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1.0 INTRODUCTION

This interim report describes the work accomplished to date on the development of a high-speed
test rig to be used for compiling an experimental data base of bearing signatures for bearings
with known faults. The development of the test rig is part of a much larger program entitled
"Detection of Degradation in Turbomachinery Bearings," being conducted for the NASA
Marshall Space Flight Center under contract number NAS8-38095. The ultimate objective of the
program is to develop a reliable method for the detection of degradation in bearings, particularly
the onset of incipient failure, through the use of instrumentation and signature analysis
techniques.

Originally, the program was aimed at angular contact ball bearings of the type used in the Space
Shuttle Main Engine (SSME) turbopumps. An extensive literature review was conducted to
evaluate previous experimental studies of rolling element bearing dynamics, in particular the
details of the test rig design, the operating conditions for the bearings, and the type of
instrumentation adopted. Based upon the results of this literature review, a test rig design
concept was developed for testing rolling element bearin gs under radial and axial loads at speeds
~ up to0 30,000 RPM. '

Shortly after this initial concept design was formulated, there was some transfer of emphasis by
NASA from rolling element bearings to fluid-film bearings in SSME turbopump applications.
As a result of this shift in emphasis, work on the development of the test rig design was put on
hold and a review of experimental work with oil-film bearing test rigs and squeeze film damper
test rigs was conducted. The primary aim of this review was to identify the most important
fluid-film bearing test rig characteristics so as to incorporate these into a re-design of the original
test rig. The ultimate objective of the test rig now under development is to be able to perform
bearing tests for both rolling element bearings and fluid-film bearings using the same basic test
apparatus.

The current bearing test rig design can be adapted to test oil-film bearings as well as rolling
element bearings. This is achieved by mounting the test bearing in one of two special test
housings, either of which can be mounted onto a common test shaft which can be driven up to
30,000 RPM. The test bearing housing for the rolling element bearings can accommodate
proximity displacement transducers, accelerometers, thermocouples, and acoustic emission
sensors. The test bearing housing for the fluid-film bearings can accommodate the same
instrumentation, and in addition can accommodate Bourdon tube-type transducers for measuring
oil film pressures around the béaring circumference.
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One area of concern in developing the concept design for the test rig was the requirement to be
able to circulate cryogenic fluid through the test bearings during performance test runs. Previous
experimental studies of rolling element and fluid-film bearings have reported results for a range
of different fluids (in addition to oil), such as: water, Freon 113, LNy, LOX, and RP-1
kerosene. The experiments performed with LN as the fluid medium involved long chill-down
periods for the apparatus prior to each test run to ensure liquid flow rather than gaseous flow
through the test bearing. These chill-down periods were in excess of 2 hours. The actual flow
rates during test runs were as high as 4.6 1b/sec in order to simulate SSME operating conditions.
Itis estimated that the 2 hour chill-down periods consumed approximately 700 1b of LN», and
that a typical test run consumed a further 200 1b to 300 1b of LN3. In testing which involves
cryogenic fluids, the chill-down period is essential so as to prevent the fluid medium from
changing to a gas as it flows through the bearing during testing. Thus, it can be seen that
prohibitive amounts of cryogenic fluid are required in order to accomplish this type of testing
and at the same time obtain meaningful results.

An alternative to cryogenic fluids, however, is to use a fluid such as water, which has a
kinematic viscosity not too far removed from the kinematic viscosity of LOX (typically 16 ft2/sec
for water versus 3 ft2/sec for LOX). Other test fluids which have been considered are Kerosene
(39 ft2sec), Freon 12 (3.29 ft2/sec), Freon 113 (7 ft?/sec) and RPI (39 ft2/sec). Thus the
Reynolds Number (Re = VLJy) for the actual LOX flow conditions can be simulated fairly
closely by using water as the test medium. A more detailed discussion of previous testing
involving these alternative lubricants is presented in Section 2.0 "Survey of Previous Work."

Following the survey of previous experimental work in Section 2.0, a complete description of
the bearing test rig design is presented in Section 3.0. This description includes complete
mechanical details as well as a description of the proposed instrumentation to be adopted for
bearing investigations.



2.0 SURVEY OF PREVIOUS WORK

2.1 Rolling Element Bearing Test Rigs

An extensive review of the available literature was conducted in order to take advantage of
promising mechanical design and instrumentation concepts adopted during previous bearing test
programs. Of special interest were previous studies involving bearing health monitoring
instrumentation or bearing fault diagnosis techniques. The experimental studies described in the
literature generally fell into one of the following categories:

1) Bearing experimental studies involving direct simulation of SSME turbopump
bearing operating conditions. These investigations were conducted using test
rigs modeled directly after the SSME turbopump geometry, using actual
turbopump bearings, large available quantities of cryogenic fluid, and prime
movers capable of providing operating speeds up to 30,000 RPM.

2 Simple bearing test rigs developed exclusively for fault monitoring and diagnostic
investigations. These test rigs were used for testing bearings with known

defects, usually at low speeds.

3 Basic research rigs developed for fundamental experimental studies of bearing
behavior over a wide range of operating conditions, not necessarily related to
fault diagnosis studies. '

For each bearing test rig surveyed, the following characteristics were noted:

- Experiment objectives

- Test bearing type

- Details of prime mover

- Maximum test speed and technique for achieving high rpm

- Bearing test loads (axial and radial)

- Method used to apply loads

- Type of instrumentation and summary of measurements

- Any other relevant information
A detailed description of these different classes of experimental test rig is presented in the
following paragraphs. In addition, a brief summary of these test rigs is presented in Appendix
A.
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2.1.1 SSME Simulators

Gleeson et al (Reference 1) investigated the transfer of film lubrication from the bearing cage
retainer to the ball/race interfaces. The test rig was operated up to 28,400 RPM using a 50 HP
variable speed electric motor and a step-up gearbox. The test ball bearings were 45 mm bore and
axial bearing loads of 800 Ib were applied. Actual measurements were limited to outer race
temperatures. During the test runs, the bearings were cooled by LN,, though no tests were
actually conducted at cryogenic temperatures.

Keba and Beatty (Reference 2) reported results from two different bearing testers built for
operation in LOX. Experiment objectives were to examine bearing wear and the adequacy of
cooling provided by the LOX flow, as well as the study of local vaporization of the coolant.
Ball bearings of 57 mm bore and 85 mm bore were tested up to 30,000 RPM and 5300 RPM
respectively under axial pre-loads ranging from 500 lb to 4500 lb. Instrumentation was
provided to measure LOX coolant flow rates through the test bearings, LOX pressures, shaft
speeds, and axial bearing loads. Flow rates for the LOX coolant ranged from 3 to 18 1b/sec.

Hampson et al (Reference 3) used fiber optic deflectometers (up to 6 per bearing) to measure
outer race radial deflections caused by ball passage during operation. The test rig consisted of a
high pressure bearing monitor tester, capable of simulating high-pressure oxidizer turbopump
conditions of speed, axial load, and coolant flow rates; namely, 30,000 RPM, 500 1b, and 30
gal/min of LN, respectively. Other instrumentation consisted of accelerometers on the bearing
housings and pressure and temperature probes upstream and downstream of the test bearings to
monitor LN, coolant conditions. The fiber optic deflectometers, manufactured by MTI of
Latham, NY, provide an electrical signal which is proportional to the bearing race surface
deflection.

Dolan et al (Reference 4) reported on bearing thermal limit tests conducted in LN, using the
NASA/MSFC Bearing and Seal Materials Tester (BSMT) installed in a remotely operated test
stand. A diesel engine coupled to a speed-increaser gearbox provided test speeds up to 30,000
RPM. Test bearings were 57 mm bore ball bearings, and axial preloads ranging from 300 1b to
2500 1b were applied. Experimental measurements consisted of bearing temperatures, LN, flow
rates and pressures, as well as post-test physical inspection of the bearings. A 2-hour chill
period was imposed prior to each test run, and during the actual test runs, the flow rate of LN,
was 4.6 lb/sec. This test rig was also used by Jolly et al (Reference 5) to investigate the
performance of a prototype acoustic emission coupler. The acoustic coupler was installed in the
bearing housing such that the instrument probe was in contact with the outer surface of the ball
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bearing outer race. The experimental results indicated that the acoustic coupler design could be
used in the high noise, cryogenic environment of the test rig, and would be able to detect
increased bearing noise due to worn or damaged bearings. There was some concern, however,
that cavitation noise could possibly mask the bearing noise although no cavitation actually
occurred during these experiments.

2.1.2 Bearings with Known Defects

Experiments using ball bearings with intenn'bnally introduced defects were reported by Tandon
& Nakra (Reference 6). A two-microphone sound intensity technique was used to examine the
change in the intensity frequency spectrum due to the defects. 15 mm bore bearings were tested
at speeds up to 1500 RPM with radial loads of 220 Ib. The noise from the drive motor and
support bearings was shielded using Plexiglas panels lined with absorbing foam. The test
results showed that detectability of an outer race defect was much better than that of an inner race
or ball defect. This was probably due to shielding effects, since the two-microphone probe was
placed 100 mm away from the test bearing in a radial direction.

The use of an acoustic emission technique for bearing health monitoring studies was reported by
Hawnan and Galinaitis (Reference 7). Two-inch bore ball bearings were loaded axially to 2400
Ib at speeds up to 5700 RPM in a low-speed ball bearing test rig. Acoustic emissions were
measured using patented Point Contact Transducers (PCT's) developed by United Technologies
Research Center. The PCT's were mounted through the bearing housings so that the sensing
elements were held in firm contact with the outer race. An accelerometer was mounted to the
bearing housing immediately over the test bearing location for signal comparison purposes.
Bearings containing carefully controlled defects were subjected to short test runs while data was
acquired and digitized from both the acoustic emission probes and the accelerometer. The ability
to detect small defects through acoustic emission monitoring was clearly demonstrated as a result
of these experiments.

Experiments using a proximity transducer technique for bearing health monitoring were carried
out by Kim (Reference 8) using 15 mm bore ball bearings with controlled defects in both inner
and outer races. The test bearings were subjected to radial loads up to 900 1b at test speeds of
2450 RPM. An eddy current proximity transducer, similar to that originally used by Bently and
Harker (Reference 9) was adopted for this experimental study. The probe monitored the elastic
deformation of the outer race as each rolling element passed the probe sensing surface. It was
demonstrated that this measurement technique could detect inner race damage as well as outer
race damage. A comparison with other detection methods such as the "shock pulse method,"
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"kurtosis analysis,” "cepstrum analysis" and a high-frequency resonance technique was also
presented.

Experimental studies using a low-speed ball bearing test rig housed within a soundproof
enclosure were reported by Igarashi et al (References 10 and 11). The radial vibration velocity
of the bearing outer ring was monitored during test runs on single row, deep groove, ball
bearings under axial loads at speeds up to 1800 RPM. Multiple dents were deliberately
introduced to the bearing races prior to the test runs. The velocity transducer was of the moving
coil converter type. A condenser microphone was used to acquire sound pressure levels at
various points around the test bearing while the test bearings with known defects were operated
under load.

An earlier study of the detection of incipient failure in bearings was reported by Balderston
(Reference 12). A test rig based upon a standard lubricant tester was used to investigate angular
contact ball bearings with known defects while operating at speeds up to 10,000 RPM.
Accelerometer transducers were mounted on the bearing housing over the test bearing and the
data was recorded on a 14-channel tape recorder. Analysis of the data was carried out by using a
reduced playback speed in conjunction with a power spectrum analyzer. Direct correlation of the
severity of defects with signal amplitudes was observed within specific bandwidths.

2.1.3 Basic Research Rigs

A high-speed (12,000 RPM maximum) bearing test rig for investigating angular contact ball
bearings was reported by Falcon and Andrew (Reference 13). Inductive displacement
transducers embedded in the outer race were used to measure race deflections under each ball for
55 mm bore bearings subjected to axial loads up to 3000 1b at speeds up to 12,000 RPM. The
bearing test rig consisted of a spindle mounted vertically in support bearings and carrying a
housing for the test bearing. The housing was loaded axially relative to the spindle, either by
means of dead weights or hydraulically via oil pressure. The test spindle was driven by an
electric motor through a flat belt and pulley arrangement. Three inductive displacement
transducers were installed around the outer race, 10 degrees apart, in order to measure the
deflections caused by each ball. Contact angles were deduced from the measurements of the
sub-surface displacements in the race, and these angles were then compared to predicted values
from a number of different theories.

A high-speed roller bearing test rig capable of operating up to 3 million DN was described by
Bowen and Murphy (Reference 14). The test rig was powered by an industrial engine driving
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through a step-up gearbox. Maximum test speed was 26,100 RPM and the test bearings were
115 mm bore roller bearings, loaded with a 600 1b radial load. The investigation was carried out
to evaluate the performance of hollow cylindrical rollers at high speeds. Instrumentation and
measurements consisted of thermocouples to measure the bearing outer race and lubricant
temperatures, a torque sensor between the motor and gearbox, and post-test measurement of
wear in the test bearings. The test shaft was supported at each end by 55 mm bore slave
bearings with the test bearing and housing assembly located at the approximate mid-point
between the slave bearings.

A test rig utilizing optical measurements to determine the local oil film thickness in cylindrical
roller bearings was developed by Pemberton and Cameron (Reference 15). This test rig was a
low-speed roller bearing test rig driven by a 3 HP electric motor at speeds up to 3,000 RPM.. A
specially designed sapphire window was installed in the outer race of a 65 mm bore cylindrical
roller bearing. A Xenon laser and flash lamp were used for observation of the oil film, and the
oil film characteristics were viewed by a microscope and recorded via a 35 mm camera as well as
a video recorder. One of the main purposes of this experimental study was to examine the oil
inlet boundary at the edge of the roller and the effects of oil starvation. Other instrumentation
included thermocouples to measure oil temperature, a magnetic pick-up to measure cage speed,
and a fiber opﬁc scanner to detect the passage of individual rollers.

A high speed roller bearing test rig used for studies at DN values in excess of 1 million was
reported by Markho, Smith and Lalor (Reference 16). This bearing test rig was a sophisticated
research facility with provisions for the measurement of cage and roller speeds, bearing torque,
bearing load, and bearing ring temperatures. An AC motor driving through a two-stage flat belt
and pulley system produced a rotational speed of 22,500 RPM in the 63.5 mm bore cylindrical
roller test bearing. A full complement of instrumentation was incorporated into the research rig,
and this included load cells for measuring radial load and friction torque, inductive displacement
transducers for measuring inner and outer ring motions, magnetic pickup for measuring cage
speed, laser doppler anemometer for measuring roller surface velocity, thermocouples for outer
ring temperatures and lubricant temperatures, infrared radiation thermometer for inner ring
temperatures, and a photoelectric transducer for measuring the speed of the test shaft.

Gupta, Dill and Bandow (Reference 17) investigated angular contact ball bearings operating at 2
million DN (100 mm bore, 20,000 RPM rotational speed). The test rig was driven by a 50 HP
electric motor having a variable speed drive, connected to a step-up gearbox. Proximity probes
were arranged to measure both radial and axial displacements of the bearing cage, and
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thermocouples were located on the inner and outer races in the oil supply jets and in the oil
scavenge ports. Angular velocity of the bearing cage was measured by using two photonic
sensors, arranged 180 degrees apart, which were focused on a grid pattern etched into the rim of
the cage. In addition, a magnetic pickup was used to measure shaft speed, and a thin section of
the driveshaft between the support bearing and the test bearing was instrumented with strain
gages to measure shaft bending and axial loads as well as shaft torsion. The experimental results
were compared with theoretical predictions of the dynamic of angular contact ball bearings
obtained from the "DREB" and "RAPIDREB" computer programs developed by Gupta
(Reference 18).

A laboratory bearing test rig to study wear and failure mechanisms in high speed roller bearings
was reported by Savaskan and Veinot (Reference 19). The test rig was designed to allow long
duration wear testing of three bearings simultaneously. After test runs of 720 hours duration,
wear of the cylindrical roller bearings was monitored by using ferrography and atomic
adsorption oil analysis. Test bearings of 25 mm bore were driven at 26,000 RPM with a
nominal radial load applied. The test shaft was driven by a 15 HP AC motor through a flat belt
speed increaser having a 15 to 1 step-up ratio. Instrumentation consisted of strain gages on the
driveshaft to sense radial load, fiber optic light guides to measure rotational speeds of the shaft
and the bearing cages, and thermocouples to measure bearing outer race and lubricating oil
temperatures. Wear debris particles -collected from the bearings by ferrography were studied
with scanning electron microscopy.

2.2 Oil Film Bearing Test Rigs

Previous experimental studies involving oil-film bearings and squeeze film dampers were
reviewed extensively for their applicability to the present test rig design. Of particular interest
were high-speed test rigs (20,000 - 30,000 RPM) and the type of instrumentation adopted. An
extensive bibliography of this previous experimental work is presented in Appendix B.

One highly notable test rig for testing journal bearings at high speeds was reported by Woolacott
and Cooke (Reference 20). The test bearings were run at speeds up to 35,000 RPM under
steady loads, and measurements of oil temperatures at different oil flow rates and bearing loads
were obtained. The rig was powered by a 75 HP Thyratron controlled DC motor driving
through a 40 to 1 step-up gearbox, giving a test bearing speed range of 5,000 to 60,000 RPM.
Measurements of journal attitnde and eccentricity were obtained using inductive transducers.
Pressure tappings connected to calibrated Bourdon-type pressure gages were used to monitor oil
pressures in the oil inlet region and around the oil groove in the test bearing.
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The use of on-rotor instrumentation and slip ring telemetry in a fluid film journal bearing test rig
was described by Read and Flack (Reference 21) and Flack et al (Reference 22). The on-rotor
instrumentation consisted of a high frequency pressure transducer, two eddy current
displacement probes and a copper-constantan thermocouple, all imbedded in the shaft. The data
from these transducers was amplified with on-shaft amplifiers and transmitted to ground-
mounted equipment via slip rings. The ground-mounted instrumentation included 4 static
pressure taps in the bearing surface, 10 thermocouples mounted at the bearing surface at
different circumferential locations, 12 eddy current probes to monitor relative displacement
between bearing and rotor, a rotameter to measure oil flow rates, 2 load cells for bearing load
measurements and a torque monitor mounted on the bearing housing to determine power loss in
the test bearing. The extensive external instrumentation allowed for detailed comparison with the

on-shaft instrumentation.

The application of a non-contacting fiber optic probe to measure displacements in a squeeze film
damper was described by Tichy (Reference 23). The probe operated by reflecting a transmitted
light beam off the surface for which the displacement was to be measured. The change in
intensity of the reflected light signal was proportional to the change in displacement. In situ
calibration of the fiber optic probe was required. A high speed oil-film bearing rig using Freon
113 as the working fluid was reported by Murphy and Wagner (Reference 24). The high
density Freon derivative was adopted because of its hydrodynamic similarity to cryogenic
turbopump propellants. The test speed was 22,700 RPM, and rotor dynamic coefficients were
determined for a pair of hydrostatic radial bearings. Eddy current displacement probes imbedded
in the stator were used to measure the orbital pattern of the rotor motion.

A high speed bearing test rig used for testing combined hydrostatic/hydrodynamic bearings with
hot water as the working fluid was developed by Kurtin et al (Reference 25). Such hybrid
bearings have been proposed to replace the rolling element bearings used in the SSME high
pressure turbopump. By adopting water at 54°C as the working fluid, high Reynolds numbers
(up to 16,500) were achieved for the flow in the bearing land areas without having to resort to
the use of cryogenic fluids. The rotational speed of the test shaft was 25,000 RPM, obtained by
using a step-up gearbox with a 125 HP electric motor as the prime mover. Instrumentation
included eddy current type proximity sensors for the measurement of bearing relative position,
strain gage-type pressure transducers for the measurement of supply annulus pressure and
bearing recess pressures, a turbine flow meter to measure flow rate through the bearing, and a
strain-gage load cell and loading yoke to determine static bearing loads and the force
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measurements necessary to calculate frictional torque. In addition, thermocouples were provided
for determining fluid temperatures at various locations within the bearing, and accelerometers
were used to derive dynamic coefficients for the bearing. During the test runs it was possible to
induce cavitation damage in the bearing recesses.
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3.0 TEST RIG DESIGN DESCRIPTION

3.1 Desired Test Rig Characteristics

As aresult of the survey of previous work, and discussions with NASA/MSFC, a set of test rig
design requirements was formulated, as follows:

. Ball bearings with a 45 mm bore angular contact were selected as the test bearings.

»  The basic test rig should be capable of operation up to at least 30,000 RPM. Bearing tests
will thus be conducted at the same DN values as the SSME turbopump end bearings, i.e.,
approximately 1.35 million.

e An electric motor and two-stage flat belt drive system was adopted as the preferred method
of achieving the necessary high rotational speed of the test shaft. This approach is simple,
cost-effective, and minimizes extraneous vibrations input to the test bearing. Speed control
of the electric motor to within a close tolerance was also considered desirable.

. Radial and axial test loads should be applied to the test bearing housing through
deadweights and lever arms. This simplifies the test rig and avoids the necessity for
hydraulic cylinders and a hydraulic power supply. Assuming a ten to one mechanical
advantage, the required test weights for axial and radial loading of the 45 mm bore test
bearing will be less than 100 Ib for most test runs. |

. The test bearing housing should be designed to accommodate an extensive complement of
instrumentation. Types of instrumentation that should be accommodated during the test
program includes the following:

- Proximity displacement transducers for measuring bearing outer race and cage
motions. The proximity transducers may be inductive or eddy current type.
Typical sensitivity for this type of transducer is 60 mV/mil, DC to 10 kHz.
Inductive displacement transducers were used by Falcon and Andrew (Reference
*13) and Markho et al (Reference 16) in angular contact and roller bearing studies,
respectively. Eddy current proximity transducers were used by Kim (Reference 8)
to detect damage in both inner and outer races of ball bearings.

- Fiber optic displacement transducers for measuring deflections of the bearing outer

race. Typical sensitivity for this type of transducer is 50 mV/mil, DC to 70 kHz.
Fiber optic sensors (as well as proximity displacement transducers) were used
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-successfully by Gupta et al (Reference 17) to measure radial and axial cage motions
and cage rotational speed in angular contact ball bearings.

- Accelerometers for monitoring the vibrations transmitted to the external surface of

the test bearing housing.

- Thermocouples for measuring inlet and outlet oil temperatures in the vicinity of the
contact area.’

- Acoustic emission sensor mounted to the external surface of the test bearing

housing.
- Photoelectric detector or similar device for measuring test shaft speed.

. The test bearing housing should be designed to accept the flow of cryogenic fluid, such as
LN,, during bearing test programs. This will provide an option for testing bearings with
known faults under low temperature conditions as well as ambient temperature conditions.

A preliminary concept for the bearing test rig is illustrated in Figure 1. An electric drive motor is
coupled to an intermediate shaft, or layshaft, through a flat belt. The layshaft, which is
supported in pedestal bearings, in turn drives the test shaft via a second flat belt. This two stage
step-up drive system provides an overall speed ratio of around 9 to 1, so that for a 3500 RPM
electric motor, the test shaft rotational speed will be 30,000 RPM or greater. The test shaft is
supported in pedestal bearings, and the test bearing is contained within a special bearing housing
~which fits over the end of the driveshaft as shown. Axial and radial loading of the test bearing is
accomplished through the use of deadweights and lever arms as shown in Figure 1.

A preliminary concept for the test bearing housing is shown in Figure 2. The housing is
designed to apply an initial axial preload to the bearing upon final assembly. Axial loads are
superimposed on the preload by the deadweights and lever arms. The housing is designed to
accept eddy-current prokimity displacement transducers, and a fiber optic displacement
transducer, as shown in Figure 2. In addition, the test bearing housing may accept acoustic
¢mjssion transducers, accelerometers, and thermocouple feedthroughs.
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3.2 Description of the Test Rig Design

The high-speed bearing test rig consists of a test bearing driveshaft assembly which is mounted
on a heavy inertia mass. This inertia mass is in turn supported by a large baseframe
(approximately 6 ft x 5 ft) mounted on casters. The inertia mass weighs approximately 1300 1b
and provides a sufficiently rigid platform for the high speed test shaft. The test shaft is belt
driven from an adjacent layshaft assembly which is also supported by the large baseframe. The
layshaft is powered by a 50 HP DC electric motor mounted on the baseframe assembly. The
drive from the motor to the layshaft is also through a flat belt. A motor controller is also
mounted on the baseframe assembly adjacent to the DC motor. Motor speed is adjustable from
zero to 3500 RPM with speed regulation to 0.01 percent.

Design details of the high speed bearing test rig are documented on the drawings contained in
Appendix C. A listing of these drawings is as follows:

*  SK61820-1000 (3 sheets) - "High Speed Bearing Test Rig"
(Top Assembly Drawing)
e« SK61820-100 (4 sheets) "Test Bearing Driveshaft Assembly" '
e SK61820-101 (1 sheet) "Driveshaft"
+ SK61820-111 (1 sheet) "Test Housing"
e SK61820-200 (2 sheets) "Layshaft Assembly”
» SK61820-201 (1 sheet) "Layshaft"
* SK61820-300 (1 sheet) "Inertia Mass Assembly"
e SK61820-400 (1 sheet) | "Baseframe Weldment"

A complete breakdown of the individual parts for the high speed bearing test rig is also contained
in Appendix C. :

A brief description of the major components is presented in the following paragraphs.

3.2.1 Test Bearing Driveshaft Assembly
The driveshaft assembly which is described on drawing SK61820-100 (see Appendix C),

consists of a 316 stainless steel shaft supported by two preloaded pairs of back-to-back angular
contact ball bearings. The support bearings are housed in a rigid mild steel housing, and each
bearing is individually lubricated from a central lubrication module. The driveshaft housing is
bolted to a 3/4 in. thick steel plate which forms the top surface of the inertia mass. The bearing
to be tested is mounted on one end of the driveshaft as shown in the assembly drawing
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(SK61820-100, sheet 1). The test bearing is fitted into a test housing which rides on the end of
the shaft. The inner race of the angular contact test bearing is held in place by the locknut on the
end of the driveshaft. The test bearing is preloaded axially by the end cover on the test housing
which applies the necessary preload through an accurately machined spacer (find number 25 of
Drawing No. SK61820-100).

The material selection for the driveshaft (316 stainless steel) was based upon the need for high
impact strength at low temperatures (e.g. 110 ft 1b Izod at -320°F) as well as a satisfactory
fatigue endurance limit (38,000 1b/in* minimum for 316 stainless). By selecting this grade of
stainless steel it will be possible to run bearing tests at ambient temperature and at very low
temperatures (using LN, to chill the test bearings) without having to change driveshaft materials.
At one stage during the design, a thermal isolation section was considered for the driveshaft.
This was essentially a nonmetallic thermal isolator fitted between two sections of the steel
driveshaft to isolate the test bearing housing from the rest of the driveshaft. This option was
discarded in favor of the stainless steel shaft because of the difficulties in maintaining
concentricity between the driveshaft segments and the uncertainties concerning the strength and
other physical properties of the nonmetallic section.

The test bearing housing has provisions for applying axial and radial loads to the bearing under
test. The radial loads are applied by hanging deadweights on a ten-to-one lever arm which
activates a loading clevis attached to the base of the test bearing housing, the line of action of the
radial load being through the centerline of the test bearing. Axial loads are similarly applied by
hanging deadweights on a ten-to-one lever arm which activates a bell crank and applies an axial
load to the test housing end cover via a crowned roller.

The test bearing driveshaft is driven by a "Habasit" flat belt from the layshaft, the slightly
crowned aluminum alloy drive pulley being clamped to the end of the driveshaft through a
"Trantorque” bushing. The flat drive belts manufactured by Habasit Belting Incorporated are
thin, lightweight high-strength belts capable of very high tangential belt speeds, up to 18,000
ft/min. The maximum speed capability of the driveshaft is 31,500 RPM for the present pulley
diameters and a maximum drive motor speed of 3500 RPM.

Final lubrication details for the pairs of angular contact ball bearings are not shown on Drawing
No. SK61820-100. Because of funding constraints, the central lubrication module was not
purchased under the present contract. Final design details for the installation of the lubrication
nozzles were, therefore, not included in the assembly drawing. However, the driveshaft
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housing has been scarred” to accept the lubrication nozzles, and the required machining
operations (drilling, reaming, tapping) are considered to be routine.

3.2.2 Test Bearing Housing
The test bearing housing, which is described on Drawing No. SK61820-111, is constructed

from 316 stainless steel. The housing is bored to accept 45 mm bore x 85 mm outside diameter
angular contact ball bearings as standard test bearings. A series of inlet and outlet ports is
provided to accommodate the flow of LN, and GN, through the test bearing when running tests
at near cryogenic temperatures. Also shown on Drawing No. SK61820-111 is the machining
required to accept a typical proximity displacement transducer (in this case a Bently Nevada
Model 7200) and a typical acoustic emission transducer. Due to funding constraints on the
present program, final instrumentation for the bearing test rig was not selected. Therefore, the
final machining of the test bearing housing to accept the instrumentation complement is not
shown.

3.2.3 Layshaft Assembly
The layshaft assembly, described on drawing No. SK61820-200, consists of a medium carbon

steel shaft (AIST 1045) supported by a pair of single row deep groove ball bearings. The
support bearings are housed in a rigid mild steel housing (similar to the driveshaft housing
described above), and each bearing is lubricated from a central distribution module. The layshaft
housing is bolted to a 3/4 in. thick steel plate which is mounted to a support stand assembly
which in turn is attached to the baseframe. Final lubrication details for the two ball bearings are
not shown on Drawing No. SK61820-200. Due to funding constraints, the central lubrication
module was not purchased under the present contract. Final design details for installation of the
lubrication nozzles were, therefore, not included in the assembly drawing. However, the
layshaft housing has been scarred to accept the lubrication nozzles, and the required machining
(i.e. drilling, reaming, tapping) is basically routine.

The layshaft has a 2.75 in. diameter driven pulley attached at one end and a 5.75 in. diameter
driving pulley attached at the other end. Both pulleys, which are slightly crowned and fabricated
from aluminum alloy, are clamped to the layshaft through "Trantorque" bushings. The
maximum speed capability of the layshaft is 10,950 RPM for the present pulley diameters and a
maximum drive motor speed of 3500 RPM.
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3.2.4 Drive Motor and Motor Controller
The drive motor selected for the bearing test rig is a Reliance DC motor rated at 50 HP at 3500

RPM, 460 volts, Force Ventilated Enclosure with Blower, SC2512ATZ Frame. The DC drive
is a Reliance 50 HP, 460 volt, Regenerative, Digital Regulator Maxpak III Drive with the

following features:
. Field and Tach Loss Relays
. Motor Blower Starter and Interlock

. 0.01% Speed Regulation

. RD120-2 Tachometer, Digital Feedback

. Digital Speed Indicator mounted on cabinet door

. Wall Mounted Enclosure

. On Pilot Light mounted and wired

. Off Pilot Light mounted and wired

. Speed Pot mounted and wired

. Start Push-button mounted and wired to door

. Stop Push-button mounted and wired to door

. Forward/Reverse Selector Switch mounted and wired
. Run/Jog Selector Switch mounted and wired

. E-Stop Push-button, Mushroom Head mounted and wired
. Dynamic Braking

The installation of the drive motor and motor controller is shown on Drawing No. SK61820-
1000. Technical literature describing these two components is contained in Appendix D.

3.2.5 Lubrication Module
The ball bearings specified for the bearing test rig are manufactured by SKF USA Inc. Because

of the very high rotational speeds planned for this test rig, SKF were contacted for a
recommendation concerning lubrication of the driveshaft support bearings and the layshaft
support bearings. It was recommended that oil spot lubrication be adopted, and specifically that
a centralized "Oil + Air" lubrication system manufactured by Vogel Lubrication, Inc. should
preferably be utilized. The principle of the Vogel oil + air system is that a sufficient sequence of
oil droplets is delivered to the friction points within the bearing. The air is used only to transport
the small metered oil quantity from the metering unit. Once the oil droplet arrives at the friction
point (i.e. nozzle outlet) the air escapes. This system is not an oil mist lubrication system. The
chief advantages of this type of lubrication system are as follows: '
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« Auainment of high-speed parameters for anti-friction bearings (up to approximately
1,500,000 DN)

« Always fresh lubricant at the friction point

+ Small consumption of lubricant, approximately 10 percent of an oil mist lubrication
system

» (il selection from a wide viscosity range possible

» Use of oils with EP and adhesive additives

» Elimination of grease replacement times

+ Simplified bearing seals are possible

» No oil mist, therefore cleaner components

» Bearing temperatures are lower

« Each bearing is supplied with the required oil quantity at pre-programmed intervals

Manufacturers' literature for the oil + air system is contained in Appendix E. It should be noted
that the Lubrication Module has not been shown on the top assembly drawing (SK61820-1000).
Due to funding constraints, this unit has not been purchased as part of the bearing test rig.
However, the compact nature of the lubrication module (approximately 16 in. wide x 15 in. high
x 6 in. deep) will make it a straightforward operation to mount this equipment adjacent to the
driveshaft assembly and the layshaft assembly. Details of the actual lubrication nozzles have not
been included in the assembly drawings, though the driveshaft and layshaft housings have been
scarred to accept the final configuration of lubrication nozzle. A Vogel standard data sheet for an
oil + air nozzle is also included in Appendix E.

3.2.6 Inertia Mass
The inertia mass details are contained on Drawing No. SK61820-300. The inertia mass is

basically a large concrete block approximately 30 in. long x 18 in. wide x 23 in. high, reinforced
with 2in. x 2 in. x 1/4 in. mild steel angle around all edges and the base. Steel plates 3/4 in.
thick are attached to the top surfaces of the inertia mass, and these plates are drilled and tapped to
accept the hold-down bolts for the driveshaft housing and the bearing load application hardware.
This structure provides a rigid platform for the test bearing driveshaft, and should assist in
providing a stable, vibration-free mounting surface. The total weight of the inertia mass is
estimated to be approximately 1300 Ib. Lifting lugs are provided for hoisting the mass into place
onto the base frame assembly. -
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3.2.7 Baseframe Assembly
The baseframe assembly consists of a baseframe weldment (see Drawing No. SK61820-400)

mounted on swivel casters. The baseframe weldment is approximately 66 in. x 54 in. in plan
form and it consists of 3 in. x 7.1 1b/ft MC mild steel channel members. Sufficient internal
channel members have been included in the design to provide the necessary rigidity. The
baseframe also incorporates vertical column members, approximately 40 in. high, welded
directly to the baseframe. These vertical members provide the necessary support for the DC
motor controller assembly which is basically a wall-mounted enclosure, approximately 27 in.
wide x 38 in. high x 15 in. deep. The installation of the motor controlier can be seen on
Drawing No. SK61820-1000.

3.3 Instrumentation
The test bearing housing design is relatively massive in order to accommodate inlet and outlet
ports for the cryogenic fluid, and also to accommodate a wide range of instrumentation.
Recommended instrumentation includes the following:

» Proximity displacement transducers

» Fiber optic displacement transducers

¢ Accelerometers

» Thermocouples

» Acoustic emission sensors

Typical fiber optic displacement transducers include the KD-300 FOTONIC sensor
manufactured by MTI Instruments, and PHILTEC fiber optic displacement sensors
manufactured by Philtec, Inc. The displacement probe sensitivity for fiber optic sensors can be
as high as 2 mV/microinch over small deflection ranges (e.g. 3 mils). Eddy current proximity
transducers manufactured by Bently Nevada can also provide sensitivities as high as 2
mV/microinch deflection over a range of 8 mils.

Technical literature for these transducers, provided by MTI Instruments, Philtec, and Bently
Nevada, is presented in Appendix F. Also included in this appendix is technical literature for
acoustic emission transducers developed by Verde Geoscience. These ultrasonic transducers
accurately measure the compressional and shear wave velocities and attenuations of materials
under stress. The transducers may be used in either (a) a matched pair mode where one is used
to transmit and the other transducer receives the signal through the material under test, or (b) a
single transducer mode where the transducer works in a pulse-echo mode. Full details of this
transducer design are provided in Appendix F.
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The use of acoustic emission transducers to detect impending failure in rolling element bearings
has been reported by Rogers (Reference 26) and by Yoshioka and Fujiwara (Reference 27).
Rogers described two separate phenomena, (a) the detection of incipient failure of rolling
element bearings by kurtosis (i.e., the fourth statistical moment of acceleration response data, or
"peakiness" of the acceleration data), and (b) the location of fatigue cracks in slowly rotating
bearings by acoustic emission. As part of this work, a slewing crane on a gas production
platform was instrumented with acoustic emission sensors to evaluate and monitor sub-critical
fatigue crack propagation in the slew ring bearing. Dunegan Endevco 3000 series acoustic
emission source location equipment was used to make the wave propagation and signal

characterization measurements on the slew ring bearing.

Reference 27 describes an acoustic emission source locating system composed of a single
channel acoustic emission instrument, a magnetic detector and a locator. The acoustic emission
instrument detected acoustic emissions from the test bearing (a 25 mm bore thrust ball bearing),
the magnetic detector determined the position of the balls in the raceway, and the locator defined
the ball positions at the time of the acoustic emission. Experimental results showed that the
acoustic emission source locating system could precisely locate failure positions on the bearing
race. Details of the acoustic emission transducer were not reported.

3.4 Test Rig Bearings

Initially, the test rig design incorporated hydrodynamic oil-film bearings as the support bearings
for the test drive shaft. However, because of the very large power losses associated with these
oil film bearings at high rotational speeds (typically 20 to 30 HP total for two radial bearings and
one thrust bearing at 30,000 RPM) and concerns regarding loss of lubricant flow at high speeds,
it was decided to adopt precision angular contact ball bearings instead. The test driveshaft is
supported by a pair of 35 mm bore ball bearings at one end, and a pair of 30 mm bore ball
bearings at the other end. Each pair of ball bearings is arranged back-to-back with a spacer
between. Limiting speeds for these bearing pairs are 36,000 RPM for the 35 mm bore, and
40,500 RPM for the 30 mm bore bearings. The layshaft bearings are supported by 40 mm bore
single row deep groove ball bearings (one at each end). The recommended speed limit for these
bearings is 13,000 RPM, which is well above the design maximum of approximately 11,000
RPM for the layshaft.

The initial test bearing size for the high speed bearing rig is 45 mm bore x 85 mm outside
diameter (SKF 7209C). This bearing was selected because of its similarity to the SSME
turbopump bearing geometry and the fact that it is readily available and relatively inexpensive.

2 wyle



This page intentionally left blank.

22



4.0 CONCLUDING REMARKS

The design of the high speed bearing test rig has been based upon the results of an extensive
literature survey to evaluate previous bearing test rigs and instrumentation. The present design
has the flexibility to test rolling element bearings at very low temperatures as well as at ambient
temperatures. This is achieved by providing internal porting in the test bearing housing and
supplying a flow of liquid nitrogen directly to the inlet ports. Downstream of the test bearing,
gaseous nitrogen is allowed to vent directly from the housing. Although the test rig is designed
primarily for testing angular contact ball bearings, it is a simple matter to test cylindrical roller
bearings or oil-film bearings by modifying the test bearing housing or by fabricating a second
test bearing housing to accept the oil-film bearing design. Test loads would be applied in exactly
the same way, and much of the instrumentation utilized for rolling element bearings may be used
for the oil-film test bearings. The test bearing housing is of relatively massive design to enable a
full complement of instrumentation to be mounted in close proximity to the bearing under test.
The test rig design allows for very accurate speed control (to within 0.01 percent) during the
performance of testing, and lubrication of all shaft support bearings is achieved using a
centralized oil injection system which meters precise quantities of oil directly to the friction
points within each bearing.

Fabrication of the actual bearing test rig is incomplete at this time because of funding constraints
on the program. The original contract scope of work has been modified to reflect a major
reduction in contract funding. As a result of this contract modification, fabrication of the bearing
test rig can be only partially completed. The completed test rig items include the following:

. Test Bearing Driveshaft Assembly - Drawing No. SK61820-100

*  Layshaft Assembly - Drawing No. SK61820-200

. Inertia Mass Assembly - Drawing No. SK61820-300

Test rig components that cannot be supplied under the present contract funding are listed on the
following page: '
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Item Oty. Part Number Description

4 1 SK61820-400 Baseframe Weldment

5 1 Drive Motor, Reliance, 50 H.P.

6 1 Motor Controller, Reliance, Digital Regulator MaxPak IIT
7 1 SK61820-1001 Motor Pulley

9 4 Bolt

10 4 Washer

11 2 Tensioner Bolt

12 39 Bolt

13 78 Washer

14 39 Nut

15 1 6248N14 Belt Guard (McMaster-Carr or equiv.)
16 1 6248N13 Belt Guard (McMaster-Carr or equiv.)
17 4 5010T432 Caster Assembly (McMaster-Carr)

18 1 Lubrication Module (Vogel or equiv.)

Despite the fact that all of the test rig components cannot be purchased/fabricated at the present
time, the test rig design documentation has been fully completed (see Appendix C). Thus, the
bearing test rig could be completed at some future date if funding was restored to the program.
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Bearing Test Rig Survey: SSME Simulators

Author(s), Title, and Year:
Gleeson, et al. "Evaluation of Self-lubricating Insert Materials and the BASIC Retainer,"”

NASA CP-3092, 1990.

Type of Experimental Apparatus:
SSME-related bearing tester with LN, cooling.

Experiment Objectives:
Evaluation of transfer film lubrication from ball cage to ball/race interfaces. Endurance
test at high speed. '

Test Bearing Type:
Ball bearing, 45-mm HPOTP bearing fitted with a self-lubricating retainer (BASIC

retainer).

Prime Mover Details:
50-hp variable-speed electric motor driving through a step-up gearbox with 8-to-1 ratio.

Maximum Test Speed: 28,400 rpm

Axial Bearing Load: 800 1b

Radial Bearing Load: None

Load Application Device: No details presented

Instrumentation and Measurements:
Temperature of outer race was measured (no details of transducers given). Experiment
consisted mainly of an endurance test to confirm that transfer film lubrication tool place.

Testing confirmed that both PTFE and bronze were transferred from the retainer to the
balls.

Additional Remarks:
Test bearing cooled via liquid nitrogen (LN,). All tests run at ambient temperature. The
insert material in the bearing retainer was "SALOX" material (60 percent bronze, 40
percent PTFE).
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Bearing Test Rig Survey: SSME Simulators (Continued)

Author(s), Title, and Year:
Keba, J. E., and R. F. Beatty. "Rocketdyne LOX Bearing Tester Program,” Conference
on Advanced Earth-to-Orbit Propulsion Technology. Marshall Space Flight Center,
Alabama, May 1988.

Type of Experimental Apparatus:
Two SSME-related bearing testers:
(1) SSME low pressure LOX bearing tester
2 SSME high pressure LOX bearing tester

Experiment Objectives:
Examination of bearing wear and adequacy of cooling effects from LOX. Also study the
local vaporization of coolant

Test Bearing Type:
Ball bearings, 57-mm bore (high pressure bearing tester) and 85-mm bore (low pressure

bearing tester

Prime Mover Details:
Electric motor (horsepower rating and gearbox details not given)

Maximum Test Speed:
30,000 rpm (high pressure tester), 5300 rpm (low pressure tester)

Axial Bearing Load:
500 1b to 4500 1b (low pressure tester) .
1100 1b (high pressure tester)

Radial Bearing Load:
None

Load Application Device:
Pressurized piston acting on outer race (pressurized via LOX). Belleville springs utilized
for initial preloads.

Instrumentation and Measurements:
. LOX coolant flow rates through test bearings
Shaft rotational speed
LOX pressures
Axial loads via strain gaged ring.

Additional Remarks:
Liquid oxygen (LOX) flows through test bearings. A gaseous nitrogen (GN,) purged
buffer seal prevents gaseous oxygen (GOX leakage to atmosphere.
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Bearing Test Rig Survey: SSME Simulators (Continued)

Author(s), Title, and Year:
Hampson, M.E,, J.J. Collins, M. R. Randall, and S. Barkhoudarian. "SSME Bearing
Health Monitoring Using a Fiberoptic Deflectometer,” Conference on Advanced Earth-
to-Orbit Propulsion Technology, Marshall Space Flight Center, May 1986.

Type of Experimental Apparatus:
High pressure bearing monitoring tester

Experiment Objectives:
Investigation of bearing health monitoring using fiberoptic deflectometers and
comparison with accelerometer data

Test Bearing Type:
Two ball bearings (16-ball turbine end configuration, used in high pressure oxidizer
turbopump)

Prime Mover Details:
No details given

Maximum Test Speed:
30,000 rpm

Axial Bearing Load:
3501b

Radial Bearing Load:
None

Load Application Device:
LN, pressurized piston

Instrumentation and Measurements:
. Fiberoptic deflectometers used to measure outer race deflections caused by ball
passage (six per bearing)
. Accelerometers located on bearing housings (3-axis)
. Pressure and temperature probes upstream and downstream of bearings
monitored LN, coolant conditions

Additional Remarks:
Fiberoptic deflectometer probe (manufactured by MTI, Latham, N.Y.) utilizes reflected
{lght from bearing outer race surface. Probe tip is 0. 125 inches in diameter by 3 inches
ong.
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Bearing Test Rig Survey: SSME Simulators (Concluded)

Author(s), Title, and Year:
Dolan, F. T., H. G. Gibson, J. L. Cannon, and J. C. Cody. "Cryogenic, High Speed,
Turbopump Bearing Cooling Requirements," Conference on Advanced Earth-to-Orbit
Propulsion Technology, Marshall Space Flight Center, Alabama, May 1988.

Type of Experimental Apparatus:
MSEFC bearing and seal materials tester (BSMT)

Experiment Objectives:
Numerous studies to examine bearing thermal limits and verify computer model

Test Bearing Type:
Ball bearings, 57-mm bore

Prime Mover Details:
Diesel engine (455 hp) coupled to speed-increaser gearbox (22 to 1 ratio) driving a quill
shaft

Maximum Test Speed:
30,000 rpm

Axial Bearing Load:
300 1b nominal (2500 1b maximum)

Radial Bearing Load:
None

Load Application Device:
Pressurized piston

Instrumentation and Measurements:
Bearing temperatures, LN, flow rates and pressures, parametric studies and investigation
of subcooling conditions, post-test inspection of bearings, and characterization of wear.

Additional Remarks:
Bearing tester thoroughly chilled with cryogenic for more than two hours prior to testing.
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Bearing Test Rig Survey: Bearings with Known Defects

Author(s), Title, and Year:
Tandon, N., and B. C. Nakra. "The Application of the Sound-Intensity Technique to
Defect Detection in Rolling-Element Bearings," Applied Acoustics, Vol. 29, 1990, pp.
207-217.

Type of Experimental Apparatus:
Low-speed spindle with radially loaded test bearing

Experiment Objectives:
Application of sound-intensity technique to detect defects in raceways and balls

Test Bearing Type:
Ball bearing, 15-mm bore. Defects placed in raceways and balls by spark erosion
method

Prime Mover Details:
DC motor direct drive to spindle housed in ball bearings at each end

Maximum Test Speed:
1500 rpm

Axial Bearing Load:
None

Radial Bearing Load:
220 1b maximum

Load Application Device:
Deadweight on lever arm

Instrumentation and Measurements:
Sounding intensity probe, i.e., a two-microphone probe assembly (two 1/2-inch-
diameter condenser microphones, 12-mm separation). Narrow-band plot of sounding
intensity using a dual-channel FFT analyzer.

Additional Remarks:
Defect diameters: 0.006, 0.01, and 0.02 inch. Defect depths: 0.002, 0.004, and 0.006
inch. Sound intensity peaks observed due to system structural resonances. Peaks due to
bearing defects observed above 5 kHz. Detection of inner ring defects difficult. Also,
detection of defects at low speeds difficult.
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Bearing Test Rig Survey: Bearings with Known Defects (Cont'd)
Author(s), Title, and Year:
Hawman, M. W., and W. S. Galinaitis. "Acoustic Emission Monitoring of Rolling
Element Bearings," 1988 Ultrasonics Symposium, /IEEE Proc., Vol. 2, pp. 885-889.

Type of Experimental Apparatus:
Low-speed ball bearing test rig

Experiment Objectives: ' .
To investigate the use of acoustic emission transducers in monitoring bearing health

Test Bearing Type:
Ball bearing, 2.0-inch bore, 12-ball configuration

Prime Mover Details:
Electric motor

Maximum Test Speed:
5700 rpm

Axial Bearing Load:
2400 1b

Radial Bearing Load:
None

Load Application Device:

Axial piston with hydraulic fluid
Instrumentation and Measurements:

. Acoustic emission measured with patented point-contact transducers (PCTs)
developed by United Technologies Research Center

. PCTs mounted on each bearing in contact with outer surface of outer race

. Accelerometer attached to bearing housing (over the test bearing)

. Bearing defects carefully controlled. Scratch in outer race was gradually
increased in width and depth ‘

Additional Remarks:
Acoustic emission (AE) pulses easily identifiable for scratch widths above 0.02 inches.

Vibration data did not indicate a defect until size of defect reached 0.065-inch wide. AE

monitoring allowed strong indication of small defects located on opposite side of the
bearing from the AE transducer.



Bearing Test Rig Survey: Bearings with Known Defects (Cont'd)

Author(s), Title, and Year: _ o
Kim, P. Y. "Proximity Transducer Technique for Bearing Health Monitoring," J.
Propulsion, Vol. 3, No. 1, 1987, pp. 84-89.

Type of Experimental Apparatus:
Low-speed ball bearing test rig

Experiment Objectives: o .
Evaluation of proximity transducer in detection of incipient failure

Test Bearing Type:
Ball bearing (SKF 6002), 15-mm bore

Prime Mover Details:
No details given

Maximum Test Speed:
2450 rpm

Axial Bearing Load:
None

Radial Bearing Load:
900 1b maximum

Load Application Device:
Deadweight and lever arm

Instrumentation and Measurements: _ L
Eddy current proximity transducer (sensing deflection of outer race). Prove sensitivity
approximately 2 volts per 0.001 inch.

Additional Remarks: :
Test bearings contained defects in both inner and outer races. Measured deflection of
outer race used to monitor defects in both inner and outer races. Computerized automatic
monitoring system was demonstrated. A favorable comparison with other methods,
such as the shock pulse method, kurtosis analysis and high frequency resonance
technique, was presented.
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Bearing Test Rig Survey: Bearings with Known Defects (Cont'd)

Author(s), Title, and Year:
Igarashi, T., J. Kato and S. Yabe. "Studies on the Vibration and Sound of Defective
Rolling Bearings," Bulletin of JSME, Vol. 26, No. 220, 1983, pp. 1791-1798; Bulletin
of JSME, Vol. 28, No. 237, 1985, pp. 492-499.

Type of Experimental Apparatus:
Low-speed ball bearing test rig in soundproof enclosure

Experiment Objectives:
Measurement of sound radiated and vibrational velocity of outer race of ball bearings
with defects.

Test Bearing Type:
Ball bearing (single row, deep groove)

Prime Mover Details:
Electric motor

Maximum Test Speed:
1800 rpm

Axial Bearing Load:
7 1b nominal

Radial Bearing Load:
None

Load Application Device:
Deadweight on cable over pulleys

Instrumentation and Measurements:

. Condenser microphone measurements over an arc of 100-mm radius
. Velocity pickup at outer ring of bearing _ '
. Accelerometer attached to outer surface of bearing outer ring

Additional Remarks:
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Bearing Test Rig Survey: Bearings with Known Defects (Concluded)

Author(s), Title, and Year:
Balderston, H. L. "The Detection of Incipient Failure in Bearings," Materials Evaluation, June
1969, pp. 121-128.

Type of Experimental Apparatus:
Medium-speed ball bearing test rig

Experiment Objectives:
Investigation of vibration acceleration data for bearings with controlled defects in inner
race, outer race, ball cage, and balls

Test Bearing Type:
Angular contact ball bearings

Prime Mover Details:
Electric motor

Maximum Test Speed:
10,000 rpm

Axial Bearing Load:
No details

Radial Bearing Load:
No details

Load Application Device:
No details

Instrumentation and Measurements:
. Accelerometers placed on outer bearing housing
. Accelerometer data recorded at high tape speed and played back at reduced speed
(16-to-1 reduction). Spectrum analyzer range: 20-20 kHz
Vibrational frequencies in the range of 10 kHz to 90 kHz examined in this way
. Data analysis was able to detect acoustic emissions

Additional Remarks:
"Burst"-type acoustic emissions and "continuous"-type acoustic emissions were clearly
identified during this study.
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BASIC RESEARCH RIGS
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Bearing Test Rig Survey: Basic Research Rigs

Author(s), Title, and Year:
Falcon, K. C,, and C. Andrew. "Angular Contact Ball Bearings: Track Position at
High Speeds," Proc. of Institution of Mechanical Engineers 1969-1970. Vol. 184, Part
1, No. 19, pp. 351-369.

Type of Experimental Apparatus:
High-speed ball bearing test rig

Experiment Objectives: .
Measurement of ball track position and comparison with theory

Test Bearing Type:
Angular contact ball bearing, 55-mm bore

Prime Mover Details:
5-hp electric motor with speed increase via flat belts and pulleys

Maximum Test Speed:
12,000 rpm

Axial Bearing Load:
3000 Ib maximum test load

Radial Bearing Load:
None

Load Application Device:
Hydraulic pressure

Instrumentation and Measurements:

. Inductive displacement transducers embedded in outer race to measure race
deflections under each ball. (Outer race machined to allow displacement
transducer tip to be inserted into race to within 0.04 inch of the track surface.)

. Magnetic pickup measuring test shaft speed

Additional Remarks:
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Bearing Test Rig Survey: Basic Research Rigs (Continued)

Author(s), Title, and Year:
Bowen, W. L., and T. W. Murphy. "High Specd Testing of the Hollow Roller
Bearing," Trans. of ASME Journal of Lubrication Technology, Vol. 103, Jan. 1981, pp.
1-5.

Type of Experimental Apparatus:
High-speed roller bearing test rig for operation up to three million DN

Experiment Objectives:
Performance and endurance testing of cylindrical roller bearing with hollow rollers

Test Bearing Type:
Hollow cylindrical roller bearing, 115-mm bore

Prime Mover Details:
120-hp industrial V-8 engine driving a 12-to-1 step-up gearbox

Maximum Test Speed:
26,100 rpm

Axial Bearing Load:
None

Radial Bearing Load:
600 1b

Load Application Device:
Hydraulic cylinder applying radial load to test bearing housing

Instrumentation and Measurements:

. Thermocouples measuring bearing outer race and lubricant temperatures
. Torque sensor between motor and gearbox
. Post-test measurement of wear

Additional Remarks:
Test shaft supported at each end by 55-mm slave bearings with the test bearing and
housing assembly located at the approximate mid-point between slave bearings.
Endurance testing up to 1000 hours performed on test bearing.

A-15



Bearing Test Rig Survey: Basic Research Rigs (Continued)

Author(s), Title, and Year:
Pemberton, J. C., and A. Cameron. "Optical Study of the Lubrication of a 65-mm
Cylindrical Roller Bearing," Industrial Lubrication and Tribology, May/June 1981, pp.
84-94.

Type of Experimental Apparatus:
Low-speed cylindrical roller bearing test rig

Experiment Objectives: |
Optical study of the lubrication of a cylindrical roller bearing via interferometry

Test Bearing Type:
Cylindrical roller bearings, 65-mm bore

Prime Mover Details:
3-hp electric motor

Maximum Test Speed:
3000 rpm

Axial Bearing Load:
None

Radial Bearing Load:
Not specified

Load Application Device:
Hydraulic pressure to bearing housing

Instrumentation and Measurements:

. Window cut into outer race of bearing to allow optical examination of oil film
thickness through a sapphire insert

. Xenon flash lamp, Xenon laser (pulse rate up to 50 per second), microscope with
35-mm camera and video attachments

. Thermocouples measuring oil temperature and sapphire window surface
temperature

. Photodiode and strips of adhesive reflecting tape to determine rotational speed

. Magnetic pickup activated by rollers to measure cage speed

. Fiberoptic "skanner” to detect individual rollers and reference mark on cage

Additional Remarks:

. Dovetailed slot machined in bearing outer race and sapphire window let into
machined slot

. Apparatus used to study inlet boundary and the effects of oil starvation, including

oil globules formed after lubricant cutoff
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Bearing Test Rig Survey: Basic Research Rigs (Continued)

Author(s), Title, and Year:
Markho, P. H,, B. V. Smith and M. J. Lalor. "An Advanced Apparatus for the Study of
Roller and Cage Slip in High-Speed Roller Bearings," Transactions of the ASME,
Journal of Lubrication Technology, Vol. 103, Jan. 1981, pp. 46-54.

Type of Experimental Apparatus:
High-speed roller bearing test rig for studies at DN values in excess of one million

Experiment Objectives:
Measurement of cage and roller motions in lightly loaded bearings

Test Bearing Type:
Cylindrical roller bearings, 63.5-mm bore

Prime Mover Details:
A.C. motor driving two-stage flat belt and pulley system

Maximum Test Speed:
22,500 rpm

Axial Bearing Load:
Lightly loaded; not specified

Radial Bearing Load:
2701b

Load Application Device:
Axial load applied via pneumatic piston. Radial load applied to test bearing housing via
worm and wheel jack

Instrumentation and Measurements:
. Laser doppler anemometer for measuring roller surface velocity
Inductive displacement transducers for measuring inner and outer ring motions
Infra-red radiation thermometer for inner ring temperatures
Thermocouples for outer ring temperatures and lubricant temperatures
Magnetic pickup for measuring cage speed
Photoelectric transducer for measuring test shaft speed
Load cells for determining radial load and friction torque

Additional Remarks:

. Test bearing mounted in housing and attached to end of hydrostatic spindle
. Study investigated the effect of bearing load on the level of slip in the bearing
. Significant variation in roller speed observed as it travels around bearing
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Bearing Test Rig Survey: Basic Research Rigs (Continued)

Author(s), Title, and Year:
Gupta, P. K., J. F. Dill and H. E. Bandon. "Dynamics of Rolling Element Bearings—
Experimental Validation of the DREB and RAPIDREB Computer Programs,"
Transactions of the ASME, Journal of Tribology, Vol. 107, Jan. 1985, pp. 132-137.

Type of Experimental Apparatus:
High-speed ball bearing test rig capable of operating up to two million DN

Experiment Objectives:
Measurement of the general motion of the ball cage in an angular contact ball bearing and
comparison with computer model predictions

Test Bearing Type:
Angular contact ball bearing, 100-mm bore, split inner race

Prime Mover Details:
50-hp electric motor with variable-speed drive and 9.25-to-1 ratio step-up gearbox

Maximum Test Speed:
20,000 rpm (30,000 rpm maximum)

Axial Bearing Load:
250 1b

Radial Bearing Load:
0t02501b

Load Application Device:
Pressurized piston

Instrumentation and Measurements:
. Magnetic pickup for shaft speed

. Radial and axial proximity probes (Bently probes) for displacement measurement
(four radial and four axial probes)

. Two photonic sensors to determine angular velocity of cage

. Thermocouples on bearing inner and outer races, in oil supply jets, scavenge
ports and oil sump

. Torque measurement

Addltlonal Remarks:
Test shaft housed in three bearings (the test bearing and two support bearings)

. Extensive calibration procedure devised to compensate for priximity sensor
sensitivity to temperature
. Drive shaft instrumented with strain gages to measure bending, axial and

torsional loads on shaft
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Bearing Test Rig Survey: Basic Research Rigs (Concluded)

Author(s), Title, and Year:
Savaskan, T., and D. E. Veinot. "On the Wear and Failure of High Speed Roller
Bearings," WEAR, Vol. 116, No. 3, May 1987, pp. 361-380.

Type of Experimental Apparatus:
High-speed ball bearing test rig

Experiment Objectives:
Study of wear and failure mechanisms of high-speed roller bearings

Test Bearing Type:
Single-row, cylindrical roller bearings, 25-mm bore

Prime Mover Details:
15-hp, A.C. motor with belt drive speed increaser (15-to-1 step-up)

Maximum Test Speed:
26,000 rpm

Axial Bearing Load:
None

Radial Bearing Load:
375 1b nominal

Load Application Device:
Mechanical displacement of bearing housings relative to one another (test shaft carried in

three bearings)
Instrumentation and Measurements:

. Strain gages on shaft to convert shaft deflection to radial bearing load

. Fiberoptic light guides used to measure rotational speeds of shaft and bearing
cages

. Thermocouple and digital thermometers measuring bearing outer race and
lubricating oil temperatures

. Analysis of oil samples using ferrography and atomic absorption analysis. Wear

debris collected from bearings was studied with scanning electron microscopy
using energy-dispersive x-ray analysis

Additional Remarks:

. The three test bearings were lubricated separately. Oil flow rate to each bearing
was independently controlled to study effects of supply rate on wear

. Test rig operated for 15 hours per day to accumulate more than 700 hours of
bearing operation
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L1-D

HIGH-SPEED
BEARING TEST RIG

SK61820-1000

TEST BEARING LAYSHAET INERTIA BASEFRAME
DRIVESHAFT MASS WELDMENT
ASSEMBLY ASSEMBLY ASSEMBLY

SK61820-100 SK61820-200 SK61820-300 SK61820-400

|| DRIVESHAFT | L[ LAYSHAFT

SK61820-101

SK61820-201

| | TEST HOUSING

—1 DETAILS

SK61820-111

-1 DETAILS

DRAWING TREE FOR HIGH-SPEED BEARING TEST RIG

DRIVE
MOTOR

MOTOR
CONTROLLER

-—

LUBRICATION
MODULE

ho—

MISCELLANEOUS
HARDWARE




Drawing Number | Item | Qty. Part Number Description Remarks
SK61820-1000 1 1 |SK61820-100 Test Bearing See breakdown
High-Speed Bearing Driveshaft Assembly below
Test Rig 2 1 | SK61820-200 Layshaft Assembly See breakdown
below
3 1 |SK61820-300 Inertia Mass --
_ Assembly
4 1 ]| SK61820-400 Baseframe -
Weldment
5 1 Drive Motor
6 1 Motor Controller
7 1 | SK61820-1001 Motor Pulley --
8 1 16202564 Trantorque Bushing
9 4 Bolt --
10 4 Washer --
11 2 Tensioner Bolt --
12 39 Bolt --
13 78 Washer --
14 39 Nut --
15 1 ]6248N14 Beltguard -
(McMaster-Carr or
equiv.)
16 1 | 6248N13 Belt Guard --
' (McMaster-Carr or
Equiv.)
17 4 15010T432 Caster Assembly
(McMaster-Carr)
18 1 Lubrication Module
. (Vogel or Equiv.)
SK61820-100 1 T | SK61820-101 Driveshaft See Drawing #
Test Bearing SK61820-101
Driveshaft 2 1 [SK61820-102 Housing --
Assembly 3 2 | SKF71907-CD Bearing, 35 mm
Bore
4 1 ] SK61820-103 Spacer --
S 2} SKF71906-CD Bearing, 30 mm
Bore
6 1 | SK61820-104 Spacer -
7 1 | SK61820-105 Spacer --
8 2 | SKFNO7 Locknut
9 2 | SKFWO07 Lockwasher
10 1 |SK61820-106 Spacer --
11 1 | SKFNO6 Locknut
12 1 | SKFW06 Lockwasher
13 1 | SK61820-107 Locking Ring --
14 1 [SK61820-108 Split Cover, Prim --
15 1 | SK61820-109 Split Cover, --
Secondary

C-18




@awing_N umber | Item | Qty. { Part Number Description_ Remarks
SK61820-100 16 38 Socket Head Cap --
(Continued) Screw

17 38 Flat Washer -
18 1 | SK61820-110 Drive Pulley -
19 1 16202160 Trantorque Bushing
20 1 Drivebelt (Habasit or

equiv.)
21 1 | SKF 7209C Test Bearing, 45 mm

Bore
22 1 | SK61820-111 Test Housing See Drawing #

SK61820-111

23 1 |SK61820-112 Spacer -
24 1 | SK61820-113 Spacer --
25 1 |SK61820-114 Spacer --
26 1 | SK61820-115 Split Cover, Test -

Housing
27 SK61820-116 End Cover --
28 SK61820-117 Spacer, Locating --
29 | A.R. | SK61820-118 Shim --
30 1 |SK61820-119 Top Cover --
31 1 | SK61820-120 Loading Bracket --
32 2 Bolt --
33 2 Washer --
34 2 | SK61820-121 Loading Clevis --
35 1 |SK61820-122 Threaded Rod --
36 3 ]98306D491 Pin, 5/8 in. dia. x 1- --

: 1/4 Grip (McMaster-
| Carr or equiv.)
37 1 | SK61820-123 Link --
38 4 198306 A562 Pin, 3/4 1n. dia. x --
3.0 Grip (McMaster-
Carr or equiv.)
39 2 | SK61820-124 Load Lever --
40 1 |SK61820-125 Bracket --
41 12 Bolt --
42 12 | MS51412-6A Oversize Washer, --
3/8 Bore x 7/8 o/dia.
43 1 |CCYR-11/4-S Roller
44 1 | SK61820-126 Bellcrank --
45 1 198306 A273 Pin, 3/8 in. dia. x 1- -
1/2 Grip (McMaster-
: _ Carr or equiv.)

46 1 [SK61820-127 Bracket --
47 2 [ SK61820-128 Channel --
48 6 Bolt --
49 12 Washer --
50 | A.R.|SK61820-129 Shim --
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@awing Number | Item | Qty. Part Number Description "Remarks
SK61820-100 51 6 Nut -
(Continued)

52 1 192391 D054 Hairpin Cotter, 3/8 --
dia. pin (McMaster-

_ 1 Carr or equiv.)

53 7 192391 D064 Hairpin Cotter, 5/8 --
dia & 3/4 dia pins
(McMaster-Carr or
equiv.)

54 | TBD Lubrication Nozzie

55 2 Plug, 1/2 in NPT --
(MS20913-4 or

L equiv.)

SK61820-200 1 1 |[SK61820-201 Layshaft See Drawing
Layshaft Assembly #5K61820-201
2 1 | SK61820-202 Housing --
3 SKF61908 Bearing, 40 mm
Bore
4 1 | SK61820-203 . | Spacer -
S 1 | SK61820-204 Spacer -
6 2 | SKF NO8 Locknut
7 2 | SKF W08 Lockwasher
8 1 |SK61820-205 Locking Ring --
9 1 | SK61820-206 Large Pulley -
10 1 | SK61820-207 Small Pulley --
11 2 }6202320 Trantorque Bushing
12 1 | SK61820-208 Split Cover, Long --
13 1 | SK61820-209 Split Cover, Short --
14 1 Dnvebelt (Habasit or
equiv.)
15 20 Socket Head --
Capscrew
16 20 Washer --
17 4 Bolt -
17 4 Washer --
19 1 | SK61820-210 Support Stand -
Assembly
20 2 Tensioner Bolt -
21 1 | SK61820-211 Top Cover --
22 | AR. : Shim -
23 2 Lubrication Nozzle --
24 2 Plug, 1/2 1n NPT
(MS20913-4 or
equiv.)
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APPENDIX D

DC DRIVE MOTOR AND DC CONTROLLER -
TECHNICAL LITERATURE
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Il Special capabilities

Regenerative

MaxPak

with all of the reliability, quality,
flexibility and features you have

come to expect with

AXPAK s

We started with the most preferred D-C drive in industry —the
Reliance® MAXPAK PLUS V=S Drive —and built a line of drives
for those applications requiring regeneration, contactorless
reversing or extremely high response. The result is a drive every
bit a MAXPAK PLUS, with the added capability of four-quadrant

control.

Like every MAXPAK PLUS. these regenerative drives are

furnished complete with:

A total commitment to reliability

Components designed to Reliance specifications
and inspected upon receipt to unyielding tolerance
levels, in-process testing, thermal cycling and
computer-directed final drive test together assure
shipment of Regenerative MAXPAK PLUS controllers
that are every bit as good as their design.

Design coordinated Super RPM™ Motors
Regenerative MAXPAK PLUS. delivered with a
matched Super RPM™ Motor, offers you a completely
compatible drive package with all of the advantages
of single source responsibility —every time.

Simplified installation and service
Well-positioned power terminals and ample space
within the controller cabinet allow faster and simpler
installation. Two complete sets of output power
terminations allow easy top or bottom output power
exit from the controller. A complete spare parts list,
startup instructions and tightening specifications for
power bus and cable fasteners are printed and mounted
inside the cabinet door. And. as with every MAXPAK
PLUS, construction is completely modular.

Availability from stock

Selected ratings through 150 hp, with matched
Super RPM motors as well as motor and controller
modification kits, are available for delivery right
from our stock. Ratings from 200 through 1500 hp
are available from the factory.

Real flexibility

Regenerative MAXPAK PLUS is easily modified —
during manufacture, from stock at one of our V*S
Sprint stock modification centers, or right in your
plant using the complete line of MAXPAK PLUS
prepackaged modification kits. (Kits are described in
detail in Bulletin D-2638).

Compact construction in an enclosure of your
choice.

Standard units through 150 hp are furnished in wall-
mount NEMA 1 enclosures. NEMA 4, NEMA 12

or floor-mount enclosures are optional. Or, you

can specify the controller in open panel construction
for mounting in an enclosure of your own.

\
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Useable anywhere

Operable without modification on either 50 or 60 Hz
power and easily adapted for operation on any line
voltage between 200 and 575V A-C. Regenerative
MAXPAK PLUS satisfies drive requirements worldwide.

UL listed and CSA certified

Of course. Supplied in a Reliance cabinet. the
Regenerative MAXPAK PLUS controller—even when
kit is modified —is UL listed and adapts simply to
CSA requirements. As an open panel controller, it

is UL listed and CSA certified.

With Regenerative MAXPAK PLUS you also get:

Full regenerative capability

Two six-pulse rectifier bridges (S6R) and coordinated
sequencing and control allow both motoring and
regenerating operation and contactoriess motor
reversing.

Super high performance capability

As standard, the Regenerative MAXPAK PLUS has
all the response you will normally need. But when
your application requires more, an automatic adaptive
current loop (providing a 10:1 increase in current
loop bandwidth when in discontinuous conduction)
and proper selection of major loop amplifier feedback
components let us give you all the response you need.

A lot in common with non-regenerative
MAXPAK PLUS

Regenerative MAXPAK PLUS shares its concept,
design, and many components and assemblies with
non-regenerative MAXPAK PLUS. Over half of the
regulator cards, all fuses, the shunt field supply and
nearly all kit modifications are identical with non-
regenerative MAXPAK PLUS. Minimum spare parts.
Minimum personnel training. Maximum return on
your drive investment.

Regenerative MAXPAK PLUS provides application and
operational flexibility without complexity. Each controller
consists of a power unit, requlator and armature loop
disconnects for 20:1 controlled speed range, 50/60 HZ
operation without modification, 5% speed regulation with
95% load change and more — all with a standard, out-of-
stock package.
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Basic description I

Regenerative MAXPAK PLUS drives provide full four-quadrant
operation with regenerative capability to the A-C power line. This, in
turn, provides a reverse-torgue “hold back" capability for overhauling
loads, on applications requiring rapid, controlled deceleration to zero
speed, or for process lines requiring progressive draw between
individual sections.

Regenerative MAXPAK PLUS drives also provide motor operation in
either direction of rotation —without field reversal or operation of the
armature loop contactor. This contactorless reversing capability permits
frequent motor reversal without causing excessive wear on relays
or contactors.

Regenerative MAXPAK PLUS provides application and operational
flexibility without complexity. It's all done within the electronics of
the armature power unit.

Together with the complete control afforded by the fully regenerative
power unit, regulator circuit options like the adaptive current loop
(providing a 10:1 increase in current loop gain when in discontinuous
conduction) and application-selected major loop amplifier feedback
components make Regenerative MAXPAK PLUS the answer for those
applications requiring super high response.

Each Regenerative MAXPAK PLUS controller consists of a power
unit, regulator and armature loop disconnects. These elements provide
Regenerative MAXPAK PLUS with the following capabilities:
®m 20:1 controlled speed range for wide speed range applications.

m 5% speed regulation with 95% load change for minimum motor speed
variation even without tachometer feedback.

m Separately adjustable rates of linear acceleration and deceleration
to assure smooth starts and speed changes.

B Jog at adjustable preset speed by pushbutton or selector switch for
momentary drive operation at an independently adjusted speed.

® Adjustable maximum and minimum speeds to preset machine
speed limits.

® 50/60 Hz operation without modification.

B Armature loop contactor to provide positive motor disconnect.

®m Fused and isolated 115V A-C supply to power pushbutton devices
and regulator.

® Six-pulse power bridges assure cooler motor operation and better
commutation.

® 150%, one-minute current ratings support acceleration and short
term machine overload.
By simple reconnection, Regenerative MAXPAK PLUS controllers
may be adapted to provide additional features.
® Speed regulation with tachometer feedback provides 1% or 0.5%
regulation depending upon the tachometer used.
®m Timed acceleration to and deceleration from jog speed to cushion
machinery and process during jogging operation.

m Delayed contactor drop-out after jog command allows repeated
jogging without contactor cycling for minimum contactor wear.

B Extended acceleration and deceleration times for applications
requiring extremely slow speed changes.

B Regenerative braking to rest upon a stop command for controlled
motor deceleration to zero speed.




A 100 hp. 460V Regenerative MAXPAK PLUS Drive with
Dynamic Braking and optional Tester Card in its compact
wall-mount cabinet
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. Fully regenerative
S6R power unit
. Drive regulator
. Armature loop contactor
. Armature loop circuit breaker

tightening specifications and Tester instructions
. Potentiometer setting record
. Dynamic Braking grids (optional)
. Tester (optional)
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. Condensed start-up instructions. spare parts list. connector



Power unit components are mountec on three identical rectifier
moaules —one ‘or each phase. Boitec power connections are
readily accessioie. Gate leaas are guickly. easily removed

with plug connecters

The Regenerative MAXPAK PLUS controller employs
two indepencent full-wave. six-puise. phase-controlled
rectifier bridges which are connected in anti-parallel
(SBR) to provide adjustable voltage armature power for
adjustable speed D-C motor drive service. These rectifier
bridges. each composed of six thyristors. operate
directly from three-phase plant power. This power unit
provides full four-quadrant capability: (1) forward
motoring. (2) fornward regeneration. (3) reverse motoring.
(4) reverse regeneration. Through regulator selection
of either the forward or reverse rectifier bridge. the
direction of armature current flow can be determined.
And through firing angle control. armature current flow
is requlated and controlled.

Power unit construction i1s modular —with three
identical rectifier modules. Each module contains four
thyristors plus their dv dt protective networks...gate
firing circuitry and heatsinks. Each module 1s easily
removable and replaceable as a unit. Gate lead
connections utilize quick-disconnect plugs

The fully modular regulator is composed of six plug-r cards
Faceplate-mounted status incicators allow easier troubl/esnooting
and a petter understanding of regulator operation. Ail ~sgulator
adjustments are faceplate-mounted — up front where .cu can
see them. The optional Tester Card makes servicing even easier.

Acting in response to the setting of the operator s speed
potentiometer and the instantaneous value of the major
loop controlled variable —most often armature voltage
or motor speed —the drive regulator selects the croper
rectifier bridge and determines its firing angle

Through its static logic circuitry, the regulator
sequences the drive as required for proper operzation in
response to operator start. stop and jog pushbuttons
and interfaces with the forward/reverse selector switch
All sequencing is solid state.

By continuously monitoring motor armature current
(motor torque). the regulator assures that power unit
output current and delivered motor torque remain within
safe limits. Current limit circuitry, motor thermal
overload protection and electronic peak overcurrent
protection (Instantaneous Electronic Trip) all res:de
within the drive regulator.

The gate pulses used to fire power unit thyristors are
generated by a digital firing circuit within the regulator
This circuitry removes the possibility of thryistor-:o-
thyristor firing angle differences caused by comoonent
tolerances. assures balanced firing and load sharing
between thyristors and removes the need for phase
balance adjustments.

The regulator consists of six plug-in cards for 2ase

of service. An optional Tester Card is available. zllowing =~

measurement of 11 regulator and power unit voitage
levels for in-service drive monitoring and analysis.




A iy
Tne motor armature 1s connected to the controller through an
armature loop contactor and D-C circuit sreaker. Together.
:nese devices form an armature disconnec: system to assure
coordinated armature connection to the fegenerative
YAXPAK PLUS controller.

The drive motor is connected to the cower unit through
an armature contactor and armature .0op circuit breaker.
The contactor provides a positive disconnect between
the motor and the power unit during standby periods.
Although selected to interrupt 100-- armature current,
regulator sequencing operates this device under zero
armature current conditions to assure long service life.

For protection of the complete drive. the D-C breaker
in the armature loop provides a means to disconnect
the motor from the power unit under unusual inverting
fault conditions. such as loss of incoming A-C power
during regenerative operation

Coordinated drive
protection

Regenerative MAXPAK PLUS has been designed
with a complete protective system to help safeguard
the drive as well as the driven machinery.

B Phase sequence and line loss interlock with indicator
light assure that plant power —with the correct phase
rotation —is present before the drive can start.

® A-C line and D-C load transient protection assures
reliable controller operation.

B Current-limiting fuses in the A-C line protect the drive
from high current faults.

® Output from the field supply is monitored. with a proper
output required before drive operation is enabled. An
indicating light confirms proper field supply output.

B Current limit control, with independent adjustment
for positive and negative armature current flow, helps
protect the drive and the driven machine from damaging
current and torque levels during acceleration or
deceleration, as well as from machine-induced overloads.

B A digital thermal overload circuit, with indicating
light, protects the drive from long term, low level
overloads.

B Electronic peak overcurrent protection (Instantaneous
Electronic Trip) and indicating light provide protection
against severe and sudden overloads such as those
brought on by machine jam-ups.

B Armature loop circuit breaker protects both the
motor and the controller in event of an inverting fault.




Performance/specifications N

Service Conditions
Elevation.......................... Up to 3300 feet
(1000 meters)

Ratings
Ambient Temperature
CabinetModels. . . ................... 32 to 104°F
(O to 40°C)
Panel-Mounted Models................ 32 to 131°F
(0 to 55°C)
Power Input. ... .... Three-phase, 230, 460 or 575 VAC
LineFrequency.......................... 48-62 Hz
Line Voltage Variation. . . . ......... £ 10% of nominal
Relative Humidity . . ...................... 0to 95%

(without condensation)

Load Specifications

Overload Capacity . ... 150% of full load rated armature
current for one minute
Controller Service Factor....................... 1.0
Minimum Load for Assured Stable Operation . . . . .. 5%
Adjustments
Acceleration....................... 0.5-30 seconds
Deceleration....................... 0.5-30 seconds
MinimumSpeed ................ ... ... ...... 0-40%
Maximum Speed............ ... ... ...... 80-120%
JogSpeed........... ... ... 0-50%
Current Limit
Positivel,................ ... ... ... .. 50-150%
Negative l,............................ 50-150%

Speed Regulation

Speed Regulation
with 95% load change
(% of motor base speed)

All Other Variables | Tachometer
(% of motor base speed) | Required (1)

5% 15% None
1% 2% 5PY
0.5% 0.5% BC-42
0.1% 0.15% (2) RE-210

(1) Tachometer must provide direct current (D-C) output.
(2) Controller requires tactory addition of precision reterence supply 10
meet this specification.

Efficiency

Controlleronily . .. ......... Figure 1 illustrates typical
controller-only efficiency vs. speed and load.

Complete drive, including motor. . . .. .. Dependent on

motor selected. Typical drive efficiency will
be in the range of 85 to 93% operating
at full speed, full load.
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Displacement Power Factor
This is almost entirely a function of operating speed. Dis-
placement power factor vs. speed is illustrated in Figure 2.
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Controller Ratings

HP ‘ Full Load Rated Full Load Rated Field Supply
Ratings RMS A-C Line D-C Armature Current Capacity
{ Current (Amperes) Current (Amperes) (Amperes)
{ 230V ‘ 460V | 550V 240V 500V 600V 150V 300V 240V
5 i 20 15 | - 19 10 - 5 5 -
7 | 29 R R 29 | 14 = 5 5 =
10 36 21 | = , 38 | 18 - 5 5 -
s | sz %0 | - | se | 28 - 5 | 5 —~
20 | 68 37 — 74 | 3 - o | s —
25 | 84 | 44 | i 93 | 45 - 15 5 -
30 ; 99 s0 | = 1o | 52 - 15 5 —
30 | 127 64 | 54 144 | 69 57 15 | 10 15
50 158 79 68 178 86 72 15 | 15 15
50 | 186 91 ; 79 212 | 100 86 15 15 15
5 | 244 116 § 97 265 [ 129 107 15 | 15 15
00 — 152 | 127 | = | 67 139 — 15 15
25 | - 180 | 152 | - | 205 171 — |15 15
20 | - 219 | 180 | — | 250 208 - .15 15

st

e w -

Regenerative MAXPAK PLUS. like all V*S Drives. is design-
coordinated with a dependable Reliance motor. The power-
matched Super™ RPM Motor is built to take on industry s toughest
jobs. The result 1s a completely compatable drive package

with single-source responsibility.

“We build
more into

every
Reliance
motor!”




Regenerative MaxPak:

Dimensions

(

Inches
Millimeters

261/2— —151/4
e - —12 673 11174 387
1114da 27 9/16|
S - —'——‘1— | 143 | 20 |317 -
= == %t | i) 1o »
| tf ) prp——
} 1 | | [ ==88
| | | |
: ' \ | L—Hinge [ 1.
Controlier ‘-p;::v 30 31 | ] €
Panel 762 787| Fl /.ﬂg G ‘1'
| | i Hasp ! |
| | | { i
| . L] | : |, || BE88
- - = ) L | T 332 it
V2uler— 18— =98 =12 | 4, o1 | o024
127 |} 330 229 127 T 305 Maxmom 314 2150‘ : 15(:__ 14.3 dia. |
— 14 -— ) = 82.6 | | 2 |
356 254 Ventilation Slots —_
OPEN PANEL WALL MOUNTED FLOOR MOUNTED
CONTROLLERS ENCLOSURES ENCLOSURES

Controller Enclosures (Optional)

Straight Shunt Motor Ratings("

HP Armo- Onproot Fon Cooled
P ture RPM RPM
230V A-C Input | 460V A-C Input | 575V A-C Input | NEMA 1 Voirs 1750 1150 1750 150
240V D-C 500V D-C 600V D-C Controller 240 | BIsIIATZ | 31812ATZ | BI812ATZ | 32112ATZ
Armature Armature Armature Enclosure 5 | 500 | BIsiiATT | 31812ATZ | BIBIZATZ | 32112ATZ
o] 200 | migizarz [ 8211181z | 82112812 | 82511AT2
5-50 5-100 40 - 125 W42 "] 500 | BIZIIATI | 82111ATZ | B2112ATZ | 32510ATZ
60 - 75 125 - 150 150 w48 0 | 400 | BISiAr | 33Hi3a1s | B2s1oars | axsionts
> | 88 | e | || S
Wall Mounted Enclosures (Standard) — T P
- . 20| 500 32810ATZ | B2810ATZ | 3328ATZ
Dimensions . | 20 32810ATZ | 8327A1Z | ABIZBATZ
Size Inches/Millimeters Weight 5| 500 2 | 32810ATZ | AB328ATZ | AB3Z28ATZ
€ 2 6 30 | 300 | 8311ar2 | 8281112 | Apasaarz | saerAre
44, 43% 42 320 Ibs. w0 | 20 | ssioars [a3z7arz | siesarz | 3369a1z
W42 1102 1067 145 k 500 | B2810AT: | 8327A1Z | B367ATZ | 8369ATZ
1130 g s | 240 | B2811aTZ | AB32BATZ [ 8368ATZ | 83610ATZ
500 | B2SIIAT: | AB3Z28ATZ | B368ATZ | 83610ATZ
] 3 2 327A12
W48 50% 49% 48 400 lbs. 8 | 300 | 837a17 | 836aats | s3610a1z | ssooarz
1283 1254 1219 181 kg. 15 | 200 | BBasarz | sB3s8ATz _
500 | B328ATZ | B36BATZ | BAOBATZ | BAQ9ATZ
100 | 500 | B367ATZ | B3GI0ATZ | B409ATZ | B506ATZ
Floor Mounted Enclosures 125 | 500 | B369ATZ | UB4OBATZ | B506ATZ | 8507ATZ
- - 150 | 500 | 83610AT | UB409ATZ | B507ATZ | 3508ATZ
Dimensions
Inches/Millimeters Door Weight 1. Straight shunt D-C motors (with no series or stabilizing winding) are
Size Swing recommended for use with Regenerative MAXPAK PLUS controllers in order
H J K to assure full torque capability under of forward regeneratior
d .
68 32 20 600 Ibs. SIS —
o .
FDé8 | 1727 | 813 | 508 | 135 272 kg. Reference Literature
Regenerative MAXPAK PLUS
86 34 24 . 725 Ibs. Product Bulletin. .. ...................... D-2638
FD86 | 2184 | 864 | 610 155 330 kg. Controller Instruction Manual
(Controller and all modification kits). . . . . ... D-3851
- . Selection and Application Manual. . ........ D-9081
This bulletin is not intended to provide operational instructions.
Appropriate Reliance Electric instruction manuals and warning Super RPM D-C Motor
tags attached to the apparatus should be read prior to instal- Product Bulletin. . . ...................... C-2519
lation, operation and/or maintenance of equipment. Instruction Manual. . ..................... C-3076

Reliance Electric Company @ 24703 Euclid Avenue ® Cleveland, Ohio 44117

RELIANCE ELECTRIC

Printed in U.S.A.

Bulletin D-2635
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ENCLOSURE: m&m

AND GENERATORS - RPM lii

MOUNTING: Foot

METHOD OF DRIVE: Coupled or Beited

COOLING: Force Ventilated with Integral
Blower and Motor

Alr Fitterad
ACCESSORIES: Flange Mounted Tachometer
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FRANE A for) | E (G | H [ W[ U 0 P T (8 | x | Fx | B
SCZ11391Z-LC2113A17 10.25 [5.25 (4.25 |.w |.m f1.38 [1.75 [10.% |10.31 2.5 [3.50 |5.19 |6.81 |2.38
—=SC2512RT2-LC2512RT7 12.31 |6.25 |5.00 {.50 [.S6 [1.62 [2.00 [12.50 |t2.w {3.06 [4.25 [6.06 {8.00 [3.00
NC2812RTZ-LC2812AT7 13.78_[7.00 [5.50 |.62 [.56 [1.88 [2.7S |1v.00 [i13.9v [3.38 ju.75 [6.75 [9.13 [3.50
DRIVE END SHAFT AND KEY ur.
FRAME ¢ 8 8S F N | N-R | Ul21 Y | At3) | S8. |LCIH. |LBS.
SC2113R1Z  |28.38 (22.50 {11.38 [18.00 [v.00 |3.75 [i.875 [3.50 [1.591 |.500 |2.50 |34S
M211381Z  |29.62 |23.75 |12.62 [18.00 [4.00 [3.75 [1.875 {3.50 [1.5%1 [.500 [2.50 [370
LC2113872  |31.25 (25.38 |14.25 [18.00 [8.00 [3.75 [i1.875 |3.50 [1.591 |.S00 |2.50 |%00
—34SC25120TZ  |31.69 |25.06 [12.05 [20.00 [v.50 [4.25 [2.125 [4.00 (1.8%5 |.500 [3.00 |535
nC2512%2  133.19 126.56 [13.56 [20.00 [4.50 [4.25 [2.125 |4.00 |1.895 |.500 [3.00 |S70
LCZS12RTZ  |v.59 |28.06 |15.06 |20.00 [v.50 [v.25 [2.125 [4.00 [1.8%S '|.500 [3.00 |610 ,
MZ812ATZ  37.38 [29.9% [Iv.25 [22.00 [5.00 [¢.75 [2.375 [u.50 [2.021 [.625 [3.50 [s10 2 ;1
LC2812R1Z  |39.62 .- 19 116.50 |22.00 [5.00 [4.75 J2.375 [4.50 |2.021 |.625 |3.50  |88S w
(©
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RE-210 1562 | 35 | 2 |—=45C2512RTZ-LC2S12RIZ 3.19) 17.62|5.12] 15.12] .38} 22.75| 10.25[1.00 =
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R0-61 .RD-62 3. | 10 | ¢ SEE DRAWING NUMBER 60995
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RESOLVER ] IF MOUNTING CLERRANCE DETRILS ARE REQUIRED. CONSULT FRCTORY.
(ue-1093-g20 VW | 1S 12
{RIAR.ATRY 309 025 [

e ———,——

¥ TOTAL PAGE.BD3 xx




APPENDIX E

CENTRAL LUBRICATION MODULE -
TECHNICAL LITERATURE




Oil+Air Lubricatm |

1. Principle of oil+air lubrication

The oii+air lubrication is based on the principle that a liquid
drop will be divided by an air flow, dispersed in streaks and
transported into the direction of the air flow.

In practice, the drop will be transported in a narrow tube along
the inner walls in the direction of the lubrication point. By an
appropriate tube length (min. length 1m) and a sufficient
sequence of droplets it will be ascertained that a continuous,
but extremely micro drop oil flow will arrive at the outlet. The oil
remains at the friction point, whereas the air, which is = con-
trary to the oil mist lubrication - nearly oil-free, may escape
unhindered into the open.

2. Range of application

The oil+air lubrication will be used at places where a small,
finely dispersed oil flow mustbe led continuously to the friction
point. This is, for instance, the case with high-speed anti-fric-
tion bearings which require an exact metering and adaptation
to the construction of the bearing.

The same applies to the lubrication of gear drives to realize an
economic dry sump lubrication.

It is also important for the lubrication of smaller conveyor
chains, where an intermittent feeding of the lubricant is not
possible.

3. Principles of the oil+air lubrication with
high-speed anti-friction bearings in spindles
serving as an example '

3.1 Lubrication systems for anti-friction bearings

The oil+air lubrication is @ minimum quantity lubrication. In
many regions of the technical production there is the require-
ment to increase the speed of spindles and shafts supported
by anti-friction bearings over and beyond the values quoted in
the anti-friction bearing catalogs, e.g. for the bearings of
grinding wheel spindles and milling spindles to increase the
cutting speed. Apart from the constructive design of the
bearings, decisive importance is attributed to the selection of
the suitable lubrication system to meet this requirement.

The usual lubrication systems (for instance oil-bath lubrica-
tion), on which the values of anti-friction bearing catalogs are
also based, will fail here, because by the hydrodynamic losses
in the lubricant itself, the friction losses and thus the tem-
perature will be increased over and above the permissible
values.

With an oil circulating lubrication system, which is cooling at
the same time, the temperature values could be reduced, but
higher efficiency losses, increased installation costs and seal-
ing-technical expenditure would be the consequence.

- ®  Motzener StraBe 35/37 D-1000 Berlin 48
l’ =4 J Telefon (030) 72002-0 - Telex 183284 - Telefax (030) 72002-11
ZENTRALSCHMIERUNG

Gottlieb-Daimler-StraBe 7, D-6057 Dietzenbach
WILLY VOGEL AKTIENGESELLSCHAFT Tel. (06074) 4096-0 - Telex 4197649 - Telefax (06074) 4096-33




Oil + air lubrication

The diagram (fig. 1) shows that the most favorable values with
regard to friction losses and temperature will be achieved by a
minimum supply of oil.

optimum range
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Fig.1

The small quantities of lubricant fed may best be supplied in
accordance with the principle of oil+air lubrication, as only
according to this system these lubricant quantities may be
exactly metered.

With the oil mist lubrication. however, it is hardly possible to
supply individual bearings reliably and constantiy with the
required small lubricant quantity.

Weli suited and many-sided used will be, on the otherhand, the
continuous grease lubrication. )

The utilization of a grease lubrication is limited, however, to a
speed parameter

n x dm of approx. 600 000 mm x min™’,

where n = number of revolutions
and dm = mean diameter of bearing.

On top of the above, the grease change intervals will be, con-
nected with the replacement of the spindie, extremely
shortened, even when special greases are being used. The
worked friction losses will be increased as a result of lacking
cooling effect of the grease charge.

For higher speed parameters, the oil+air lubrication is tius the
most suitable lubrication system, which, of course, can also be
utilized for lower speed parameters.

3.2 Advantages of oil+air lubrication

- attainment of high-speed parameters for anti-friction
bearings (up to approx. 1500 000 mm x min™')

- always fresh lubricant at the friction point

- small consumption of lubricant, approx. 10 % of an oil mist
lubrication

- oil selection from a wide viscosity range
- use of oils with EP and adhesive additives
- omission of grease replacement times

- - simplified bearing seals possible

- protection against contamination from the outside by the
overpressure in the bearing itself, produced by the
compressed air

- non-polluting, no oil mist
- low bearing temperature
- minor efficiency losses

- supply of every bearing with the quantity of lubricant
required at the time

3.3 Lubricant quantities for anti-friction bearings

The lubricant quantity depends largely on the type of bearing,
number of rows, width, etc.ltisthereforerecommendedtodis-
cuss by all means the determination of the quantity with the
maker of the bearing.

In technical literature, the following approximation formula is
found for the determination of the approximate oil require-
ment:

Q=wxdxB,
where @ = quantity in mm/h,
w = coefficient = 0.01
d = inner bearing diameter in mm
B = bearing width in mm.

In practice, however, the values determined with this formula
had to be increased by four to ten times as much. This shows
clearly that the lubricant quantity actually required for every
bearing must be ascertained empirically for every case.

Itisrecommended to split up this lubricant quantity into 6to 10
injection pulses per hour.

3.4 Requirements to the lubricant

Oils of ISO-grades VG 32 - VG 100 have proved to be very suit-
able. Especially for higher loads and low speeds, oils with EP-
additives are recommended.

Oils with a lower viscosity than ISO VG 22 should be avoided,
as with higher loads the load-carrying property might not be
sufficient anymore and might impair the service life of the
bearing.

The use of oils with higher viscosity is possible.

Oiis with molycote additives should, however, not be used, as
withthese oilsthereistherisk that molycoteis deposited atthe
nozzle throats and will choke them up. Moreover. by plating-on
of molycote particles, the bearing clearance may be critically
reduced.

3.5 Compressed air

The air must be dry and filtered:; filter rating < 5 um. For water
separation, a water separator as normally used in the com-
pressed air program will be sufficient, if possible with semi-
automatic drainage.

The air quantity required for proper transport of the oilin atube
of 23 mm inner diameter is approx. 1000 - 1500 NI/h. This
value is applicable for oils of the viscosity grades ISOVG 32 -
ISO VG 100. For oils of higher viscosity resp. oils with other
adhesiveness, higher values should be placed into account.

The air pressure should be adjusted in such a way that under
consideration of the pressure losses in the pipe and in the
bearing, this air flow rate is achieved in every pipeline. The air
pressure available at the unit inlet (compressed air mains)
should be 6 bar.

3.6 Lubricant supply
(Criteria, bearing design, etc.)

The line, e.g. flexible plastic tube 4 x 0.85, where the transport
of the oil may well be seen, may be laid in descending or
ascending direction. Minimum length of this line is 1 m. Max.
length may well be 10 m. If the distance between unit and be-
aring will be less than 1 m, the tube must be laid as helical coil.

With very long tubes itis recommended that the supply tube is
laid in a helical form with approx. 5 coils as close as possible to
the bearing. The central axis of the helix should be either hori-
zontal or inclined up to an angle of 30° to the horizontal.

In the lower part of the helical coil, oil from the helical coil
shouid accumulate after cutting out the compressed air, so




Qil + air lubrication

that the bearing is supplied with oil within a short time after
compressed air is supplied again.

Alterations of the inner cross section, especially at bends, are
to be avoided. If they will be unavoidable, gradual reductions
must be provided.

In case of tube connections (as few as possible) care is to be
taken that no oil is lost or accumulating.

The feeding of lubricant into the bearings depends entirely on
the design of the bearing and the constructional features of
the bearing (see fig. 2).

With single-row bearings, the lubricant should be fed into the
bearing from the side. The nozzle opening should be in the
height of the inner ring; in no case, the nozzle is to be pointed
directly onto the ball cage. With bearings, which exert a pump
effect into one direction (e. g. angular contact ball bearings),
the oil must be supplied in this direction. If at all possible, the oil
is to be fed to the bearing by means of a special nozzle, the
length of which depends on the size of the bearing. The dia-
meter of the nozzle is between 0.5 and 1 mm.

If double-row cylindric roller bearings are used, the oil shall
be sprayed from one side into the bearing at the height of the
outer race. It will then be distributed almost evenly to both
rows.

For anti-friction bearings with an outer diameter between 150
and 280 mm, the installation of a second nozzle is recom-
mended, for even larger bearings adequately more.

The air pressure quoted above is normally sufficient to pene-
trate the air turbulences arising from high-speed bearings. Ifin
particular cases higher pressures are required, they will not at
all affect the function of the entire system.

To avoid the development of an oil sumpinthe lower part ofthe
bearing, a drain of the oil supplied is to be provided. The dia-
meter of this borehole should be at least 5 mm.

)
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=>> waste air

Fig.2
Feeding of oil+air to the rolling elements

4. Qil+air lubrication systems

The following components are required for an
oil+air lubrication system:

pressure regulating valve for air

pressure gauge for the air pressure

pressure switch for min. air pressure

oil+air metering unit with built-in piston distributors
compact unit

with gear pump and the set of valves required for pressure
relief and pressure regulation, with oil pressure switch, float
switch, with control unit IG38 or IGZ51/S 6

or
@ gear pump unit
with the set of valves required for pressure relief and pres-
sure regulation, with float switch.

Here, control unit and oil pressure switch are to be installed
separately.

These components may either be assembled to a unit (type
OLA) or may be ordered individually.

Individual ordering presents itself, if the complete unit cannot
be mounted directly to the machine.

pressure regulating
valve for air

I
1
1
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! pressure switch
pressure gauge | (air)
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I
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oil+air metering unit

!

i

1

i
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control unit

pressure switch |
| (i) be—ee

level

-

compact unit

monitoring
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In an oil+air system, the following functions will be
monitored:

@ min. air pressure within the system
@ pressure build-up in the oil main line
@ level in the oil reservoir

Function

After running down of theinterval time set on control unit 1G 38
resp.1GZ 51/S 6, the pump of the gear pump unit will be switch-
ed on. It will feed the oil from the reservoir to the oil+air mete-
ring unit.

The distributors integrated in the oil+air metering unit will feed
with pressure building up a metered quantity of oil into the
lubrication line. There, it will be transported by the conti-
nuously flowing compressed air to the friction point.

The air pressure will be set at the pressure regulating valve. It
should be at least 3 bar, increasing with the number of lubrica-
tion points and the bearing size. The exact setting value must
be ascertained empirically. In accordance with the setting
found at the pressure regulating valve, the air pressure switch
built in for the monitoring of the air pressure must be read-
justed.

If oil+air lubrication systems will be fitted with control unit
1G 38, the air pressure switch must be monitored externally.

With systems, which are fitted with control unit IGZ 51/S 6, the
air pressure will be monitored at the control unit viainput DS 2
(terminal 10). When the.pressure drops below the value set at
the pressure switch, a failure circuit breaking will be effected,
which will be indicated by indication light SL 2 (red) lighting up.
The pressure build-up in the oil main line will be monitored by
both the control units with the oil pressure switch (control unit
IG 38 = input DS, control unit IGZ51/S 6 =input DS 1, terminal
9). If the oil pressure required for the lubrication will not be
reached during the lubrication time, a failure cutout will be
effected after running down of the monitoring time (60 sec.),
which again will be indicated by indication light SL2 (red) light-
ing up.

Both control units are also fitted with aninput “WS”, monitoring
via a float switch the level of the reservoir. When the oil in the
reservoir will fall below the min. level, the functional sequence
of the unit will be stopped and a fault will be indicated as
described above.

air

e [ air pressure must
FF be monitored
externally

‘ l DKy

LB H

os[oslwsiws]ox[ox[ |

IG 38

WS

©

switch

[ L

oil pressure

1516 |18 [su[s2[m[k [N] N
] T .

KST{

— L2

@(M?

wiring diagram 1G 38

4

oil

pressure g

switch E_

After elimination of the cause of the fault, the fault indication
can be cleared by interruption of the operating voltage or by
short actuation of push button DK. When actuating push but-
ton DK, an intermediate lubrication will be initiated at the same
time.

Control unit 1G 38 is operating with prelubrication, i.e. with
every electric switching on of the unit, a lubrication will be ini-
tiated. Machines, which will be switched on and off frequently
(machine setting shops), may thus be overlubricated. in these
cases, the use of control unit IGZ 51/S6 will be more favorable,
as this unit will store, when the operating voltage is switched
off, the interval time already run down as well as any faults
which occurred, and will continue the functional sequence
there, where it was interrupted, when the operating voltage is
switched on again.

Control unit 1G 38 Control unit IGZ51/S6

Interval time, decadic adjustment

Interval time, binary adjustment
1,2, 3,...999 x 10° min./pulses

1,2,4,8,...2048 min.

time-dependently time-dependently or

- load-dependently (switchable)

Prelubrication Memory

forinterval time and fault indication

Monitoring of oil pressure Monitoring of oil pressure

- Monitoring of air pressure

Monitoring of level
in reservoir

Monitoring of level
in reservoir

DK = push button
DS = pressure switch
KST = control circuit

L1/N=terminals
. ok |

for operating
voltage

8[ofw[11]12]13[14]15

1GZ 51/S6

air
pressure
switch

SL = ndication light
WS = float switch

11 ]2]a3]als]6]7
J - b

0
SL1 SL2

L1
N
KST

wiring diagram I1GZ 51/S6
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Oil+air lubrication unit, type OLA, mounted completely on base plate

.
r L compact l
) _ unit air pressure | |
29 L switch
‘ ® ¢ |
— *1 |
i ’i !
m J©0© |
{ |
Y max Y |
= R 1 |
- i
= T P i S
&S] €
5
LMH‘\J o
g
k=
ul : k J
=]l T
:6 P |
;- <= ’
olelele | air B
D@ 8 & 6 O & o o & connection | | B
| port4 -
L2 1% 9 | M MR
1 ? uin uin ?L‘j\ oil+air metering unit | | 150 m U= .
0. outlets 380 { _".M8x] for tube 4 mm dia. ')
| ‘
; 400 J 1515
') Ports tapped for solderless tube connection
Technical data Type OLA 1 with compact unit 122 345 309 and control unit 1G 38
Type OLA 5 with compact unit 122 445 322 and control unit IGZ 51/S6
OUIPUL . - .. iis s s sassessennnssnsnsssaseisinsnsasasennnsonssns 0.21/min
with an operating viscosity of 110 mm?/s (cSt) and a back pressure p = Sbar
MAX. PIESSUME . . . . o oo ot et e e e e e e e e e e 287 bar
corresponds to the actual value of the built-in presssure regulating valve
effective reservoircapacity . . ... 2.7 liters
permissible operating ViSCosity . . .. ... ....... ... 40 to 200 mm?/s (cSt)
ambient temperature . . ....... .. from +10 to 40°C
POWEr CONSUMPLION . . ... e e 120W
voltage (please quote whenordering) . ............. ..., . 220V, 50/60 Hz or 110V, 50/60 Hz
type ofenclosure . ... ... ... P43
cable gland .. ... ... . Pg 11
float switch, typeofcontact ... ...l NO-contact
oil pressure switch, typeofcontact  .......... ... ... ... ... .. ..., NO-contact
switching pressure . ....................c.c....o.... 2272 bar
Control unit IG38 for time-dependent control . ................... interval setting range 1, 2, 4, 8,...2048 min.
Control unit IGZ51/S6 for time- and load-dependent control (switchable) .. interval setting range 1, 2, 3,...999 x 10° min/pulses

Qil+air lubrication units are available with 3, 4, 5, 6, 7 and 8 outlets.

Ordercode OLA.-0.

i l__ number of outlets desired

1 1 for compact unit (122345 309) with control unit IG 38 (time-dependent)
5 for compact unit (122 445 322) with control unit 1GZ 51/S6 (time- and load-dependent}

Order example: Oil+air unit with control unit |G 38 and 4 outlets:

Ref.No. OLA1-04
plus additional statement of voltage required

If there will be more than 8 outlets required, a second oil-air metering unit with separate air feed is to be provided.
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Pressure regulating valve for air —

)

max. primary pres
max. temperature a(

1) connection por: ‘- Cr2ssure gauge

03—

-  —~Gi/8"

Pressure gauge for compressed air

Ref. No. 169101606

indicating range O to 16 bar

QOil+air metering unit

The oil+air metering unit is an assembly of sections.

The metering unit consists of an oil inlet section, an air inlet
section and up to 6 intermediate sections.

For more than 8 lubrication points, a second metering unit -
with separate air supply - is to be provided.

Every sections is fitted with piston distributors as well as with
feeding boreholes for oil and air.

Every outlet must be connected with one lubrication point.
Metered quantities can be chosen from 0.01; 0.03; 0.06 and
0.1cm? per outlet. Please quote desired metered quantities
when ordering.

2
| BOGE

Technical data

“D’ min. air pressure .. .................... 3*0Spar
min. oil pressure
for metered quantity0.01cm® ........... 17 bar

for metered quantities 0.03; 0.06;0.1cm® .. 13bar
Mounting position:
oil + air outlet ports either at top or bottom.

—w+——=—for tube 4 mm dia. ?)

(0] <
o~
| 'y |
— 1
— T oD [ 651 . !
| — STty
{ | M8 x
e—20—==—20———20—
bleeding screw 5
|5 / ] o for o1l main ine
! [ \ outlets
[M10x] for tube 6 mm aia ! | MI0xI for oil+air mix

———— -

| I

£ I R I

"

B

I =37 X

) Ports tapped for
solderless tube
connection

Number of  Metered quantit Dimensions

Ref. No. outlets per outlet in cm / n

MV 202 2 60 30
MV 203 3 80 50
MV 204 4 optionally 100 70
MV 205 5 0.01; 0.03: 120 90
MV 206 6 0.06; 0.1 140 110
MV 207 7 160 130
MV 208 8 180 150

Please quote metered quantities desired when ordering.
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Pressure switch for air

| | ‘
R
_________ ~ v
F-———=0 A2 _@_:‘._ T
AR Pg9 il T
— G4~ 20— —5
30 39 -—30—

— __[l_
Ref. No. 176 271 000 Zircuit diagram VJ/OY-

Technical data

switching pressure (adjustable) . from 1 to 10 bar

reset differential (fixed) .. ..... ... . e 10%
switchingrate . .............. . 200/min
max.voltage . ............... o ..... 280V

breaking capacity
with resistive load 6A at 24V d.c.and 0.5A at 220V a.c.
with inductive load 6 Aat24Va.c.and 3Aat220Va.c.
typeofenclosure ........ ... ... ... ... ... IP65

Electronic
control units

Ref. No. 1G 38

for time-dependent
control

interval settingrange .......... ... 1,2,4,8....2048 min.
voltage') ................. 220V. 50/60 Hz and 110V, 50/60 Hz

Ref. No. IGZ 51/S6

for time- and load-
dependent control
(switchable)

1.2.3....999 x 10° min/pulses
voltage') . ................ 220V. 50/60 Hz and 110V, 50/60 Hz

interval settingrange ..........

') Please quote when ordering

Helical coil tube

To connect the unit with the friction point, it is advisabie to use
aflexible plastic tube 4 x 0.85. The iast piece should be formed
as helical coil.

—500———

-

I

5 coils
stretched length 236CO mm

Ro4x0,85 =~

Ref. No. 828 090 004

Selection of nozzles

The nozzle forms depend to alarge extent on the field of appli-
cation.

For simple tasks, e.g. spray lubrication of chains, tooth flanks
of gears, slideways and for the wetting of work surfaces. nozzle

P-89.29 is well suited. - 24
T
|
Ref. No. P-89.29 i E
4

-2

The following nozzles are suited for the lubrication of anti-
friction bearings with radial feeding:

for tube 4 mm dia. for tube 4 mm dia.

- - —-—

— %ﬁ i
1)

spray direction marked by point

Ref. No. 169 000101 Ref. No. 169 000102

L = length desired SW = width across flats
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Example: spindle bearing

Two-nozzle arrangement, as shown as in section A-B —

radial oil+air feed
section A-B

spindle speed:  1000-3000 min™'

speed parameter: n x dm = 345000 mm x min~’

One nozzle sprays
into the left bearing,
the other one

into the right one.

DAVE SHIRLEY
SALES ENGINEER
VOGEL LUBRICATION SYSTEMS
205-853-7086 BIRMINGHAM
804-380-8585 HOME OFFICE

8 WN00189

Subject to alterations!
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HIGH PERFORMANCE

FIBER OPTIC

DISPLACEMENT
SENSORS

SERIES 88

FOR HIGH RESOLUTION/CLOSE RANGE APPLICATIONS

S88RC 88F 88N

« RC (Reflectance Compensated) models for non-contact- displacement
measurements on moving targets provide an output signal unaffected by
target surface reflectance variations.

« F models are the patented FIBERTOUCH® sensor; the only contact
displacement sensor with high frequency capability.

« N models for non-contact displacement measurements of vibrating
targets provide an output signal that is proportional to proximity and
reflectance of the target surface.

PHILTEC’

N

LU

4

P.O. BOX 359 « ARNOLD, MD 21012 « (301) 757-4404
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SERIES 88 SENSORS

SERIES 88 high performance fiber optic displacement sensors utilize bundled glass fibers to transmit to and
receive light from target objects. In general, the intensity of received light reflected off a target surface varies
proportionately with target motion and surface conditions. RC and FIBERTOUCH®models have been
developed to eliminate the effects of variable surface and environmental conditions.

SERIES 88 sensors provide analog output signals and are packaged in small industrially rugged enclosures
to facilitate their use in the manufacturing and processing environments. They are comprised of:

» a sensor tip (integral or detachable)
» a fiber optic cable
» an optoelectronic amplifier

The user supplies DC power (+8V to +25V) and a suitable readout device. Amplifier size for most models
is 2.75" x 2.64" x 4.75". Output signals are nominally 0 to +5 VDC. Standard fiber optic cables are PVC/
monocoil — flame retardent spring steel covered with PVC, crush/kink resistant. Temperature range is -50°F
(45°C) to 225°F (105°C). An optional flexible stainless steel interlocking hose offers maximum tensile
strength and broadest range of operating temperatures -50°F (-45°C) to 525°F (275°C). Special high
temperature non-contact sensor tips are available for continuous operation up to 800°F. Non-standard sensor
tip and cable configurations are available on custom orders. A digital panel meter can also be provided for
direct readout in volts or engineering units.

RC MODELS

Gross inaccuracies result from variations of target reflectance when uncompensated fiber optic displacement
sensors are used to measure the motion of rotating or moving parts, because their output is sensitive to
reflectance as well as to target motion. The model RC sensors are Reflectance Compensated fiber optic
displacement transducers providing an output signal independent of target surface reflectance.

Four models are available: 88RC, 88RCE, 88RCD and 88RCX. The RC models offer high sensitivity. RCE
models offer extended range. RCD models feature in-phase reflectance compensation and high sensitivity.
RCX models feature the greatest operating range and standoff capability.

These sensors are suitable for measurement applications involving stationary or moving targets. They have
a superior range of reflectance correction, 25 to 1, which permits successful operation over a wide vanety of
target materials such as ceramics, composites, metals, papers, paints, and plastics.

SPECULAR AND DIFFUSE REFLECTORS

Model RC sensors perform superbly with specular reflecting materials (i.e., finely ground, mirrored, polished,
shiny or glossy surfaces) where light is reflected at the same angle at which it illuminates a target. With diffuse
reflectors (i.e., dull or flat finishes or rough surfaces), special calibration may be required due to the random
scattering of reflected light from such targets.




OPERATING PRINCIPLE

Model RC sensors are built with two parallel fiber bundles in the face of the sensor:

1
>> >> >> ; >> >> >>target moves left to right

t
o)

The two sections lie one behind the other along the direction of motion when the sensoris oriented as indicated
here. This is the recommended orientation for best results, because all portions of a target surface that pass
under the first sensing section shall also pass under the second section.

With the RC, RCE and RCX sensors, a reflectance compensated signal is created by deriving the ratio output
of the two sections. Since the two sensor sections are side-by-side, this form of reflectance compensation is
called "out-of-phase compensation”.

Out-of-phase reflectance compensation is accurate so long as the target area underneath the two sensor
sections can be assumed to be of uniform reflectance (along the direction of motion). This assumption holds
true in a great many applications, both static and dynamic.

DISCONTINUITIES

Model RC sensors are most accurate where reflectance variations are negligible inside the sensing area along
the direction of target motion.

An abrupt reflectance change passing under the face of the sensor will cause an errorin the ratio output when
one sensor section "sees" light and the other "sees" dark. Abrupt reflectance changes are associated with edges
of parts as well as with printed characters on labels for example. Unwanted voltage spikes arise in dynamic
applications due to these effects.

With the model RCD sensor, a variable control is provided for delaying the acquisition of the signal from the
leading fiber section. The purpose of the delay is to electronically position the two sensor sections into precise

phase alignment. Optimized delay minimizes or eliminates those voltage spiking errors due to reflectance
discontinuities.

SENSOR TIP PACKAGING OPTTONS

STANDARD

The standard 88RCseriestipconfigurationhasa 1/8" x 1/16" active
fiber bundle packaged in a 1/4" SQ x 1" L brass housing.

OPTIONAL

The 88RC series can optionally be provided in 3/16" DIA x 3" L
brass tubing as well as in a 5/16" - 24 x 1" L threaded package.
Tubing lengths from 1/2" up to 12" can be specified.




S88RC and 8SRCE SENSORS

FEATURES

e Non-contact sensing

« Reflectance Compensation
e Resolutions to 1 microinch
« Bandwidths to 200 KHZ
L]
L]

SUP COm Oul

Linear Ranges to 70 mils
Intrinsically Safe

APPLICATIONS TYPICAL RESPONSES
5
» PRECISION SPINDLE RUNOUT .
» BEARING/ROTOR DYNAMICS
» PART PROFILING % BRC,
» THICKNESS s, //
» VIBRATION STUDIES ) // 88RCE
» NON-CONDUCTIVE PARTS 1t
MEASUREMENTS
0 0 20 ) 40 ,60 80 100
SPECIFICATIONS FARpacemess s
MODEL # L8SRC  88RC  HSS8RC [LSSRCE 88RCE HB8SRCE

Ughiwoures 5 - LED, $0am - © 7 - FrequeoyRange DCOMHZ "~ 100~ 20K 200K 7 100 - 20K 200K

Input Voltage +8to +25VDC Linear Range, mils p) Pl b2l 70 7 70
“loput Current S "~ 100mamax » "; NommalShndotf.mk _ 20 ey e AST 45 45

Output Voltage 0to +SVDC Sensitivity, ulN/MV 12 12 12 bZ) 2% 2%

Output Current =~ = - Fullload, Smamax _ Resolution, p-pulN/ [HZ 0.5 0.5 0.5° 1 1 1

S == ~~  Resolution, rms ulN 1 13 40 2 2% &
O — -~ =i 3 5
S 140°F(Am3uper) ) Fiber Bundle Size 1/8" x 1/16" Standard

Amplifier Stability = < 0.1% Full Sale :

CONFIGURATIONS

Series 88RC sensor tips are sheathed in a 1/4" square x 1" long brass housing with a 6 FT.
integral fiber optic cable to the amplifier. Replaceable tip models are also available as shown
below.

1/4" SQ x 1" TIP

—]

6 FT

INTEGRAL TIP
5/8" DIA
THREADED

MODELS d
CONNECTOR

6 FT TYPE RC or RCE
REPLACEABLE N

TIP MODELS —

DETACHABLE TIP
1/4" sQ x 1"




8SRCX SENSORS

FEATURES

« Non-contact sensing

Reflectance Compensation
Analog and Logic Outputs
Resolution to 0.4 mils

500 mil Operating Range

100 mil Linear Range

Intrinsically Safe

The model 88RCX sensor has the greatest operating range (0 - 1/2") in the RC series. It can
be used as a precision analog displacement transducer with a linear range of + 50 mils at a
standoff of 150 mils. It also features a 5 Volt digital TTL compatible logic bit that can be set
to change logic state at any point within the operating range of the device. The output state
is at 5 volts close to a target and at 0 volts far away. The transition from one output state to
another can be completed within 0.001" of target travel.

APPLICATIONS Model 88RCX TYPICAL RESPONSE
5
» ROBOTICS
» SHEET STOCK GAGING 4
» PART PROFILING |
» THICKNESS GAGING ]
» VIBRATION STUDIES S 2}
» NON-CONDUCTIVE PARTS
1k
MEASUREMENTS
0 L N N .
0 100 200 300 400 500
Displacement, mils
SPECIFICATIONS
MODEL # L88RCX 88RCX HBSRCX
Lightsource " Visible Laser Diode Frequency Range, DC{ )HZ 1w 2K 200K
Input Voltage o ‘ :8(0 ;5VDC Linear Range, mils ‘ lAmr 1@ ‘ 100 o
Input Current 10 mamax _ Nominal Standoff, mils 19 150 10
Output Voltage 0to +5VDC Sensitivity, uIN/MV % 0 50
Analog Output Current Full load, 5 ma max Resolution, p-pulN/ [HZ 200 200 00
- . : : = Resolution, rms inch 0004 .oo.s 016
Max Operating Temp 500° F (Tip)
140° F (Amplifier) Fiber Bundle Size 3/32° x3/16"
Amplifier Stability : < 0.1% Full Scale
Digital Output, TTL Compatible 0/5 Volts Optical Power Output <2 milliwatts
CONFIGURATIONS

88RCX sensor tips are sheathed in a 1/4" square x 1" L housing with a 6 FT. integral fiber

optic cable to the amplifier.

5



Volis, DC

88RCD SENSORS

FEATURES

* In-Phase reflectance compensation
* Fast recovery time

* Non-contact sensing

* Small size

» Zero offset adjustment

* Intrinsically safe

The Model 88RCD sensor is a fiber optic displacement sensor with in-phase reflectance compensa-
tion. It minimizes voltage spiking errors due to abruptchanges in target color or reflectance that arise
from fast moving discontinuous targets such as electric motor commutator bars. The width of the
sensor is .025". A variable delay control is provided for phase adjustment. With optimized delay,
the effective width of the sensor is cut in half.

88RCD TYPICAL RESPONSE 88RCD TYPICAL RESPONSE
5 > g 5

| / |

| - |
4L ! ) |r \

i 3
3t |9 \
V4 | Q 2t
4 2]
- \SENSITIVITY =-1.0 uNIMV

2: / I h

! w'SENSITIVITY =5.0 NIMV | ;

/ }
o i 0 IL 3

1r / | | \

, 1 |

i : 1+
0L : : i

0 10 20 30 40 50 2L . .

Displacement, mils 4 6 8 10 12 14

NORMAL OUTPUT INVERTED OuTpur  Displacement, mils

The normal zero-five volt output response is shown on the left. The sensor is equipped with an inverted output hav-
ing a voltage offset capability. A typical inverted output response is shown on the right.

SPECIFICATIONS
Light Source: LED, 8380nm Frequency Response: 200 KHZ (with minimum deiay)
Input Voltage +8t0 +25 VDC Nominal Sensitivity: -1.0 uIN/MV (inverted Outpur)
+5.0 uIN/MV (Normal Outpur)
Input Current 100ma max Nominal Standoff: 10 MILS
Output Voltage 0to+5 VDC Operating Range: 5 MILS
Analog Output Current: Full Load, 5Sma max Noise Ripple, PK-PK: DC-200 KHZ, 30 MV
Max Operating Temp: 500° F (Tip) DC - 20 KHZ, 10 MV
140° F (Amplifier) DC-100 HZ, .1 MV
Amplifier Stability < 0.1% Full Scale Fiber Bundle Dimensions: 025" x .125"
CONFIGURATIONS

88RCD sensor tips are sheathed in a 1/4" square x 1" long brass housing with a 36" integral fiber
optic cable to the amplifier.

b




N MODELS

The Series 88N are low cost high performance sensors that can be used in a wide variety of
applications from the production floor to laboratory environments, where small amplitude
displacement measurements of vibrating targets are required.

The sensor tip contains a mixed bundle of transmit and receive fibers. The amplitude of
received light reflected from a target surface varies proportionately with the target’s motion.
The amplitude of received light also varies proportionately with the reflectance of the target
surface. A gain adjustment is provided for calibration to various target surfaces.

Superior noise characteristics permit resolution to submicroinch levels. They are also
versatile, having three regions of operation: a near side, a far side and a peak.

88N and SSNE SENSORS

FEATURES

» Non-contact Sensing
Sub-microinch Resolution

Bandwidths to 200 KHZ

Operating Range to 1"

Linear Ranges to 3/16"

Intrinsically Safe

The output responses of three standard sensors are shown here. The 1/8" diameter 88N
provides the greatest slope sensitivity. The 3/16" diameter 88NE provides the greatest
operating range. The slope and linear range of the far side of N or NE Sensors is
proportional to the diameter of the fiber bundle.

The slope and linear range of the near side is a function of individual fiber diameter and
distribution within the bundle. Correspondence with the factory is invited for custom or
non-standard applications.

APPLICATIONS ) TYPICAL RESPONSES

» ULTRASONIC WELDING

» COMPUTER DISK MAGNETIC
HEAD TRACKING

» STRUCTURAL DEFORMATION
» BEARING VIBRATIONS
» VALVE STEM MOTIONS 1} 8N U 88NE 1"

» ACOUSTIC SPEAKER

VIBRATIONS % 00 20 %0 = 300
GAP, MILS

VOLTS, DC

88NE 3/16"




OPERATING RANGE

GREATEST OPERATING RANGE
Model 88NE 3/16" DIA

The usable operating range extends S ;
well beyond the lincar range on the \ ;

far side. “p
\, FARSIDE

\

Operation in the near and far side
regions gives outputs sensitive to
target motion as well as target
reflectance.

| NEARSIDE ~ \
\

VOLTS, DC

"~

Operation on the peak yields a signal
insensitive to motion and responsive "

0 200 400 600 800 1000
only to surfac; reflectance and GAP, MILS
texture variations.
SPECIFICATIONS
| MODEL # L8SN 88N  HSSN L8SNE 88NE HSSNE L8SNE SS8NE  HSSNE
Light Source . LED, 880nm ; Tip Diameter, inch 125 q25 128 125 A25 425 187 1875 .187S
Input Voltage +810 +25VDC . Fiber Bundle Diameter, inch 0625 0625 0625 0625  .0625 20625 .145 145 145
Input Current 100ma max l Frequency Range, DC-( )JHZ 100 20K 200K 100 2K 200K 100 20K 200K
Output Voltage 0to +5VDC . Operatuing Range, mils 150 150 150 400 400 400 1000 1000 1000
Output Curreat Full Load, Sma max Linear Range, mils, Near Side 1.5 1.5 1.5 3 3 3 3 3 3
Amplifier Stabulity < 0.1% Full Sak Far Side 30 30 30 70 o 70 180 180 180
Max Operating Temp 525 F (Tip) | Sensumiry, uIN/MV, Near Side 0.7 0.7 0.7 1.5 1.5 1.5 LS 1.5 1.5
140 F (Amplifier) l Far Side 20 20 20 45 45 45 100 100 100
Resolution p-p nanoinch/ {HZ, Near Side s 5 s 1s 15 15 s s 3
p-p nanonch/ [HZ, Far Side 150 150 150 450 450 450 1000 1000 1000
rms ulN Near Side 04 0.5 1.5 0.1 1.0 30 0l 10 30
rms uIN Far Side 1 10 30 2 2 ) 3 45 150

CONFIGURATIONS

Series 88N sensor tips are sheathed in stainless steel tubing 3" long with a 6 FT integral fiber
optic cable to the amplifier. Replaceable tips are also available for all models as shown
below.

INTEGRAL TIP 6 FT. 3" x 1/8"01A. STD
MODELS st

THREADED CONNECTOR

\ TYPE N or NE SENSOR TIP
3"x 1/8" DIA. STD
1 | ]

REPLACEABLE 6 FT.

TIP MODELS

1"Lx 13/16" W x 1/2° DP

5 O




F MODELS

FIBERTOUCH® is a sealed fiber optic sensor for the measurement of displacement of vibrating objects in harsh
environments.

Non-contact displacement sensors provide high frequency capability but they are subject to fouling problems.
Contact displacement transducers are non-fouling but have poor frequency response. The Fibertouch sensor
allows non-fouling high frequency contact displacement measurements to be achieved.

88F SENSORS
FIBERTOUCH®

|
i

FEATURES

¢ Contact Sensing

e DC - 10 KHz Bandwidth
e Sub-Microinch Resolution
Intrinsically Safe
Non-Fouling

|
i
1

U.S. Patent No. 4,814,603
Foreign Patents Pending

A typical Fibertouch output response TYMICAL RESPONSE

is shown. The output is set at the S

factory to be approximately 4 1/2 volts

when the sensor is not in contact L \
with a target. After initial contact

is made, a displacement of about 6
mils brings the sensor into its

linear operating range. Sensinity = —0.5 uINATV 'y

APPLICATIONS

» BEARING VIBRATIONS
» STRUCTURAL DEFLECTIONS ¢
» VIBRATION STUDIES

OPERATING PRINCIPLE

The basic elements of the sensor are shown in cross-section.

A crowned ruby tip bonded to a reflective cantilever beam

set above a bundle of glass fibers precisely follows

target motion over the bandwidth DC - 10 KHz. A diaphragm

seal protects the optical path from fouling problems. f

The fiber bundle contains transmit and receive fibers to |

reflect and capture light from the underside of the beam. ' ‘ *\
f

The DC output of the sensor varies as the beam angle changes
with target motion.

2




SPECIFICATIONS

MODEL # L88F 88F
Input Voltage +810 +25VDC “* Contact Force (At2VDC),02. ) P
Input Current 100ma max " Linear Range, mils T LS 1.5
Output Voltage 0w +5VDC Frequency Response, HZ : 100 10K
Ouput Current Full Load, Sma max Semsitmty, uN/MV 0.5 oS
Amplifier Stability < 0.1% Full Scale : = =
Max Operating Temp 300 F (Tip) Resolution, p-p nanoinch/ | HZ o s s

250 F (Cable) Resolution, rms nanoinch 30 300
140 F (Amplifier)
CONFIGURATIONS

Fibertouch is supplied in a 2" long threaded

stainless steel housing as shown here. Other
lengths can be made upon request. The sensor

diameter can not be changed.

/18 WRENCH FLAT =
8 x 24 UNF

Fibertouch is available with or without a replaceable sensor tip as shown below. The replaceable tip is corﬁprised
of the standard Fibertouch sensor itself, a flexible length of fiber optic cable, and a quick disconnect coupling.

PHILTEC, INC.
P.O. Box 359
Arnold, MD 21012

I INTEGRAL i¥

TIP MODELS

FIBERTOUCH
SENSOR
THREADED
CONNECTOR

i 6 FT. / \
gkg*;mga“.‘: Sk =
/ /
FT.MAX

1" Lx13/16° Wx 1/2° DP XFT.

10

BULK

PERMIT
#216
ARNOLD,
MD
21012




@:\EHILTECo - APPLICATION NOTES - 1/

N MODEL SENSORS

We have recently added two new sizes to our sensor series 88N. The
tables below give the pertinent size and operational specifications
for these five standard products.

TIP SIZES AVAILABLE

MODEL UNITS 88N 88N | 88NE | 88NE | B8NE
OUTER DIAMETER INCH 1/32 1/8 1/8 | 5/32 | 3/18
FIBER DIAMETER INCH 020 [.0625 | .101 | .125 | .168
TIP LENGTH INCH 1.5 3 3 3 3
OPTICAL PEAX MILS & 12 25 25 25
FAR SIDE
SPECIFICATIONS
LINEAR RANGE MILS 12-18| 20-45|50-125|60-160|95-245
NOM. STANDOFF MILS 15 35 90 110 170
SENSITIVITY uIN/MV § 6 20 50 65 100
RESOLUTION
DC - 100 HZ uIN 1.5 3 7.5 - 10
DC - 20 KHZ ulN 15 30 75 80 150
DC - 200 KHZ ulN 60 120 300 325 600
NEAR SIDE
SPECIFICATIONS
LINEAR RANGE MILS 1-2 | 1-2.5| 2-4 2-4 2-4
NOM. STANDOFF MILS 1.5 1.5 3 3 3
SENSITIVITY uwIN/MV .83 .74 1.1 1.1 1.1
RESOLUTION
DC - 100 HZ ulN .15 10 .15 [ .10 10
DC - 20 KHZ uIN 2 1 2 2 2
DC - 200 KHZ ulN 7 = 7 e 7

PHILTEC, INC. p.0.BOX 359 ARNOLD, MD 21012 - (410) 757-4404 - FAX 757-8138




Technical/Ordering Information _ Transducer System

7200 Proximity Transducer Systems

5 mm and 8 mm

Accurate, reliable measurements

The 7200 S mm and 8 mm Proximity
Transducer Systems are noncontacting,
gap-to-voltage transducer systems that
measure static as well as dynamic dis-
tances between the probe tip and the
observed target. The general application
is any requirement for an accurate, non-
contacting displacement measurement.
However, the most common use is for
shaft position and vibration measure-
ments on rotating and reciprocating
machinery. They are designed for use
with virtually any machine type includ-
ing gas and steam turbines, compressors,
pumps, centrifuges, electric motors and
generators. The systems offer 80 mils
(2 mm) of linear measuring range and
are compatible with API 670
requirements.

A system consists of a probe with inte-
gral coaxial cable, an extension cable,
and Proximitor® All 7200 proximity
transducer systems are compatible with
3300 and 9000 Monitoring Systems.

Applications

The 7200 5 and 8 mm Systems have
a frequency response of 0 Hz (DC) to
10 kHz and can be used to make the
following types of measurements:

® Radial vibration for indicating
bearing condition and such machine
malfunctions as rotor imbalance and
misalignment.

¢ Axial thrust position for
determining thrust bearing wear or
potential bearing failure.

e Shaft average radial position, for
determining attitude angle, an indicator
of rotor stability.

* Vibration amplitude and phase
angle for plotting diagnostic information
in Polar and Bod€ formats.

¢ Eccentricity to measure the
amount of rotor bow.

How a proximity transducer
system works

Operating on the eddy current
principle, the proximity probe senses the
distance between the probe tip and the
observed surface. The Proximitor
generates a radio frequency signal,
which is radiated through the probe tip

BENTLY N\

o e

7200 Proximity Transducer System

into the observed surface. Eddy currents
are generated in the surface, and the
loss of strength in the return signal is
detected by the Proximitor, which
conditions the signal for linear display
on a monitor.

Improved proximity probes

An improved 8 mm version of the
7200 System is now standard which
includes Bently Nevada’s Cable Loc™
feature. This new technique of securing
the coaxial cable to the probe tip
provides the strongest junction yet
offered by Bently Nevada and increases
the durability of the probe during
installation and usage

Two new cable length options are now
available on 8 mm probes. They are 5
metres and 9 metres of integral cable.
Since the entire lead-length is built into
the probe, an extension cable is not used
with these length options.

Nine probe configurations are
available to accommodate English and
metric thread requirements (See Table
1). The 5 mm probes are constructed of
fiberglass. The 8 mm probes are
constructed of polyphenylene sulfide,
(PPS), a high performance plastic
capable of withstanding unusually harsh,
wet and/or chemical environments.

Both transducers are suitable for use
in a confined space and offer 80 mils
(2 mm) of linear range with a scale
factor of 200 mV/mil (8 V/mm)

P.O.BOX 157

MINDEN, NEVADA USA 89423 -«

Extension cables

The combination of probe with
integral lead and extension cable is
designed to achieve a system length of
either five or nine metres from probe tip
to Proximitor. Probes are available with
integral leads of various lengths to
match the average extension cable
lengths. Probes and cables of the same
length, and Proximitors with the same
part number, are completely
interchangeable.

For added protection, stainless steel
armor is available. It provides improved
resistance to physical abuse.

Proximitors

The 5 mm and 8 mm systems use the
same type of Proximitor. Both 5 and 9
metre Proximitors are available. A three-
conductor, shielded cable provides the
signal output and power source input
between 7200 Proximitors and Bently
Nevada monitors. Proximitors can be
located up to 1,000 feet from standard
Bently Nevada monitors without
degradation of performance.

Hazardous locations

Most Bently Nevada 7200
Transducers are certified by CSA,
BASEEFA and FM for use in specific
hazardous locations. Refer to Data
Sheet L1035 “Bently Nevada Systems for
Hazardous Locations” for more details.

(702) 782-3611

NEVADA J

TELEX: 7400983 BNCUC «

FAX: (702) 782-9253




Transducer System

Technical/Ordering Information

7200 Proximity Transducer Systems

S mm and 8 mm

5 mm and 8 mm Proximity Probe Configurations

Standard Mount A\ 95 ohm
, Coaxial Cable
Armor (optional) 0.145(3.7) 0.28 (7.1)

Maximum Diameter ~ Diameter

. . Case Thread Jam Nut,._Wrench Flats
8 mm Diameter Tip /
5 mm Diameter Tip L ] — J

- —
.200 =9 fpw— . I
(5.1) - Unthreaded Length 0.30(7.6) 0.33 (8.4) Miniature Male
. Coaxial
- :l Case Length Connector

Total Cable Length

Reverse Mount

Coaxial Cable 0652,?“:7‘:,)
8 mm Diameter Tip 7/16 Hex Case Thread 0.145 (3.7) Miniature Male |
+ / Maximum Diameter Coaxial Connector
=== 3/8-24 UNF-2A
| PB4 1 Yo —1
.200 —
(5.1) < -200
(5.1)
- Case Length
o T 1.2 (30.5)
= Total Cable Length ~|
NOTE: Dimension in parentheses are in millimetres.
* SEE ORDERING INFORMATION
FIGURE 1
A Maximum diameter for 21500 and 21501 probes is 0.111 in. (3.4 mm).
Scale Factor: 200 mV/mil (7.87 V/mm), ;
Spec1ficat|0ns +4% (measured in increments of ENVIRONMENTAL LIMITS
10 mils over the calibrated range) if
Specificatio determi i i in * .
p ns were determined with a calibrated as a system. Within +9.5% Operating Temperature:

-24 Vdc power supply, 10 kQ load, and
an AISI 4140 steel target at + 72°F
(+22°C).

INPUT

Power: -17.5 Vdc to -26 Vdc at 12 mA
maximum consumption.

OUTPUT

Calibrated Range: 80 mils (2.0 mm).
Begins at approximately 10 mils
(0.25 mm) from probe face.

including interchangeability errors.

Linearity: Within 0.8 mils (0.02 mm) of a
200 mV/mil straight line if calibrated as
a system. Within 2.3 mils (0.06 mm) of
a 200 mV/mil straight line including
interchangeability errors.

Frequency Response: 0 to 10 kHz
(0 to 600,000 cpm); -5% at 10 kHz
(600,000 cpm).

Temperature Sensitivity: Typically -3%
change in scale factor at + 150°F
(+65°C) at 50 mils gap (1.27 mm).

Proximitor: —60°F to + 212°F (-51°C
to +100°C).

Probe and Extension Cable: -30°F to
+350°F (-34°Cto +177°C).

Relative Humidity: To 95%,
noncondensing.

Corrosion Resistance (for 8 mm probes
only): Probe operation is not affected
by direct contact to the following: air,
water, lube oil, ammonium hydroxide,
sulfuric acid (10%), MEK (methyl-
ethylkeytone) or DMF (Dimethylfor-
mamide).

System Weight: 1.3 1bs.(0.59 kg).

_1-2 e e S L O x5 3 V- E R,
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Technical/Ordering Information

Transducer System

7200 Proximity Transducer Systems
S mm and 8 mm

TABLE 1
Probe Part Number Option Descriptions
TIP CONSTRUCTION CASE
ety DIAMETER | CORFIGURATION' | LEAD ARMOR
*21500- 5 mm Standard 1/4-28 No
*21501- 5 mm Standard 1/4-28 Yes (stainiess steel)
21504- 8 mm Standard 3/8-24 No
21505- 8 mm Standard 3/8-24 Yes (stainless steel)
21508-02-12 8 mm Reverse 3/8-24 No
22810- 8 mm Standard MI10 x 1 Yes (stainless steel)
22811- 8 mm Standard M10 x 1 No
*22812- S mm Standard M8 x 1 Yes (stainless steel)
*22813- 5 mm Standard M8 x 1 No
* Maximum case length for all M8 X 1 probes is 100 mm; and for 1/4-28 probes is 4 inches. Also, maximum overail
length for 5 mm probes is I metre.
Example: = 0.4 inches
PHYSICAL Metric thread configuration:

For Probes: See Figure 1 and Table 1.
Proximitor:
Size:
Height: 2.00 inches (50.8 mm)
maximum.
Length: 3.12 inches (79.2 mm).
Width: 2.38 inches (60.5 mm).
Weight: 7.9 ounces (.22 kg).

Ordering Information
5 mm and 8 mm Standard Mount
Probe
A B C D
Option Description
(ITTT] Probe Part Number Option
Select from Table 1.

A [1TJ Unthreaded Length Option (1)
Order in increments of 0.4
inches for English thread,

10 mm for metric threads.

English thread configurations:
Maximum unthreaded length:

8.8 inches
Minimum unthreaded length:
0.0 inches

Maximum unthreaded length:
230 mm
Minimum unthreaded length:
0.0 mm

Example: = 60 mm

B (17 Overall Case Length Option*
Order in increments of 0.4
inches for English thread,
10 mm for metric threads.
English thread configurations:
Maximum case length:

9.6 inches
Minimum case length:

0.8 inches
Example: = 2.4 inches

Metric thread configuration:
Maximum length:

250 mm

Minimum length:

20 mm

Example: = 40 mm

C (11 Total Length Option*
05 0.5 metre (20 inches).
Tolerance: + .13 metre, —.05 metre
(+ S inches, -2 inches).
10 1.0 metre (39 inches).
Tolerance: + .25 metre, -.10 metre
(+ 10 inches, —4 inches).

50 5 metre (195 inches).
Tolerance: + .6 metre, —.5 metre
( +24 inches, =20 inches).

90 9 metre (351 inches).
Tolerance: + 1.0 metre, —.9 metre
(+39inches, -35 inches)

D (IJ Connector Option
00 Without connector.

02 With miniature male coaxial
connector.

8 mm Reverse Mount Probe

A B C D
21508-02-12- -3

Option Description

C [T Total Cable Length Option

05 0.5 metre (20 inches).
Tolerance: + .13 metre, —.05 metre
(+5 inches, -2 inches).

10 1.0 metre (39 inches).
Tolerance: + .25 metre, —.10 metre
(+10 inches, —4 inches).

50 5 metre (195 inches).
Tolerance: + .6 metre, —.5 metre
(+24 inches, -20 inches).

90 9 metre (351 inches).
Tolerance: + 1.0 metre, —.9 metre
(+39 inches, -35 inches)

D [T Connector Option
00 Without connector.

02 With miniature male coaxial
connector.

Extension Cable

A B
21747 - O 1J - (1O

Option Description

A I3 Cable Length Option Q)
040 4.00 metres (157 inches).@)
045 4.50 metres (177 inches).®)
080 8.00 metres (315 inches).
085 8.50 metres (335 inches).

B (] Armor Option
00 Without armor.
01 With armor.

1'3 e A e S e e A S O S DS om



Technical/Ordering Information Transducer System

7200 Proximity Transducer Systems

S mm and 8§ mm

Proximitor
18745-[1]

03 For combined probe and extension
cable system length of 5 metres
(16.4 feet).

04 For combined probe and extension
cable system length of 9 metres
(29.6 feet).

@ Unthreaded length must be at least 0.8
inches (20 mm) less than case length.
electrical length, = 10%.

@ Foruse with the 18745-03 five-metre

WORLDWIDE SALES AND SERVICE

United States of America: Phoenix, Arizona [J Los Angeles, California [J San Diego, California [J San Francisco, California
Denver, Colorado OJ St. Petersburg, Florida(J Atlanta, Georgia O Chicago, lllinois OJ Fort Mitchell, Kentucky [ Baton Rouge, Louisiana
Boston, Massachusetts [J Chester, New Jersey [J Buffalo, New York [J Charlotte, North Carolina O Tulsa, Oklahoma OJ Portland, Oregon
Philadelphia, Pennsylvania O Pittsburgh, Pennsylvania (J Dallas, Texas [J Houston, Texas

International: Argentina O Australia O Brazil 0 Canada O Chile O Columbia O Egypt [J France O Germany O Greece
India O Indonesia O ttaly O Japan O Korea O Kuwait (] Malaysia (0 Mexico (0 The Netherlands (0 New Zealand O Nigeria (0 Norway
Pakistan (J People's Republic of China O Peru O Portugal 0 Qatar (J Saudi Arabia O Singapore [J South Africa O Spain O Sweden
0O Taiwan O Turkey O United Arab Emirates O United Kingdom [J Venezuela

Corporate Office: P.O. Box 157 ¢ Minden, Nevada, U.S.A. ¢ Telephone: (702) 782-3611 » Fax: (702) 782-9253 » Telemail: 7400983 BNC UC
© 1990 Bently Nevada Corporation

L5001 (04/90)




Technical/Ordering Information

MicroPROX® Proximity Transducer System

Used for REBAM?: Rolling
Element Bearing Activity Monitor

Machines with rolling element
bearings have traditionally been
equipped with case-mounted velocity
Seismoprobes® or accelerometers to
measure vibration or perform diagnos-
tics. With the advent of REBAM, a third
type of vibration measurement is now
available.

REBAM allows vou to observe a roll-
ing element bearing at its source, rather
than on the outside machine case where
true bearing activity can be concealed.
This proven method of measurement
gives advanced warning of impending
bearing failure more quickly and allows
diagnostic work to be performed more
easily. Since the REBAM system is mea-
suring direct outer ring deflection, false
vibrations and harmonics from sur-
rounding sources do not disrupt the
measurement.

The REBAM System uses a high-
gain, low-noise eddy current proximity
transducer that is installed in the bear-
ing housing observing the bearing outer
ring, which contains the outer race. The
REBAM transducer measures the very
small deflection of the outer ring as the
rolling elements pass the area observed
by the transducer. These deflections are
measured in terms of displacement and
are typically in the range of 4 to 300
microinches (0.1 to 8 micrometres).
They contain direct information on the
bearing condition and loading being
applied to the bearing.

Application

The REBAM System provides a direct
and very sensitive method to determine
the condition of rolling element
bearings. It offers a very high signal-to-
noise ratio, as compared with casing
mounted accelerometer or velocity
measurements. REBAM also provides
rotor vibration information which can be
used to analyze rotor related
malfunctions such as imbalance and
misalignment.

Other applications include field and
laboratory measurements in the micro-
inch range that require a high gain
output.

BENTLY N\

REBAM® MicroPROX®

MicroPROX ®

REBAM is based on the high
sensitivity eddy-current MicroPROX
proximity transducer system. The
MicroPROX transducer system is able
to make dynamic displacement
measurements as small as 4 microinches
(0.1 micrometre) with a scale factor of 2
volts per mil or 2 millivolts per microinch
(78.7 millivolts per micrometre).

The MicroPROX system makes it
possible to measure deflections of the
bearing outer ring as the rolling elements
pass above or beneath it. Spalls in the
rolling elements and races, degraded
lubrication conditions and loose bearing
to housing fits can be detected.

The MicroPROX system uses standard
7200 5 mm and 8 mm proximity probes
and extension cables with optional total
cable lengths of 1 or 5 metres, for
continuous on-line measurements.

The REBAM System uses a specially
designed Bently Nevada 9000 Monitor.
It processes the MicroPROX transducer
system vibration signal and provides
reliable continuous monitoring.

For more information, refer to
Applications Notes on Predictive
Maintenance Through the Monitoring and
Diagnostics of Rolling Element Bearings
(AN044) and REBAM®
Part 1: An Effective Way To Monitor and
Analyze Rolling Element Bearing
Condition (AN047).

P.O. BOX 157

MINDEN, NEVADA USA 89423

Transducer Systems

Specifications

Specifications were determined with a
—24 Vdc power supply, 10 k@ load, and
an AISI 4140 steel target at + 72°F
(+22°C).

ELECTRICAL

Power: -17.5 Vdc to -26 Vdc.

Frequency Response: 0 to 10 kHz (0 to
600,000 cpm); -3dB at 10 kHz.

Sensitivity: 2 V/mil (2 mV/microinch or
78.7 mV micrometre).

Calibrated Range: 8 mils (203 micro-
metres) nominal.

Noise Floor: Less than or equal to 4 mV.

ENVIRONMENTAL LIMITS

Temperature Range:
Operating: -60°F to +212°F
(-517Cto +100°C).

Relative Humidity: To 95%,
noncondensing.

PHYSICAL

Height: 2.00 inches (51 mm).
Length: 5.12 inches (79 mm).
Width: 2.38 inches (60 mm).
Weight: 6.4 ounces (182 grams).

Ordering Information

MicroPROX
40892-01 1.0 metre system.
40892-02 3.0 metre system.

To order extension cables and proximity
probes, use standard 7200 5 mm or 8 mm
transducer system components.

For ordering information on the
REBAM monitor, contact your nearest
Bently Nevada sales representative.

(702) 782-3611

NEVADA J

TELEX: 7400983 BNCUC

FAX: (702) 782-9253
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Introduction

The predictive maintenance philosophy of using vibration
information to lower operating costs and increase machinery
availability is gaining acceptance throughout industry. Since
most of the machinery in a predictive maintenance program
contains rolling element bearings, it is imperative to under-
stand how to monitor and diagnose problems associated with
them. Bently Nevada has adopted a two-part philosophy with
regard to rolling element bearing monitoring and diagnostics:
{1) the monitor system will provide adequate warning to avert
catastrophic machine faillures and (2) diagnostic data will be
available so that when warning is given, the bearings will have
visible damage. This philosophy should be kept in mind during
the following discussion.

Rolling Element Bearing

Characteristics

Any discussion of monitoring and diagnostics for rolling
element bearings would not be complete without a
comparison with the techniques used for fluid film bearings.
The construction of a fluid film bearing is such that the shaft is
supported by a fluid film during operation. By design, the shaft
can experience motion relative to the bearing. Because of this
freedom of motion, the industry-accepted vibration measure-
ment for a fluid film bearing machine is a shaft relative
measurement, i.e., proximity probe.

A rolling element bearing, by design, has extremely small
clearances which do not allow a significant amount of shaft
motion relative to the bearing (Figure 1). Forces from the shaft
are transferred through the rolling elements to the bearing
outer race and then ultimately to the bearing housing.
Because of this transmission, a casing (bearing housing)
measurement is normally acceptable for monitoring machines
with rolling element bearings. However, as explained later in
this discussion, a method called REBAM® is available from
Bently Nevada Corporation that allows vibration
measurements directly at the bearing outer ring, which
contains the outer race. This direct measurement greatly
enhances bearing vibration data, and in some cases, this is the

,Ai'///és

Outer Ring

Rolling Element

Inner Ring

Inner Race

Cage

Outer Race

FIGURE 1
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only measurement that can provide adequate vibration
information.' Shaft relative vibration measurements (i.e.,
proximity probe) are also useful when clearances increase
during failure and for observation of rotor problems that are not
related to bearings. A classical characteristic of rolling element
bearings is the generation of specific vibration frequencies
based on the bearing geometry, number of rolling elements and
the speed at which the bearing is rotating (Appendix A).? These
“bearing-related” frequencies, typically in the range from 1 to 7
times the element passage rate (EPx), are generated even by a
new bearing, but the amplitudes are very small. Element
passage rate is defined as the rate at which the rolling elements
pass a point on either the inner or outer bearing race. As a
bearing fails, these bearing-related frequencies (Prime Spike)
will increase in amplitude. Observation of these bearing-related
signals is used to diagnose rolling element bearing-related
vibration problems and to determine what has failed in the
bearing. This precise diagnosis may aid the analyst’s credibility,
but from a plant manager’s viewpoint, it is not as necessary to
identify what in the bearing is failing, as it is essential to
determine when the bearing must be replaced to avert a
machine failure. The methodology for using the bearing-related
frequencies to achieve the plant manager’s goal is outlined later
in this discussion.

Vibration Characteristics of

Rolling Element Bearings

The vibrations produced by machines with rolling element
bearings occur in three frequency regions. (See example on
page 8 for calculation of monitor filter ranges for rolling
element bearing applications).

1. Rotor Vibration Region

Rotor-related vibrations normally occur in the range of
'/a to 3 times shaft rotative speed ('/aX - 3X) and are best
measured in terms of velocity or displacement. Many
rolling element bearing failures are the direct result of a
rotor-related malfunction (e.g., unbalance, misalignment,
or rotor instability). Rotor-related malfunctions must be
corrected to eliminate bearing overloading and subsequent
failure. Most general purpose equipment with speeds from
1200 to 3600 rpm generate rotor-related vibration signals
between 10 and 500 Hz (600 cpm to 30 kcpm). It is,
therefore, imperative for diagnostics to monitor this
frequency range in order to determine when/if a bearing
failure is caused by a rotor related malfunction. Without
this data, the rotor-related malfunction would remain
undetected and bearings will continue to fail and need
periodic replacement.

2. Prime Spike Region

The second vibration frequency region to monitor for
machines with rolling element bearings is the Prime Spike
(element passage) region. As previously mentioned, a
rolling element bearing generates characteristic
frequencies based on its geometry and speed. Prime Spike
is a term used by Bently Nevada to describe a vibration
frequency range which includes those bearing frequencies
that are generated by the rolling elements traversing either
an inner or outer race flaw. This frequency range is
normally 1 to 7 times the element passage rate (1-7 EPx).
Vibrations in this range can be measured effectively in
terms of acceleration, velocity or displacement. Field
studies indicate that approximately 90% of all bearing
failures are related to either an inner or outer race flaw. The
other 10% are related to either a rolling element flaw or a
cage flaw, both of which generate frequencies that appear
in the rotor vibration region. By establishing a frequency
band around the predominant bearing failure frequencies
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and filtering out the rotor-related vibration frequencies, it
is possible to gain improved monitoring of bearing
condition. A computer analysis of 428 different bearings
shows that the Prime Spike Region (1-7 EPx) covers the
bearing frequencies of many rolling element bearings.

3. High Frequency (Spike Energy) Region

The third region is the high frequency (Spike Energy)
region.’ This region covers frequencies from 5 kHz to
approximately 25 kHz and is measured in terms of
acceleration. If high frequency region measurements are
used for bearing failure detection, they should be used as a
supplement to measurements made in the rotor-related
and Prime Spike regions. High frequency measurements
have two primary uses:

1. High frequency signals occasionally provide an early
indication of a bearing problem at the prefailure stage.
Care must be exercised because “self-peening” of
bearing flaws results in decreasing readings in this
frequency region as a bearing failure progresses.

2. High frequency signals are useful to help detect certain
other machine malfunctions such as cavitation, rubs,
steam or gas leaks, valve problems, blade passage or
gear mesh problems. High frequency vibration energy
attenuates very rapidly with distance from the source.
This can be both bad and good. Bad, in that one needs
to be very close to the source to obtain data; good, in
that the localized nature of the vibration can be used to
isolate the source of a problem.

Based on observation of many rolling element bearings in the
field by Bently Nevada Corporation, and many of our customers,
most of the information on the performance of rolling element
bearings and warning of their failure occurs in the Prime Spike
Region (1-7 EPx). Information about rotor behavior generally
occurs in the region between '/aX and 3X times rotative speed.
Information at very high frequencies (8 EPx and higher to the
megahertz region) may contain very early warning information,
as well as other data concerning machinery condition (e.g., rubs,
gear noise, cavitation, valve noise, etc.). However, the principal

and vital data for rolling element bearings is contained in the Prime -

Spike Region (1-7 EPx).

Causes of Failure in Rolling Element Bearings
A rolling element bearing has a finite life and will fail due to
fatigue, even if operated under ideal design conditions.
Rolling element bearing manufacturers realize this fact and
have developed aesign life limits (L,,/B,,) to let users know
how long a bearing should last when installed and operated
within design limits. L,,/B,, is defined as the rating life of a
group of apparently identical rolling element bearings
operating under identical loads and speeds with a 90%
reliability before the first evidence of fatigue develops.
Unfortunately, most “real world" installations are not under
ideal conditions and the bearings prematurely fail well before
reaching their design life. Most premature bearing failures can
be attributed to one or more of the following causes:
1. Excessive loading
a. Steady-state (e.g., misalignment or static load)
b. Dynamic (e.g., unbalance or rotor system instability)
. Improper lubrication (insufficient or excessive)
. External contamination
. Improper installation
. Incorrect sizing (e.g., wrong design)
. Exposure to vibration while not rotating (false brinelling)
. Passage of electric current through the bearing
When analyzing premature rolling element bearing failures,
it is important to not only determine that the bearing is failing,
but also to determine the underlying cause of that failure. The
above list shows the major causes of premature bearing failure
and can be used as an initial guide to determine the reason for
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a bearing failure. To ensure success, eiimination of premature
bearing failures must be a major goal of any predictive
maintenance program.

A rolling element bearing progresses through three failure
stages:

1. Prefailure

2. Failure

3. Near Catastrophic/Catastrophic

NOTE: Each of these different failure stages exhibit specific
vibration characteristics which require specific diagnostic/
monitoring techniques.

Prefailure Stage — During the prefailure stage, the bearing is
in the earliest stages of failure. It develops hairline cracks or
microscopic spalls that are not normally visible to the human
eye. During this stage there may be an increase in the high
frequency (> 7 EPx) vibration produced by the bearing. If
temperature or Prime Spike vibration measurements are taken
during this stage, the levels will be normal. At this stage, the
bearing usually has a significant amount of safe operating life
left and it is not economical to replace it at this time.

Failure Stage—During the failure stage, the bearing
develops flaws that are visible to the human eye. At this stage,
the bearing usually produces audible sound and the
temperature of the bearing will rise. Vibration amplitudes in
the ‘“‘bearing related”” range (Prime Spike) reach easily
detectable levels. Once the failure stage is reached, it is
necessary to either change the bearing or increase the
frequency of monitoring to estimate how long the bearing will
safely operate before causing a catastrophic machine failure.
This stage is considered the economical time at which to
replace the bearing.

If the bearing is not removed during the failure stage, it will
eventually enter the final progression of failure, the near
catastrophic/catastrophic stage.

Near Catastrophic/Catastrophic Stage— When the bearing
enters this stage, rapid failure of the bearing is imminent.
Audible noise produced by the bearing significantly increases
and the bearing temperature increases until the bearing
overheats. Rapid wear causes the bearing clearance to
increase, which then allows significant shaft motion relative
to the bearing. Since a rolling element bearing is designed to
restrict shaft motion, it can be very dangerous to allow the
bearing to reach this stage due to the probability of creating a
rub within the machine. Bearing-related (Prime Spike)
vibration amplitude levels will show significant increases in
this stage. High frequency vibration data may be unreliable in
this stage and caution should be used in its interpretation. Due
to “self-peening” of the bearing flaws, high frequency
amplitude levels often decrease during this stage and it can
appear that the bearing is in an earlier stage of failure. The
occurrence of this “self-peening” phenomena is especially
true for low speed machines.

Transducers and Instrumentation for Vibration
Measurement and Monitoring of Rolling
Element Bearings

1. REBAM Instrumentation System

REBAM is an acronym for Rolling Element Bearing
Activity Monitor. The REBAM system uses a high-gain,
low-noise eddy current proximity transducer that is
installed in the bearing housing observing the bearing outer
ring (Figure 2). The bearing outer ring contains the outer
race. The REBAM transducer measures the very
small (microinch/micrometre) deflection of the outer ring as
the rolling elements pass the area observed by the
transducer. These deflections argsmeasured in terms of
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FIGURE 2

displacement. The operating frequency range for the
REBAM transducer system is from O Hz (DC) to 10 kHz (O to
600 kcpm). The REBAM system is a direct and very
sensitive method of rolling element bearing measurement.
It offers a very high signal-to-noise ratio, as compared to
casing-mounted acceleration or velocity measurements.

Through the use of electronic filters,” the REBAM
vibration signal is separated into rotor vibration and Prime
Spike regions as previously discussed. The REBAM Prime
Spike values occur in the range of 20 to 50 microinches
(0.5 to 1 micrometres) peak-to-peak when the bearing is
in good condition and increases to 100 to 300 microinches
(3 to 8 micrometres) peak-to-peak when deterioration of
the contacting surfaces occurs.* A common practice is to
take reference data to determine its “normal” level when
the bearing is in a known good condition. Alert and Danger
alarm levels are then typically set at three and ten times the
“normal” level for the bearing. Field tests confirm that by
using these alarm levels, adequate failure protection is
usually provided.®

2. Shaft Relative Instrumentation System

Shaft relative measurements (i.e.,, eddy current
proximity transducer) have been accepted industry-wide as
the primary measurement for vibration monitoring and
diagnostics of fluid-film bearing machines. However, a
proximity probe based system can be used effectively to
monitor rolling element bearing performance and it also
provides rotor-related vibration information for the
machine. The typical operating frequency range for an eddy
current proximity transducer is from O Hz (dc) to 10 kHz
(O to 600 kcpm). As is the case with the REBAM trans-
ducer, the proximity probe vibration signal can be separ-
ated with electronic filters into the rotor vibration and prime
spike regions. As previously discussed, this signal sepa-
ration provides the information necessary to effectively
analyze and monitor rolling element bearing machinery.

3. Casing Vibration Instrument Systems

Rolling element bearing condition can be monitored by
using casing measurements. Overall velocity or displace-
ment, Prime Spike velocity, and the high frequency
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acceleration region can be used. Bently Nevada can provide
accelerometer or velocity transducer-based systems to
monitor rolling element bearing condition. Overall casing
velocity or displacement provides a means for determining
the general mechanical condition of rolling element bearing
machinery.

For a velocity transducer based system, the frequency
range used is from 10 Hz to 1 kHz (600 cpm to 60 kcpm).
For an accelerometer based system, the frequency range
used is from 10 Hz to 2.5 kHz (600 cpm to 150 kcpm). This
frequency range includes the rotor vibration frequency
region and overlaps the lower end of the Prime Spike
frequency region. This range gives very good indication of
rotor-related malfunctions and it is also somewhat
sensitive to bearing-related probiems.

As stated previously, the Prime Spike region is used by
Bently Nevada to monitor the rolling element bearing-
related frequencies (inner/outer race defects). By filtering
out the rotor-related vibration signals (i.e., 1X, 2X, etc.), it
is possible to get better signals related to the rolling
element bearing condition. The Prime Spike frequency
region includes the fundamental element passage
frequency (EPx) and harmonics up to 7 EPx.

If an accelerometer-based system is used, Prime Spike
and high frequency measurements are available. However,
due to the noise susceptibility problems previously
mentioned, the high frequency measurements should be
used only as a possible early indicator of impending rolling
element bearing problems. The high frequency range used
by Bently Nevada is from 5 kHz to 25 kHz (300 kcpm to
1500 kcpm). High frequency measurements are useful
when diagnosing certain machine malfunctions previously
mentioned.

The following alarm threshold guidelines were
established for the three diagnostic techniques based on
field tests conducted by Bently Nevada:

1. Overall velocity: 0.3 in.;sec. (7.7 mm/s) pk.
2. Prime spike region: 0.1 t0 0.15 in./sec.

(2.5 to 3.8 mm/s) pk.
3. High frequency region: 3 to 4 g pk.

NOTE 1: These high frequency levels, as measured with the
Bently Nevada Trendmaster accelerometer, are typically 10
times higher in amplitude in this region than competing units.?

NOTE 2: These alarm threshold levels for balance-of-plant
equipment should be considered as an initial guide only . The
levels may need adjusting up or down, depending on how an
individual monitored machine behaves.

When using casing measurement systems, two key factors
should be considered: (1) signal amplitude versus trans-
mission distance and (2) the measurement’s susceptibility to
noise. The farther away a vibration measurement is made from
the vibration source, the more the signal will be attenuated.
Most rolling element bearing machines have joints between
machine parts which further attenuates the signals. Figure 3
shows that there is a sharp vibration signal attenuation at
each joint. The closer the measurement is made to the
machine vibration source, the better the measurement. For a
rolling element bearing, it is suggested to be within 1 to 2
inches (25 to 50 mm) from the bearing. Another fact that
must be considered is a comparison of the various transducer
systems’ signal-to-noise ratios. System signal-to-noise ratio is
defined as the ratio of the amplitude of a desired signal at any
point to the amplitude of noise signals at that same point. A
comparison of the signal-to-noise ratios for the various
transducer systems is shown in Figure 4. If not carefully
considered, these two factors can have a large negative
impact on the success of using casing measurements for
monitoring.
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FIGURE 3
NOTE: It has been observed that traversing an interface (water jackets,
double cases, etc.) can attenuate the signal by as much as a
factor of ten (20 dB).
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FIGURE 4

Summary

Based on the Bently Nevada two-part philosophy of (1)
providing adequate warning to avert machine failures and (2)
removing bearings only when they are likely to have visible
evidence of an impending failure, the following conclusions
are drawn: :
1. Rotor vibration and Prime Spike displacement (obtained
from permanently-installed REBAM probes) or overall velocity
and Prime Spike velocity (obtained from a casing-based
measurement), are the primary techniques used to monitor
rolling element bearings. These measurements should be used
to determine when to remove the bearing.
2. High frequency measurements are to be used only as a
possible indicator of impending rolling element bearing failure
and should generally not be used as the primary indicator to
determine when to replace the bearing.
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APPENDIX A

Rolling Element Bearing Frequencies

These calculated frequencies are essentially of academic
interest, because (1) it frequently occurs that any flaw on
any element rapidly generates secondary flaws on other
elements and (2) knowledge of the existence and extent of a
flaw is vital; however, the element that it is on is not too
important because the entire rolling element bearing is
normally replaced and not just the damaged portion.

Rolling element bearings find many uses in today's
machinery. They can be found in motors, slow-speed rollers,
gas turbines, pumps, and many other machines. Some of the
reasons rolling element bearings are used are: low starting
friction, low operating friction, ability to support loads at low
(even zero) speed, lower sensitivity to lubrication (compared
to fluid film bearings, thus a simpler lubrication system can
often be used), and the ability to support both radial and axial
loads in the same bearing. When some of these factors are
important, rolling element bearings may be in use.

By themselves, rolling element bearings have very little
damping, so whenever a machine with rolling element
bearings traverses a balance resonance, large vibration can
result. Also, compared to fluid film bearings, which generally
have a long life, rolling element bearings have a limited
fatigue life due to the repeated stresses involved in their
normal use.

Rolling element bearings, regardless of type (ball,
cylindrical, spherical, tapered, or needle) consist of an inner
and outer race separated by the rolling elements, which are
usually held in a cage (see Figure 1). Mechanical flaws may
develop on any of these components. Using the basic
geometry of a bearing, the fundamental frequencies
generated by these flaws can be determined.

a Outer Ring
4

c Outer Race

—_—
Inner Race
/ |
D
o
- d
-1

¢ = ball center

d = rolling element diameter

D = bearing pitch diameter (to roller center)
a = contact angle

Figure 1. Basic rolling element bearing geometry
(Assuming no slippage, or change in bearing geometry with load).

For most applications, the outer race is fixed and does not
rotate. However, in some instances, just the outer race or
both races rotate. For the case of the outer race fixed, Figure
2 contains a summary of the main bearing frequencies.
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These frequencies may, and often do, include sum and
difference frequencies. Often they are modulated by the
speed of the equipment.

2y

<
P

d = rolling element diameter
D = bearing pitch diameter (to roller center)
a = contact angle

b,

n=r of r ing

N = shaft speed - RPM

Frequency Component (CPM)

Cage FreQuency . . . .. ................. (N/2)(1-(9/p)(cos all
Roller Spin . .. .. ................ (N/2)(P1g)11-119/D) cos a ||
2x RollerSpin . .. .. ................ N(D/g)11-1(d/p) cos a i
Outer Race Defect. . . . ... ............ (N/2)(n)(1-(9/p)icos a)l
Inner Race Defect . . . ............... (N/2)(n)(1 + (d/p)(cos a)l

Figure 2. Frequencies when outer race is fixed
(Frequencies are exact if no slippage, or load changes occur).

Derivation of Bearing Frequencies

The basic geometry for rolling element bearings can be
seen in Figure 1. Balls (rolling elements) passing over a flaw
on the outer race or the inner race generate the inner and
outer roller pass frequencies. These frequencies can be
derived from the bearing geometry assuming there is no
slippage or dimensional change with load. Rolling element
flaws or a defect in the cage can generate the roller spin
frequencies; a flaw in a roller can generate a 2X roller spin
frequency by hitting both the inner and outer races with each
roller rotation. Any of a combination of flaws can generate or
be modulated by the cage frequency, the frequency with
which the rollers revolve as a set. What follows is a
derivation of the primary rolling element bearing frequencies
when both races are allowed to rotate, and the simplified
form when the outer race does not rotate.

Primary Rolling Element Bearing Frequencies
(Both Races Rotating)

Notation as in Figure 1

N, = outer race angular speed

inner race angular speed ( = shaft rotative speed)

number of rotating elements

contact angle

bearing pitch diameter

rolling element diameter

aoo >z
nmn non
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The following fact is used in the derivation:
Linear velocity = (angular velocity) x (radius).
Since the outer race radius is [D/2 + (d/2) cos al, the velocity at
a point on the outer race is
V, = N, [D/2 + (d/2) cos al

or

V, = 1/2N,(D + dcos a) (1)
Similarly, the velocity of a point on the inner race is
V = 1/2N (D -dcosa) (2)

The veiocity of the center of a rolling element is

V. =1/2(V, + V)
So,

V.= 1/2(1/2N,(D + dcosa)l + 1/2N, (D - d cos all(3)
The angular frequency of the cage is

N o= Ve (4)

or

Cage Frequency
Both races allowed to rotate:

N, =
1/2 {N, [1 + (d/D) cos a] + N, [1 - (d/D) cos al} (5)
For the outer. race fixed:
N. = 1/2 N, [1 - (d/D) cos al (5)

The frequency of a single rolling element passing a point on the
outer race is:

N,/c = N, - N,

=N, - 1/2 (N, [1 + (d/D) cos a] + N,[1 - (d/D) cos al}
so,

N/c =1/2 | N,- N, | [1 - (d/D) cos al (6)

NOTE: In the above equation and all following equations, the
mathematical sign || stands for the absolute value of the
enclosed quantity. The absolute value is always a
positive number.

Outer Race Ball Pass Frequency
Both races allowed to rotate:
nNJ/c = 1/2n | N, =N, | [1 - (d/D) cos al (7)
With the outer race fixed (neglecting negative signs), this
reduces to:
nN/c = 1/2nN,[1 - (d/D) cos al (7°)

Similarly, the frequency of rollers passing the inner race is
nN/c= n(N, - N)
or

Inner Race Ball Pass Frequency
Both races allowed to rotate:

nN/c = 1/2n| N, -N,|[1 + (d/D) cos a] (8)
With the outer race fixed, this reduces to:
nN/c = 1/2nN,[1 + (d/D) cos al] (8")

(01/89)

The roller spin frequency, N, i1s the angular velocity Of an
individual rolling element.
Equating velocities on the outer race with those of a contacting
point on a rolling element, one obtains the following:
V,=1/2N, (D + dcos al
and the velocity of a rolling element at the outer race,
V,=1/2N,(d) + 1/2 N, (D + dcos a)
Equating the two,
N, (D + dcosa) = N/(d) + N, (D + dcos a) (9)
Solve for N,, the roller spin frequency.

Roller Spin Frequency
Both races allowed to rotate:

N, =1/2D/d | N,-N, | {1-[(d/D) cos al?} (10)
With the outer race fixed:

N, = 1/2D/d (N) {1 - [(d/D) cos al?*} (10)
Summary

The fundamental rolling element bearing frequencies have
just been derived with both races allowed to rotate. Figure 2
presents these frequencies with the outer race fixed, not
rotating; this is most often the situation. In addition to these
calculated rolling element frequencies, the bearing natural
frequency can be generated. This frequency can be determined
best by testing, not calculation. Knowing these frequencies
gives both measurement and diagnostic information. The
expected frequency ranges inform us as to the proper
measurement system, and they enable us to isolate bearing-
related frequencies for diagnostics.
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A Practical Example of How
to Establish the Required Filter Ranges
for a Rolling Element Bearing Application

The following information must accompany any order for
rolling element bearing monitors in order to establish the proper
filter ranges for the rotor vibration and prime spike regions:

Bearing manufacturer and manufacturers bearing number
type of bearing (e.g., Angular contact ball, Cylindrical roller,

etc.)
N = Shaft Speed RPM (or speed range if applicable)
n = Number of Rolling Elements
d = Rolling Element Diameter
D = Bearing Pitch Diameter (roller center to roller center)
a = Contact Angle

A good rule for setting the 1 to 7 times EPx is to use the
outer race defect rate to set the 1EPx and the inner race defect
rate to set the 7EPx cutoff of the filter.

Example:
SKF = N306 Single Row Cylindrical Roller
N = 3600 RPM
‘n =1
d = 0.394Inch
D = 2.007 Inch
a = O Degrees
1EPx = (N/2) (n) ((1 - (d/D) (cos a))
= (3600/2) (11) ((1 - (.394/2.007) (cos 0))
= (1800) (11) (0.80)
= 15,899 RPM
7EPx = (7) (N/2) (n) ((1 + (d/D) (cos a))

(7) (3600/2) (11) ((1 + (.394/2.007) (cos 0))
(7) (1800) (11) (1.20)
= 165,810 RPM

Therefore for this particular machine and bearing
arrangement the rotor vibration and Prime Spike regions are
respectively:

1/4 N to 3N = 900 RPM to 10,800 RPM (Rotor Vibration)

1EPx to 7EPx = 15,899 RPM to 165,810 RPM (Prime Spike)

BENTLY
NEVADA

WORLDWIDE SALES AND SERVICE
United States of America: Phoenix, Arizona O Los Angeles, California O San Diego, California (J San Francisco, California
St. Petersburg, Florida O Charlotte, North Carolina O Atlanta, Georgia (J Chicago, lllinois O Kansas City, Kansas
Baton Rouge, Louisiana (0 Boston, Massachusetts [J Chester, New Jersey (J Buffalo, New York O Cincinnati, Ohio O Tulsa, Oklahoma
Portland, Oregon [J Philadelphia, Pennsylvania (J Pittsburgh, Pennsylvania O Dallas, Texas O Houston, Texas
International: Argentina O Australia O Brazil O British Columbia O Canada O Chile O Columbia O Egypt O France
Germany OJ Greece O India O Indonesia O Italy O Japan (J Korea O Kuwait [J Malaysia (0 Mexico O The Netherlands (0 New Zealand
Nigeria O Norway O Pakistan (J People’s Republic of China O Qatar (0 Quebec O Saudi Arabia O Singapore O South Africa (J Sweden
Taiwan O Turkey O United Arab Emirates (0 United Kingdom 0 USSR O Venezuela
Corporate Office: P.O. Box 157 ¢ Minden, Nevada, U.S.A. * Telephone: 702-782-3611 * Telex: 7400983 BNC UC * Fax: 702-782-9253

© 1989 Bently Nevada Corporation

ANO44 8 (1/89)




Verde GeoScience

Petrophysics & Rock Mechanics

Ultrasonic Transducers & Software

Test Systems & Instrumentation

Verde GeoScience

Petrophysics, Materials Testing, Ultrasonics, and Instrumentation

Karl B. Coyner, Ph.D.
Geophysicist
RR #1 Box 117

Tunbridge, Vermont 05077 USA
Phone or Fax: 802-889-3403

RR I Box 117 Tunbridge. Vermont 05077 USA Phone or Fax (802) 889-3403

© 1991 Verde GeoScience




Verde GeoScience provides material testing and engineering services, instrumentation, and software
to companies and individuals interested in measuring or predicting the acoustical, mechanical, electrical, thermal,
and flow-related properties of rocks, sediments. soils, and other materials. These services are routinely required
by those involved in geotechnical engineering. reservoir engineering, well-logging, geology, geophysics, seismic
stratigraphy. mining. construction, and civil, mechanical, and materials engineering. The company is capable of
single-task measurement services or more extensive involvement in engineering, research, or consortia projects.
Verde GeoScience is actively working on projects for petroleum and related oil-field service companies, academic
institutions, government laboratories, and consortia in the United States, Europe, Canada. and Japan.

Petrophysics & Rock Mechanics

The laboratory at Verde GeoScience provides accurate and precise petrophysical measurements on consolidated
and unconsolidated cores, fluids. and other materials at elevated pressures and temperature. Projects usually re-
quire a combination of the following standard measurements and procedures:

» Compressional (P) and shear (S) wave velocities, dynamic moduli, and seismic wave attenuation
» Triaxial deformation: compressive strength, Young's modulus, and Poisson's ratio

 Density, porosity, and permeability

» Pore volume compressibility and bulk modulus

» Electrical resistivity and magnetic susceptibility

» Thermal expansion and thermal conductivity

» Resonant bar and hysteresis loop (phase angle) moduli and attenuation

 Strain amplitude and frequency effects on velocities. moduli, and attenuation

« Sample coring and thin section preparation

» CT scans and sample photography

Ultrasonic Transducers & Software

Verde GeoScience designs and manufactures Compound Ultrasonic Transducers™ and instrumentation for the
precise determination of compressional and shear wave velocities and attenuations in rock. sediment,concrete,
soil, and other materials. A novel feature of the standard transducer is the ability to independently propagate either
of two polarized shear waves (S1 and S2) in addition to a compressional (P) wave. This combination enables the
routine acquisition of all signals at any test condition. simplifying the measurement of dynamic moduli and elastic
anisotropy. The transducers are manufactured in a variety of sizes and frequencies, and are available as individual
units or as an integral part of our benchtop and high pressure test systems. Special designs are available for high
temperature requirements. We are also experienced in configuring transducers for use in other load frames and
pressure vessels that may already exist in your facility. In addition to our transducers, Verde GeoScience has de-
veloped instrumentation and software that combines a pulser-receiver and oscilloscope with a computer to enable
complete ultrasonic measurements of velocity, attenuation, and dynamic moduli.

Test Systems & Instrumentation

Verde GeoScience also designs and manufactures innovative test systems for petrophysical measurements and
material evaluations. These test systems are based on years of experience and knowledge accumulated in making
the measurements for which they are designed: system performance, therefore, is assured. Key features inciude
flexibility and adaptability, allowing multiple measurements to be made as a function of axial load, pressure, and
temperature. The ultrasonic test system incorporates matched, high quality compound ultrasonic transducers for
determining P and S wave velocities and attenuations. This system is available in a benchtop and high pressure
versions with either manual or automatic control of confining and pore fluid pressures to 20.000 psi (140 MPa)
and temperature capability to 130 °C. High pressure systems can also be used to measure pore volume compressi-
bility, bulk modulus. permeability from 1 nDarcy to 500 mDarcy's, electrical resistivity. and triaxial deformation,
which includes Young's modulus, Poisson's ratio, and compressive strength. Verde GeoScience includes with its
systems a versatile data acquisition and control software package that is easily customized to automate measure-
ment protocols and to facilitate data analysis. Complete or partial systems may be ordered. We would be pleased
to consider your requests, offer suggestions, and prepare a proposal suited to your requirements and budget.
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Verde GeoScience

Core Measurement Services October, 1991

Verde GeoScience is committed to providing personalized, high quality core measurement services to
our customers at a reasonable price. We offer the large variety of core measurements outlined below.
The listed prices are for individual measurements on small projects. Larger projects and combinations of
measurements are generally given a discount. We would be pleased to consider vour special requests,
offer suggestions, and design or conduct a measurement program suited to your requirements.

Compressional and Shear Wave Velocities, Anisotropy, Dynamic Elastic Moduli, and Attenuation

Ultrasonic compressional and shear wave velocities and attenuation are normally measured on 1 or
1.5 inch ( 25 or 38 mm) diameter samples using broad bandwidth transducers with center frequencies
of either 500 kHz or 1 MHz. The transducers propagate a compressional wave and two orthogonally
polarized shear waves along the sample axis; the two shear waves characterize seismic anisotropy in
this direction. Confining and pore fluid pressures may be specified to 20,000 psi (138 MPa), and the
jacketed sample may be completely or partially saturated with brine, gas, hydrocarbons, or other pore
fluids. Verde GeoScience can assist in the selection of pore fluids and pressures. Measurements at
high temperature are highly dependent on sample consolidation, pore fluid, and ultimate temperature;
these measurements, therefore, are quoted separately. The measurements are summarized in a full re-
port that includes a description of experimental procedure, tabulated velocities. calculated dynamic
moduli (bulk. shear, and Young's moduli), porosity, grain density and bulk density, plus complete
documentation of the digital waveforms and arrival time picks. For consolidated. intact samples the
precision of the velocities is within 1%. If requested, a discussion section and interpretation of results
may also be included. In addition to velocities, ultrasonic P and S wave attenuations can also be deter-
mined with a spectral ratio technique that compares the frequency content of measured signals to an
aluminum standard. The charge for this is in addition to that for velocity measurements.

Ultrasonic Velocities
Ambient Temperature

Room pressure $65
One confining and pore fluid pressure (to 20,000 psi/138 MPa) $250
Each additional confining and pore fluid pressure $20

High Temperature
Measurements to 130°C or higher are available. Call

Ultrasonic Attenuations
Determined utilizing spectral ratios; price per sample $100

We recommend measurements at 5 confining pressures to characterize sample velocities. The total

cost is:
First pressure $250
Additional pressures 4 x $20 = $80
Total $330

The quoted prices are applicable to consolidated samples and include sample preparation. For semi-
consolidated and fractured samples or sediments a surcharge may be necessary for the specialized
techniques required in preparation and measurements. Additional sample sizes can be accommodated
at other transducer center frequencies; higher confining and pore fluid pressures are also available.

RR I Box 117 Tunbridge. Vermont 05077 USA Phone or Fax (802) 889-3403
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Verde GeoScience

Resonant Bar Modulus and Attenuation $1000/mode
The sample is prepared as a thin bar and is driven to resonance in either extensional, flexural, or tor-
sional modes using a benchtop apparatus. The attenuation of the sample is calculated from the width
of the resonant frequency peak. The center frequency of the resonant peak is used to calculate
Young's modulus (extensional mode) and shear modulus (flexural and torsional modes). Repeated
measurements at overtone frequencies are used to determine modulus and attenuation at multiple fre-
quencies between approximately 1 kHz and 100 kHz, depending on the sample. Measurements may
be carried out in a variety of saturation conditions.

Low Frequency and Strain-Amplitude Dependent Attenuation Call
The stress-strain response of the sample to low frequency sinusoidal loading is used to determine the
strain amplitude and frequency dependence of Young's modulus and extensional attenuation at fre-
quencies near | Hz. Measurements may be carried out in a variety of saturation conditions.

Triaxial Deformation: Compressive Strength, Young's Modulus, and Poisson's Ratio
Triaxial deformation experiments are normally carried out on samples with a length to diameter ratio
of approximately 2. The sample is instrumented with either strain gages or LVDT gage rings, and
deformation is measured as a function of axial load to determine strength and modulus. The sample
may be unconfined or jacketed with confining and pore fluid pressures to 20,000 psi (138 MPa).
Measurements at elevated temperatures are also available.

Unconfined $300
Confining and pore fluid pressures to 20,000 psi (138 MPa) $400
Pore Volume Compressibility & Static Bulk Modulus $300

Pore volume compressibility and porosity at pressure are calculated from measurements of pore fluid
volume expelled from the sample as a function of confining pressure; sample bulk modulus is calcu-
lated from external sample deformation measured with strain gages or LVDT gage rings.

Porosity, Bulk Density, and Grain Density $50
Permeability
Gas permeability measured at ambient conditions $50
Gas permeability at confining pressures to 20,000 psi (138 MPa) $125
Constant flow liquid permeability (greater than 1 milliDarcy) measured at
a single confining and pore fluid pressure $300
Transient pulse liquid permeability (less than 1 milliDarcy) measured at
a single confining and pore fluid pressure $900

Electrical Resistivity & Formation Factor
2-electrode technique; measurements as a continuous function of frequency
between 10 Hz and 10 kHz, depending on sample and fluid resistivity, at

confining and pore fluid pressure to 20,000 psi (138 MPa) $175
2-electrode technique; elevated temperatures to 250 °C $300
Magnetic Susceptibility $35
Thermal Expansion and Thermal Conductivity Call
CT Scan & Sample Photography $150
Thin Section $20
Sample Preparation: No charge
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Verde GeoScience
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Verde GeoScience's Compound Ultrasonic Transducers™ accurately measure the compressional and
shear wave velocities and attenuations of materials subjected to rigorous petrophysical and mechanical
testing. Each transducer contains a novel arrangement of one compressional (P) and two polarized shear
(S1 & S2) elements to enable the independent propagation or reception of broad bandwidth, pulse-like
signals at any point during an investigation. A pair of matched transducers are normally used to transmit
and receive signals through samples of rock, soil, ice, and concrete: individual transducers can also be
used, however, in a pulse-echo mode. The transducers may be used with ultrasonic equipment available
from Verde GeoScience or other commercial sources. Various configurations are available for benchtop,
high pressure, high temperature, and immersed applications.

Features

A novel arrangement of compressional and two polarized shear elements are contained within a single
transducer. Individual signals are selected by a control signal that originates from either a manual control
box or a computer digital I/O port. Compressional and shear wave properties are routinely determined
with a single set of rugged transducers. Dynamic moduli (Young's modulus, Poisson's ratio, shear and
bulk modulus) are calculated from the combined compressional and shear measurements.

In addition to a compressional wave, two independent and orthogonally polarized shear waves are propa-
gated, allowing instant assessment of shear wave anisotropy and reducing the number of measurements
required for fully characterizing anisotropy.

Ultrasonic crystal elements are highly damped, producing a broadband signal with superior resolution
and bandwidth; sharp,well-defined signals are propagated through the sample, allowing precise determi-
nation of compressional and shear wave arrivals and windowing of signals for spectral analysis.

Transducers are available in a variety of frequencies and configurations for benchtop, high pressure, and
high temperature applications. They can be customized to fit into existing pressure vessels and loading
frames, enabling the inexpensive integration of ultrasonic measurement capabilities.
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Verde GeoScience

Compound Ultrasonic Transducer ™

Specifications
Element Diameter: 1.0 inch (25.4 mm)
Nominal Center Frequencies: 125 kHz, 250 kHz, 500 kHz, 1 MHz, and 2 MHz
Sample Diameters: 0.5,0.75, 1.0, 1.5, 2.0, 3.0, and 4.0 inch
13, 20, 25, 38, 50, 75, and 100 mm
- Control Signal: + 5 Volt, 16 mA
Connectqr: Bendix PTO2A8-3P or .040" (1 mm) diameter Be-Cu pins (2)
Cable: 1 meter coaxial and 1 meter single-conductor control cable

Proper transducer selection depends on sample size, acoustical characteristics, and measurement goals.
For many consolidated rocks a 1 inch diameter by 1 inch long (@ 25mm x 25mm) sample is adequately
measured with 1 MHz transducers. Larger samples, semi-consolidated sediments, and concrete require
lower frequencies. Please call us with your requirements.

The Compound Ultrasonic Transducer™ is highly damped in order to produce wide bandwidth, pulse-
like signals. For a nominal center frequency of 1 MHz significant energy is contained at frequencies
from 600 kHz to 1.2 MHz. Transducers are supplied with a calibration certificate which includes plots
of spectra and signals propagated through 6061 aluminum or other designated standards.

Models

Standard unit; Bendix connector; if intended for immersed applications, specify fluid
Model # CUT-B-X-Y

High Pressure unit: pressures and axial loads to 20,000 psi (138 MPa); high pressure Be-Cu pins
Model # CUT-HP-X-Y

X is frequency in kHz; standard frequencies are: 125, 250, 500, 1000, and 2000 kHz; Y is sample diam-
eter in inches (in) or millimeters (mm) ; standard sizes are 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, and 4.0 inches,
and 13, 20, 25, 38, 50, 75, and 100 millimeters; other frequencies and sizes can also be specified.

Control Box
Model # CUT-CB-voltage
specify voltage: 115 or 230 VAC; 50-60 Hz

High temperature models are custom designed and manufactured: please call with your requirements.

Also available from Verde GeoScience are complete measurement systems that integrate transducers
with an ultrasonic pulser-receiver, digital oscilloscope, computer interface, and velocity and attenuation
analysis software. Verde GeoScience also offers measurement and analysis services, plus engineering.
design, and manufacturing assistance for specialized requirements.
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Verde GeoScience

Test Systems - Ultrasonic

Verde GeoScience designs and manufactures innovative test systems for petrophysical measurements
and materials evaluation. Ultrasonic test systems are based on the integrated components schematically
shown below, all or part of which may be ordered from the company. Verde GeoScience has developed
an unparalleled ultrasonic analysis software package that supports virtually all digital oscilloscopes with
a GPIB interface. Test systems are normally customized to the customer's requirements and budget.
Specifications include sample sizes, pressures, temperatures, other desired measurement capabilities.
and different combinations of automatic and manual features. A basic and inexpensive benchtop version
is ideal for applications where high pressure is not required, and is wonderfully suited for educational
demonstration of the fundamental properties of elastic wave propagation, including compressional and
shear wave velocities, attenuation, and anisotropy as a function of saturation and lithology.
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Verde GeoScience

Test Systems - High Pressure

Verde GeoScience's advanced petrophysical properties measuring system is schematically shown below.
The test system measures the fundamental elastic wave properties as a function of confining pressure,
pore pressure, temperature, and applied axial load. Flexibility and adaptability are key design features,
however, and the systems can also be configured to measure bulk properties, permeability, resistivity,
and triaxial deformation. Pressures and axial load can be optionally specified for manual or automatic
operation. A versatile data acquisition and control software package that is used in the laboratory of
Verde GeoScience is included with all systems.
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