twao disks allow for introduction of controlled unbalance to excite the
two rigid rotor modes. Microdisplacement eddy current sensors detect the rotor motion at
several locations and an infrared pick-up measures the shaft speed.

To perform run-up and coast-down tests with increasing levels of disk imbalances for
different gas bearing configurations to study the effects of surface coating, bearing
flexibility, clearances, and energy dissipation mechanisms. Equivalent stiffness and
damping coefficients will be extracted from the rotordynamic force response when
possible. The onset of subsvnchronous vibration will be recorded, if any. Analysis of the
time records of the displacements and orbits will help understand the forces acting on the
rotor while operating with subsynchronous vibrations. Amplitude and frequency
charactenstics of the limit cycles will be reported. The lift-off speed will also be recorded
tor each case.

To develop a computational model for gas bearings that considers fluid compressibility,
turbulence. thermal effects, mechanical and thermal deformations, dry and/or hysteretic
friction, and dynamic coupling between journal motion. lubricant flow and mechanical
deformations. Transient solutions of the rotor-bearings motion will be compared to the
experimental measurements to evaluate the prediction of subsynchronous vibration and
limit cycles,

Upon completion of the project, better understanding of the gas foil bearing technology will

bi: achieved. Comparisons of theoretical predictions and experimental measurements will be

available, The non-linear operating regime with subsynchronous vibrations will be deseribed

and characterized. General guides for sclection of instrumentation suitable for these

apphications will be discussed. Moreover, a test rig for high speed testing of gas bearings and

seals will be available for further research at Texas A&M University,




3. TEST RIG DESIGN

4.1 Description

A test nig for the study of the rotordynamic performance of gas bearings has been designed.
“he rig 1s intended to represent the operation of a rigid rotor supported on gas bearings at high :
speeds allowing for the measurement of rotor vibrations, operating speed. forces transmitted
through the bearings and overall air supply and discharge pressures. Figure 1 shows a cutaway
view of the test rig design depicting the overall configuration. A sturdy rotor runs on two air
bearings driven by an electrical motor mounted directly on the shaft at the midspan. The rotor,
cepicted in Figure 2, consists of a solid shaft. 15 mm diameter and 190 mm long, on which the
¢lectric motor and two solid sleeves (19 mm diameter) are mounted by press-fitting. The shaft
and sleeves are manufactured in normalized 4140 stecl. The base structural material of the

motor rotor 15 aluminum,

housing

bearings shaft

Fig. 1. Cutaway view of the test rig
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Eight holes at each end of the rotor allow for the placement of imbalance weights. Due to
he extremely high operation speed, the imbalance holes are designed of small diameter (1 mm)

ind the imbalance weights are made out of nvlon, whose density is much lower than that of
steel allowing for better control of the imbalance magnitude. The electric motor is a
commercial two-pole high-frequency motor element with a top speed of 100,000 rpm and
maximum continuous power of 1.7 KW, The high frequency converter motor drive allows
ticcurate control of the motor speed by regulating the frequency of the electrical current
supplied to the motor, The motor can operate at temperatures up to 150 °C. Yet, excessive
lieating of the motor can affect its efficiency. thus reducing it output power. Given the small
laads that the motor will drive in the test rig, it is not anticipated that forced cooling will be
reeded, However, the design contemplates the possibility of wrapping the test rig central

section with flexible piping to provide water cooling in case of NECeSsIty.

Figure 3 shows the overall assembly of the test rig, Two gas bearings, L=30mm, D=2%mm.
support the rotor, with the electric motor at the midspan. The rotor is dimensioned so that it can
be introduced or removed axially with minor disassembling of the rig. It is only required to
r:move on of the end covers in order to gain access to the shaft, This configuration allows the
alignment of the bearings and electric motor without the rotor in place, greatly simplifying ths
procedure. Each bearings element is installed on a split bearing support (Figure 4) allowing for
easy interchangeability of different types of bearings. O'ring type seals installed on the bearing
sapports divide the nig in several compartments as shown in Figure 3, Each compartment has
reversible air ports that ean be used as inlet or outlets depending on the configuration being
tested. Bourdon type pressure ganges are also installed to register the pressure within the
different compartments. The bearing supports also feature a circumferential groove to be used

a3 a feeding channel when hydrostatic bearings are being tested.

Three flat surfaces are machined on the bearing supports circumference, 1207 apart from
¢ich other, where three swivel-pad support bolts uphold the assembly as depicted in the axial
section of Figure 5. One of the bearings is instrumented with high sensitivity piezoclectric load
c:lls to sense the load transmitted to through the bearing. Table | contains the main

charactenistics of the selected sensors. Their high sensitivity, resonant frequency and structural




vioddos Ruuwag upds ¢ iy

O314123d5 FSIAMIHLO SETTINA SHILIWITW NI SNOISNIWIT T

=
= GE/10AT0
S1338 WIL AR SONIMYEO
X1 ‘NOILYLS 39371703
ALTSHIAIND WEY SYX3L
MOLvHOEYT S2IWeNAGHOL0H

VI Wl
S3T0H HONOHHL &

ONISNOH DNIYV3E
NOILJ3S WOL104

ig Wwg
S3A70H HONOHHL £

ol 3W3As

Oty I31¥ TIWId3LYW

=0
S370H HONOMHL d30v32HL E

ONISNOH DNIYY3d
NOILJ3S d01

ATTEWISSY DNISNOH ONIdv3d

81 DWIMwEd



stiffness, along with their short rise time and excellent resolution make these load cells ideal

for this apphication where high frequencies, small loads and high precision are demanded.

safely device to allow ratation in caze
of rator burst.

Ioad celis

lest bearing
locking thrust baaring
air infaut I air infout I air infaut
e -
unbalance holes
sleeves:
high-speed
nfrared tachometer
ok il Fi
thrust pin = thrust pin
salid shaft o= =
displac?:‘lsel‘: el displacemant
P RERT probes
—
alr infout air infout

alignmeant thrdst
bearing

hydrostatic beanng
supply groove

Fig. 3. Test rig assemhly

Besides providing support to the bearnings and the preload required for the load cells to work

properly, the swivel-pad bolts are an integral part of the alignment and centering mechanism

Thrust ball bearngs are installed between the bearing supports and flat tracks machined

iitegrally on the rg housmg. These ball bearings provide precise axial positioning of the

bearings and prevent them from tilting, forcing the two bearings to be perfectly parallel, but do

rot restrict in any way the radial motion of the bearings. Locking thrust bearings are mounted




12

on the authoard side of the bearing supports pressing them against the alignment thrust
bearings (sce Figure 3). The three support bolts adjust the centering of the bearings but do not
effect the axial positioning or tilting of the bearing assemblies,

load balt

test bearing swivel pad
load cell

bearing support

shaft
housing
imbalance
holes
Fig. 5. Axial section at bearings location
Table 1. Load Cells Characteristics’
| Range kN [Ib] 0.4448 [100]
Resolution kN [1b] 8.896¢-6 [0.002] |
Sensitivity mV/KN [mv/lb] 11241 [30]
Resonant Frequency kHz 70
Rise Time U sec 10
Discharpe Time Const. sec =300
Low Freq. Resp. (-3%) Hz 0.001
Amplitude Non-Linearity % F.8. 1
Stiffness KN/uum [Ib/pin] 17.5 [100]

' From PCB Piczolronics, 1998




Thrust pins at both sides of the shaft ensure proper axial positioning of the rotor. The pins
onsist on a hollow bolt with a ball at the tip and a preloaded spring that keeps the ball in
vosition (See Figure 6). When force 1s applied to the ball | the axial direction it is set free to
‘otate m any direction, thus allowing free motion of the rotor in the radial direction. The axial
stiffness of the spring is estimated 20 kN/m (Vlier, 1998), Two different sets of pins have been
nequired. One with steel balls and one with polymer balls. The polymer balls should provide a
self-lubricating surface with better dynamic performance. However, concemns about resistance
1o wearing of the polymer ball support the acquisition of the steel ball pins as an alternative

nptian,

N\M\/V\/\N\/\M/\NV\

MM

Fig. 6. Thrust pin

High-frequency. high-sensitivity eddy current displacement sensors ar¢ stalled n the
vertical and horizontal direction on both ends of the rotor. The selected sensors. usually
emploved to measure minute deformations on ball bearing races. are appropriate for the ranges
of amplitude and frequency encountered in this application, Table 2 gives relevant information
zhout the nominal sensors' performance. Note that the sensor frequency response 1s acceptable
on the whole range of operation, see Figure 7. The inductance on the tip of the sensor 15
chielded so that the electromagnetic field is directed towards the front of the sensor. reducing
the possibility of "cross-talking" between the vertical and horizontal sensors. This is
particularly interesting since, due to geometric restrictions, the two probes need to be installed
on the same axial plane. A calibration of the probes on the actual material and geometry s

required.




40 1OH 17244

BEWTLY MNEVADA CORFORATION

SPECIFICATION

BEMTLY HEVADN BLOG 2

Suhjnet;

3300 AEBAM tranaducer: Parlormancs spaclication

Frod o, T027a2e2ad P, 04

Fape: 38 of 37 Mar 156873 Amer A
24 Jun YRR
Elfacthm dabe: Prapared ty:
17 May 1993 Tam Cafthoan
Crein 1D Mot Approved by:
20230

A% HOH 2244 BENTLY NEVADA ALDG 2 Frd B0, T02TR29284 P02
mnzﬁ.4 NEVADA CORPORATION Prga: 31 of a7 Hew 158873 A A
24 Jum 19493
SP mﬂu Fl n.p-—-—ﬁuz Efnctie data: Praparad tay
17 My 18953 Tom Galtwtin
Bubjoct Codn 10 Mo Appresed byt
L) AERAM fransduser: Padommance speciicnion 20230
Both Systems
=
T S— r=
am e — T
= = — B2
" mi H
— : g1
i 2 e |
- Bl
P~ — —t
llll-l-l-l
S| =1 2
—E|— ==t
= A e =] — =2
F oA =7 -
i —
7 =
4 .usl....,.. ) = ]
A s
= I
\\ 1.\\.\.. E o b
o = o 2
= =
— =
=% =k
i
] i m
{

100

=

= = =
[ T N

(s1p) uren

=t
9
(

Figure 21, Fraguency Responae wilh Oulput Cable Attachad

Bath Systems

\-\.. L~ =
A s
\ﬂ.\ﬂ\.\.‘.\\.\ .\..... .\._... ..m
il i =I_E y
= i, E g ‘
x.\._________.\ .\\ 5
\.\w\ < 4+ E
/ \ mw.
{——" =
]
o o i &
Fi
| A, a T m..
E_____L__,
| ;
i .
- L,
2 o 9 @ g g9 @ g9 9 9
[==] [ =] {=] [ =] [ =1 = [=] =] =
STRIFFELIE

(#op) oset

Flgure 23, Phase Change ve, Fraguency with Output Cable Allached

Fig. 7 Fregquency response of displacement transducers




Table 2. Displacement sensors dynamic performance

Supply Voltage V 24

Supply Current mA 12 ]
Seasitivity mV/um [V/mil] 40 [1]
Linear Range wm [mil] 400 18]

| Mimmum Target Size I mm 9.3

| Frequency Response (+5%) kHz {-10

*From Bently Nevada, 1995

4.2 Press-Fit, Stresses and Overall Safety

The high operating speeds of the test rig require extra caution to ensure safe operation of the
fest rig and to minimize risks in case of an abnormal condition or failure. Based on general
1ules of thumb given by Sonnichsen (1993), the steel housing is desipned with wall thickness
of 10 mm or more to avoid penetration of rotor fragments in case of a sudden rotor fracture into
small parts, In the casc of a complete rotor burst, and assuming that the rator stops spinning
upon contact with the housing, the angular momentum of the rotor (estimated as 0.613 ke.m’/s)
1s completely transferred to the housing structure. Assuming a conservative time interval of
1,001 see. for the duration of the impact, the average torque applied to the structure during the
impact would be 613 N.m_ A wide. solid steel base plate is devised to stand this torque and to
provide a firm attachment to ground. preventing the rig to come loose in the event of an

Impact.

Still, the kinetic energy of the rotor is roughly 2 kJ at maximum speeds. In the case of a
burst, most of this energy would be converted into plastic deformation of the casing. heat and
roise, The severity of the damages produced to the casing while absorbing this energy is hard
t2 quantify and would depend on the particular failure mechanism of the rotor, A special
raechanism is devised in the test rig to direct this energy into a controlled dissipation
riechanism. Only the central section of the rig, where the motor 15 mstalled, is fixed to ground.
"'he left and right parts of the housing, where the test bearings are installed, fit tightly on a
shoulder on the center section. A retainer ring provides a controlled pressure on the contaet
thus keeping the end sections in place, see Figures 3 and 8. The only force preventing the
bousing end sections {and the bearings) from rotating is the dry friction between them and the
venter housing section. Since the smaller clearance between rotating and moving parts 1s at the
bearings. they represent the first point likely to result in contact or impact. In such case,

rotation will be induced on the bearing and its support structure thus resulting in relative
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motion between the two housing parts. This activates a mechanism that dissipates energy by
dry friction in a much longer period of time thus reducing the possibility of a catastrophic
fatlure. A safety enclosure made sandwiched sand between two steel layers provides noise
insulation and extra safety in case of sudden burst.

The stresses induced by the high rotational speed affect the size of the rotor parts and the
interference on the press fits. The manufacturer of the motor recommends a s6-H6 press fit
between the motor element and the shaft and maximum surface speed of 130 m/s for safe
cperation with a reasonable safety factor (Oberg et al,, 1996). This limits the maximum rig
speed to 98 835 rpm, which is high e¢nough for our test purposes. The sleeves are designed arc
cesigned to use the same press-fit specified for the motor, thus simplifying the manufacturing
process. Standard formulas for press-fit and centrifugal strain and stress are used to compute
t1e deformation and stress of both the sleeves and the shaft (Shigley and Mischke, 1996). The
specified fit ensures contact between the two rotor parts on the entire range of operating
speeds. Table 3 shows the maximum and minimum values possible for the interference. Table
- also shows the possible range of vanation of the journal outer diameter at the location of the
bearings, which must be considered for the bearings design, Table 4 shows the maximum
cffective surface stresses on the shaft and slecves for the zero and full speed conditions. The
raximum predicted stress is 490 MPa. which provides a safety factor of 1.33 (compared to the
£35 MPa vield strength for normalized AIST 4140 steel, Avalone and Banmeister, 1996).

Appendix A compiles detailed results of the computation of rotor stress an deformation,

Table 3. Resultant radial press fit interference between shaft and sleeves [mm]

maximum minimum
at zero speed 0.01930 (.00830
at full speed (100,000 rpm) 0.01412 0.00312

| Outer Diameter Growth | 0.00226 | 0.00224 |

Table 4. Maximum effective surface stress due to press fit and rotation |MPa]

sleeve shaft
maximum MmN MAX1TIm minimum
it zero speed 470.3 205.2 3031 | 1714
E-.t full speed (100,000 rpm) 4803 2200 275.0 356




3.3 Rotordynamic Performance of the Test Rotor

Figure 9 depicts the rotordynamic maodel of the rotor shown in Figure 2. The rotor is
divided into 38 stations with L/D ratios ranging from 0.15 to 0.40. Typical values of steel
density and clasticity/shear modulus are used for the solid shafi and sleeves (p=0.27 Ib/in,
1:=29 Oef psi, G= 11.6e6 psi). Material propertics specified by the motor manufacturer are
devised for the electric motor rotor (p=0.096 Ib/in, E=10.2e6 psi, G= 3.8¢6 psi). Appendix B
contains the numerical data corresponding to the rotor stations as input into the rotordynamic

code XL-rotor ™,

Gas Bearings Test Rig Rotor

-1

Shaft Radius, inches
c=—
=

5 Tl . il

o 2 L & B

Axial Location, inches

Fig. 9 Rotordynamic rotor model

Figure 10 shows the free-free natural frequencies as a function of the rotational speed. The
first bending mode occurs at a frequency of 140.000 cpm and never falls within the range of

cperating speeds. The second bending mode presents a natural frequency of nearly 420.000




1pm, Figure |1 shows the first bending mode shape. In this mode, most of the shaft deflection
oceurs in the two sections between the motor and the sleeves while the rest of the shaft remains

tlmost undeformed. Note that the nodal points are just inboard of the bearing locations.

Rotordynamic Free-Free Natural Frequency Map

Trbology Group-Rotendynamics Laboratory
Gas Bearing Test Rig Rotar
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Figure 12 depicts the undamped critical speeds as a function of the bearing stiffness, The
critical speeds of the two lower modes are proportional to the bearing stiffness. The eritical
speeds of the third and fourth modes are practically unaffected by the stiffness of the bearings,
perhaps due to the closeness of the bearing locations to the nodal points. Figure 13 shows
typical mode shapes corresponding to the first three modes, cylindrical, conical and first
bending mode, for a bearing stiffness of 1000 1b/in. The three mode shapes remain almost
vnaltered for increasing values of bearing stiffness within the range of interest, Note that the
first two modes are perfectly rigid body vibration modes, i.c.. there no deformation of the shaft

cn this two modes, the only ones within the operating range.

Undamped Critical Speed Map

Tribolegy Group-Rotordynamics Laboratory
Gas Bearings Test Rig
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Fig. 12 Undamped critical speed map
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Figure 14 shows the predicted response amplitude at the shaft end for coupled umitary (1
yram-in) imbalances placed 180" out of phase at each end of the shaft. Since no other mode is
excited, the response shows a single critical speed as it is typical on one degree of freedom
systems. Above the critical speed the vibration tends to stabilize at a value presumably
carresponding to the self-balancing condition, For this case. with a bearing stiffness of 1,000
Ib/in, the ¢critical speed corresponds to about 10,000 rpm. Figure 15 shows the force transmitted
to the bearing to follow a trend similar to that of the motion amplitude, starting from zero.
reaching a maximum at the critical speed and then approaching a stable value.

Figure 16 shows the deflected mode shape at 10,000 mpm and 100,000 rpm. On the whole
range of operating speeds the shaft remains (nearly) rigid when excited by imbalance weights

1 80" out of phase, i.e., when only the conical mode is excited.
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Fig. 14 Amplitude of vibration for unit (1 gm-in) imbalances 180° out of phase
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Figure 17 shows the predicted response amplitude at the shaft end for coupled unitary (|

gram-in) imbalances placed in phase at each end of the shaft. Figure 18 depicts the

corresponding force transmitted to the bearings. Figure 19 compiles the deflected shapes at 10,

0 and 100 krpm. At low speeds only the cylindrical mode has significant contributions to the

dynamic response. However, from mid to high speeds the contribution of the first bending

imode is important. Above 60,000 rpm the amplitude of motion starts to increase under the

vffect of the first bending mode. At the same time the transmitted force decreases reaching an

cdmost null value at full speed. Figure 19 shows how the deflected shape (combination of the

cvlindrical and the first bending mode) presents nodes almost coinciding with the location of

the bearings at 100,000 rpm, which explains why the transmitted force is so small at this speed.
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9. CONCLUSIONS AND RECOMMENDATIONS

The detailed design of a new test rig for the analysis of the dynamic performance of
1as bearings is presented. Details on the selection of the instrumentation. ncluding appropnate
{isplacement and force sensors, as well as a suitable tachometer, are summarized. Special
attention has been paid to safety issues since the experimental prototype is to run at gxtremely
ngh speeds.

A full set of detailed drawings (23 in total) for the manufacturing of the test ng has
heen prepared. Currently, the test rig is in the process of manufacturing, The instrumentation
ind electric motor and drive have already been purchased. The test rig is expected to be fully
operative and debugged for the fall 99 semester, when the experimental phase is scheduled to
aart,

The new test facility allows analysis of the forced vibration of a rigid rotor supported
on gas bearings operating at high speeds. Several designs of bearings can be easily installed on
the nig, including hydrodynamic. hydrostatic or hybrid bearings. The rig is fully instrumented
to measure rotor vibration and forces transmitted to the supports. Run-up and coast-down tests
with increasing levels of disk imbalances will be performed to measure the rotordynamic
forced response and to extract equivalent stiffness and damping coefficients of the air bearings.
Ixperiments are also aimed at determining the lift-off speed and “break” torque at which the

rotor runs freely on a hydrodynamic air cushion created by the air bearings,

The research offers an opportunity to test the viability of air bearing technology for oil-
free, high speed rotating machinery and to advance the state-of-the-art analysis of micro film
thickness air bearings and seals. The applicability of the analysis and test results covers a wide
range, from large scale aircraft engine propulsion systems and secondary power umts for space
cryogentc turbopumps to automotive turbochargers, AP07s, compact compressors for air

conditioning, space life support systems and fast data computer storage units,




REFERENCES

Avallone, E.A_, and Baumeister, T., 1996, Mark ‘s Standard Handbook for Mechanical
Engineering, tenth edition, McGraw Hill, New York,

3ently Nevada Corp., 1993, Transducers. Minden, Nevada,

Aline. 8.1, and McClintock, F.A., 1953, "Descrbing Uncertainties in Single-Sample
Experiments,” ASME Mechanical Engineering, Vol. 75, pp. 3-8.

Oberg, E., Jones, F., Horton, H., and Riffcl H., 1996, Machinery 's Handbook. Industrial Press
Inc. New York.

PCB Piezotronics. 1998, ICP® Force Sensor, General Operation Manual, Depew. New York.

Shigley, 1E.. and Mischke, C.R., 1996, Standard Hanbook af Machine Dexign, second edition.
MeGraw-Hill, N.Y.

Honmschsen, H.. 1993, “Ensuring Spin Test Safety.” Mechanical Engingering, Vol 115, No,
12, ASME, pp. 72-77.

“lier Engineering, 1988, Pocket Catalog, New York




APPENDIX A

PRESS FIT AND CENTRIFUGAL ROTOR STRESS AND DEFORMATION
{Input and output pages of the code FIT. version 2.21.
by Rotordynamics-Seal Research, 1995)




FIT VERSION 2.21, RELEASE DATE 2/1/95
SUMMARY OF INPUT

units (0 = ENGLISH, 1 = SI)

25.00 ambient tempsrature (g
25.00 operating temperature shaft (C)
25 .00 operating temperature slesve [C)
=177 operating temperaturs insert (C}
25.00 eperating temperature houszing ([C)
25. 00 storage temp. of the machine (C)
100000, 00 operating shaft speed (rpm|

E shaft sleeve (0 ='HO, 1 = ¥YES)
[ housing insert (0 = WO, 1 = YES)

15.03500 ©.D. shaft maximum at amb temp (mm)
15. 03000 0,0. shaft minimum st amb temp (mm)
15. 00001 effective shaft 0.D. at amb temp {(mm)
0.0000c effective shaft I.D. at amb temp (mm)
29,0000 C.D., sleeve maximum at awh temp (mm)
29,0000 0.0, sleeve minimum at amb temp |mm)
15.0100¢ I.D. sleeve maximum at amb temp {mm)
15.0000¢ I.D. sleseve minimum at amb temp (mm)
29.00040°C effective =sleeve 0.0, at amb temp (mm)
15..0000( effective slesve T.0. at amb temp |(mm!
0. 00000 Q.D. insert maximum at amb temp (mm)
0.0000C 0.D. insert minimum at amb temp {(mm)
0. 0000l I.D. insert maximum at amb temp (mm)
0.0000¢ I.D. insert minimum at amb temp (mm)
30.00008C I.D. housing max at ambient temp {(mm)
30.0000C I.0. housing min at ambient temp (mm)
50.0000C effective hou=ing 0.D. (mm)
User Deifined shaft material name
7.84BBC density of shaft (g/em”3)

0.1130E-04 thermal expansion coef. for shaft (1/C)
0.20T7T0E+06 youngs modulus for shaft (MPa)

0.2500C peissons ratic for shaft (-]
User Defined slesve material name
T.B488C density of slesve (g/cm™3)

0.1130E-04 thermal expansion coef, for slesve (1/C)
0.2070E+086 youngs modulus for sleeve {(MPa)
0.2500C poissons ratic for sleeve (-]

User Defined insert material name
0.0000E+00 thermal expansion coef. for insert (1/C)
0.0000E4+00 youngs modulus for insert [(MPa)
0.0000C poisseons ratio for insertc (-]

Uzer Defined heu=zing material name
0.1130E-04 thermal expansion coef. for housing (1/C)
0.2070E+08 yvoungs meodulus for housing (MPa)
0.2500C poissons ratio for housing (-3




SUMMARY OF RESULTS

RESULTANT RADIAL CLEARRNCE BETWEEN ROTOR/STATOR
NEGATIVE VALUES INDICATE INTERFERENCE FIT

[ mm )

max mirn
0.50000 D.50000 at apbient, temp fresstanding
0.43483 0.48097 &t ambient temp, assembled
0.48258 0.48871 at operating conditions
0.49483 0.48097 &t storage temp
RESULTANT RADIAT, PRESS FIT BETWEEN SHAFT/SLEEVE  (mm)
NEGATIVE VALUES INDICATE CLEARANCE FIT
max min
0,01750 B.01000 at ambient temp, freestanding
0.01750 0.01000 at ambient temp, assembled
0.01212 0,00462 &t operating conditions
0.017540 0.01000 at storage temp
SHAFT STEE3E COMPOMNENTS DUE TO PRESS FIT
AT MAXIMUM EFFECTIVE STRESS LOCATION (MPa)
NEGATIVE VALUES INDICATE COMPRESSIVE STRESS
TANGENTTIAL RADTAT
max min max min
0, 0000E+00Q 0.0000E400 0.0000E+00 0.0000E+00
-0.35239E+03 -0, 2016E+03 0.0000E+00 0.0000E+00
=0:2443E+03 -0.59305E+02 0.0000E+00 0.0000E+00
-0 3529E+03 ~0.2016E+03 0.0000E+00 0.0000E+00
SLEEVE 3TRESS COMPOMENTS DUE TO FRESS FIT
AT MAXIMUM EFFECTIVE SURFACE STRESS LOCATION [MPa)
{EGATIVE VALUES INDICATE COMERESSIVE STRESS
TANGENTIAT RADIAL
meax min M il
0.0000E400 0.0000E+00 0. 0000E+00 0.0000E+00
0.3053E+03 0. 1746E+03 -0.1TG4E+03 =0, 1008E+D3
0.2114E403 0.8061E4+02 —-0.1221E+03 =0. 4652E+02
0.3053E+03 0, 1T4EE+D3 -0.1764E+03 -0.1008E+03
STRESS DUE TO ROTATION
AT MANIMUM EFFECTIVE SURFACE STRESS LOCATION  (MPa)

TANGENTIAL
0.1997E+02
0,1572E+03

MRXTMUM EFFECTIVE SURFACE STRESS DUE TO PRE3S FIT AND ROTATION
SHAFT

RADIAL
0.1997E+02
0.0000E+00

SLEEVE
max min
0. 00008400 0, 0000E+00
0, 42Z2E+03 0,2413E+03
. 44258403 0.2642E+03
0, 4222E+03 0.2413E+03

Ghaft Stress
Slesesve Ztress

mas
0.0000E+00
0.3529E+03
0.23458E+03
0.3529E+03

min
0. 0000E+00
0.2016E+03
G.B4BSE+DZ
0.2016E+03

at
at
at
at

ambient temp, freestanding
ambient temp, assembled
operating conditions
storage temp

ambient temp, freestanding
ambrient temp, assembled
cperating cenditions
storage temp

[MEPa)

ambient temp, fresstanding
ambient temp, assembled
operating conditions
storage Cemp




APPENDIX B

ROTORDYNAMIC ROTOR MODEL
(input pages to the code XL-rotor ™)
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Shaft Input

m ABLE OF BEAM AND STATION DEFINITIONS, MORE THAN ONE BEAM PER STATION IS OK
. [ | Weight | Elastic Shear Added | Added
Emn E"gth _n_p | I.D | Density | Modulus | Modulus | Weight Added Ip i

# in in in Ibfin® psi psi b | Cibcint | ibeine
1/ _019685| £3417] =~ 0]  0.27] 29.0E+8] 716E+6 0.0 00— 00
2| 0.19685 0.748 0 - 0.27{ - 29.0E+8| 11.6E+6 ool Do DO
3| 019885 §.748 0 0.27| 290E+6| 11BE+6| 0.0] o0 Do
41 0.19685 07481 E) 0.27| 20.0E+8| 1i6E+8| DO 00 00
5{-019885] 11447 — 8 0.27! 29.0E+8] 11.BE+6} 0.0 0.0 0.0
6| 0.19685] 11417 0 027 290E+5| 116E+6] o0l 00 00
7| 06.19885] 11417 0 0.27| 29.0E+6] 116E+56 = 0.0 6.0
B| 019685 1.1417 ol 0:27] 28,0E+6| 11B6E+6 0.0 0.0 0.0
8| 0.18685] 1. 1417 ] 0.27| 29.0E+6| 11.6E+8 0.0} 0.0 0.0
10| 0.19885] —11417 0f 027 29.0E+8] 116E+6 oof G0 0.0
11| 0.19685] 11417 0 - 0:27] 28.0E+6| 11.6E+6 0.0 0.0 0.0
12| 019685 = 11417 0] D27] 290E+6| 11BE+6 0.0 0.0 0.0
13| 0.19885] 1 1417 0f 027| 20.0E+6| 116E+s 0.0 0.0 0.0
14| 0.196851 11417 0 0.27| 290E+8] 116E+5 0.0 00 0.0
15] D19885] 1 1417 [ 0.27| 29.0E+6| 118E+s 0.0 0o 0.0
16 0.2441] 05906 g 0.27] 29.0E+8] 116E+6 0.0 0.0 - o
17| 0.21732] 05906 0] 0.27| 28.0e+6| 11.6E+6| 0.007693] 0.001517] 0.000773
17] 8.21732] 11417] 05906] 0096 102E+6| 38E+B = 0.0 00! 0.0
18| 0.21732] 0.5506 0 -0.27| 29.0E+8| 116E+6, 00 0.0] 0.0
18] 021732 11417 05906 .006| 102E+8] 38E+6f 00| 0.0 0.0
18] 071732] 05908 0. 027 290E+8| 118E+5 D0 0D 0.0
19| 021732] 11417 05908 0.098] 10.2E+6] 38E+6 ool 0.0 ha
20| 021732 0.5908 0 0.27] 29.0E+8| 116E+6| 00 0.0 0.0
20] 8.21732] 11417 05906 0.096] 10.2E+6| 38E+6| DO 0.0 0.0
21| 021732 0.5906] 0 0.27| 29.0E+B| 11BE+5 00 0.0 0.0
21] 0.217321 114171 05906 0.096| 10.2E+B| 3.BE+B o 0.0 0.0
22| 02441 05908 0. 0,27 29.0E+5] 11BE+8| 0.007 001517| 0.000773
23| 019685 11417 i 0.27] 29.0E+6| 116E+6 6ol 0.0 0.0
24| 0.19685 1.1417 0 0.27| 29.0E+6| 11.BE+6 0.0 0.0
25| 01e88a] 11417 0 0.27| 29.0E+8| 11.8E+6 00 0.0
26| 0.19685] 1.1417 0 27| 200E+6| 116E+6 0.0 0.0
27| 0.19685] 14417 0 0.27| 200E+B| 11.6E+6 0.0 0.0
28] 0.19685] 1 1417 0 0.27| 29.0E+B| 11.B8E+8 0.0 00
29| 019685 11417 0 11.6E+6 o0 0.0
30| 0.19885]° 11417 0 11 6E+6 0.0 0.0
31| 019685 11447 0 i i | 11.6E+B 0.0 S
32} 0149885 11417 0 7= 20.0E+6| 116E+5 50 0.0
33} 019685 11417 0. - 20.0E+8| 116E+6 0.0 0.0
34] 0.19885 0.748 0 26.0E+E| 11 6E+8 00 00
35| 0.19685 0.748 0 29.0E+6| 116E+6 00 6.0
36| 0.19685 0.748 e 28.0E+6| 11.6E+6 00 0.0
37| 0.19685] 1.1417 a 26 0E+B, 118E+8 D0 0.0
38 o] 11417 i) 28.0E+6| 116E+6 0.0 )
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Beams

SUMMARY TABLE OF ALL BEAMS DEFINED IN MODEL

Beam Statmn 4 Axial Beam Beam Beam | Beam Beam

Number Location  Weight It p | El GA

in Ib Ib-in® | Ib-in® | Ib-in® Ib
B 1] 1 0| 0.054412| 0.004608| 0.008866] 2.4E+6| 11.0E+6
B 2] 2| 0.19685  0.023356| 0.000892 0.001633] 4456E+3] 51E+6
3 3| 0.3937] 0.023356! 0.000892| 0.001633|4456E+3] 51E+6
4] 4| 0.59055] 0.023356] 0.000892| 0.001633| 445 6E+3| 5.1E+8
5] 5| 07874 0.054412) 0.004608| 0.008866| 24E+8| 11 9E+8
= 6 6| 0.98425| 0.054412| 0.004608| 0.008366| 24E+G| 11.9E+6
| 7| 7| 1.1811] 0.054412| 0.004608| 0.008866, 2 4E+B| 11.9E+6
8| 8| 1.37795] 0.054412| 0.004608  0.008866| 24E+6| 11.9E+6
] 9] 1.5748| 0.054412| 0.004608] 0.008866| 24E+6| 11.9E+6
10 10] 1.77165/ 0.054412] 0.004608| 0.008866 2.4E+6  11.9E+6
[ 11 1] 1.9685| 0.054412] 0.004608| 0.008866| 2.4E+6 11.9E+6
= 12| 12 216535 0.054412] 0.004608| 0.008866 2.4E+6| 11.9E+|
13] 13|  2.3622] 0.054412| 0.004608| 0.008866, 2.4E+6| 11.9E+6
14] 14| 2.55805) 0.054412| 0.004608] 0.008866 24E+6| 11.9E+6
15| 15| 2.7559] 0.054412| 0.004608 0.008866, 2.4E+6| 11.0E+6
18 16| 2.85275| 0.018055] 0.000483 0.000787| 173.2E+3| 3.2E+6
17 17| 3.19885) 0.016075 0.000414| 0.000701 173.2E+3  3.2E+6
18 17| 3.196851 0.015643| 0.001677| 0.003231| 785.9E+3| 2.8E+6
19 18| 3.41417) 0.016075] 0.000414| 0.000701|173.2E+3| 3.2E+6
20 18| 3.41417 0.015643] 0.001677 0.003231/ 785.9E+3] 2.8E+6
21 18] 3.63149) 0.016075| 0.000414| 0.000701] 173.2E+3| 3 2E+6
22| 19, 3.63148| 0.015643| 0.001677| 0.003231 785.9E+3| 2.B8E+6
23] 20| 3.84881| 0.016075| 0.000414 0.000701 173.2E+3| 3.2E+6
24 20| 3.84881] 0.015643| 0.001677 0.003231) 765.0E+3| 2 8E+6
25 21| 4.06613] 0.016075 0.000414] 0.000701|173.2E+3] 3 .2E+
26 21| 4.06613| 0.015643 0.001677| 0.003231|785.9E+3  2.8E+6
27! 22| 4.28345| 0.018055] 0.000483| 0.000787|173.2E+3  3.2E+6
28 23| 4.52755 0.054412] 0.004608 0.008866] 24E+6 11.9E+6
29 24| 4.7244 0.054412| 0.004608| 0.008866] 24E+6 11.9E+6
30 25 4.92125] 0.054412| 0.004608/ 0.008866) 24E+6| 11.9E+6
31 26 5.1181] 0.054412| 0.004608 0.008866 24E+6| 11,9E+6
32| 27| 5.31495 0.054412| 0.004608) 0.008866| 24E+B| 11.9E+6
33| 28] 5.5118] 0.054412| 0.004608| 0.008866| 2.4E+6| 11.9E+6
34 29 5.70865| 0.054412| 0.004608 0.008866, 2.4E+6| 11.9E+6
35 30/ 5.9055) 0.054412| 0.004608 0.008866| 24E+6| 11.9E+6
36 31] 6.10235] 0.054412] 0.004608 0.008866, 2.4E+6| 11.9E+6
37 32| 6.2992| 0.054412| 0.004608 0.008866 2.4E+6| 11.9E+6|
38 33| 6.49605| 0.054412 0.004608 0.008866 2 4E+6| 11.9E+6
39 34|  6.6929) 0.023356 0.000892 0.001633 445,6E+3| 5.1E+6
40 35| 6.88975| 0.023356] 00008062 0.001633 445.6E+3| 5.1E+6
41 36 7.0866| 0.023356 0.000892 0.001633 4456E+3] 5.1E+6
42 37| 7.28345| 0.054412| 0.004608 0.008866 2.4E+6| 11.9E+6
43 38| 7.4803 0| 0 0] 24E+6 11.9E+6

| 1.64 0.13 0.24]
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