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Abstract: Rotating equipment used in underground coal mining such aslstatgrs, crushers and
conveyer power units are exposed to severe operating iomsditThe conditions for the equipment are
much different than for rotating equipment used in abowergt plants such as petro-chemical,
refineries, power houses, paper mills, etc. Above graamtdal rotating equipment is typically
mounted on thick sole plates grouted to concrete foundatiBquipment may also be mounted on
building structural steel using isolated inertial baseshwation isolators. Underground, stage loaders,
crushers, motors, gearboxes and fluid couplings of conyeyger units are mounted in steel frames
which are sitting on the floor of the mine. In somees, the equipment may even operate partially
submerged in mud.

The typical practice of mines is to overhaul equipmeb replace bearings, seals, motors and fluid
couplings after mining a room or panel of coal. After baet, the equipment is typically no-load run
tested at the repair facility. Motor repair shops tgjlycmeasure vibration at each bearing housing of
the motors running unloaded before shipping either to the oniteea repair facility. After assembly,
the mining equipment is run with no-load to check for paédefects such as oil leaks, rolling element
bearing faults, rotor unbalance, mis-alignment, seal fitbd coupling unbalance, etc.

It is important that defects are detected before thgpemunt is returned to service. This article
discusses findings after testing 555 machines over eleves y€hae defects identified are grouped and
charts are provided showing defect distribution. Caseestwde provided to illustrate some of the more
common and interesting problems.

Keywords: Balance, flexible coupling, fluid coupling, gearbox, motomvpounit, rotor critical speed,
shaft breakage, stage loader.
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A. Vibration Limits:

Prior to beginning vibration analysis of coal mining equiptmameview was

made of existing vibration standards. No vibration stadgar limits were identified that specifically
applied to mining equipment. The vibration limits agreed upere determined after review of

generally accepted industry guidelines and standards.

Duibirggion run tests, the equipment was run

unloaded in repair shop facilities or in some caseseatihe shop. The equipment tested included
stage loader power units, transfer drives, sprocket, cisjshigdl conveyer power units (consisting of a
motor, flexible coupling, fluid coupling and gearbox).

Test Conditions

Units under test were running unloaded and either resilieohtad or bolted to their massive
support frames. The resilient mounting consisted of woathbend 3/4 “ to 1.5” thick rubber
sheets on concrete floor.

Coal crushers were run unloaded and supported on 1.5” rubb&s shemncrete floor, (resilient
mounted).

Vibration data were collected using 100mV/g acceleronatached to the bearing housings
(where accessible) with a 50-60 full flat magnet and CSI 2120 or 2130 Analyzers. Data were
uploaded to CSI AMS software for analysis.

Bearing faults were identified using standard vibratioa @ad Peakvue alarming on the time
waveform per CSI’'s published recommendations.

The vibration limits were as follows:

Units Frequency Overall Frequency | Frequency Comment
Span Level 1X 2X
In/Sec P! 0to 2000 H 0to0.1! 0to 0.1 0t0 0.0 | Acceptable
In/Sec P! 0to2000H | 0.15t00.4 | 0.1t00.28 | 0.07t0 0.1 | Margimal
May require alignment, balancing
bearing replacement, seal
replacement, or other corrections.
In/Sec P! 0 to 2000 H =>0.4( =>0.2¢ =>0.1¢ Unacceptable
Corrective actions may include
alignment, balancing, gear,
bearing, seal replacement, etc.
Peakvue
Units Frequency Time Waveform | Time Waveform | Time Waveform | Time Waveform
Span Shaft RPM 1800 | Shaft RPM 1800 | Shaft RPM 450 | Shaft RPM 450
G’s 0-1000 H: Alert5 g’s Action >10 g's Alert 3 g’s Action >6 g's
References:

1. AGMA Standard 6000-A88, Specification for Measurement aghr Vibration on Gear Units.

2. GM Specification V1.0a, GM-1761: General Motors / DéeMgiration Standard for the purchase of new and rebuilt

Machinery and Equipment.
3. IS0 10816-3 for flexible Mounted Machines
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Longwall Mining Machinery Definitions

Longwall

! Stage Loader &
Power Unit
Conveyer Power y Vi g
Unit & Sprocket B
S e
-

Figure 1. Stage Loader, Crusher, Conveyer Drive<®®

Longwall Shearer: The coal shearer is mounted on a conveyor operating neetéra series of self-
advancing hydraulic roof supports, $&gure 1. Longwall shearers have a cutting height of 1.5to 7
meters (5 ft to 23 ft). The width of the cut is typigdlDOO ft up to 1500 ft. Panels of coal are extracted
- rectangular blocks of coal as wide as the face thpegunt is installed in and as long as several
kilometers. Shearers cut coal from the face, whilts ¢eto an armored face conveyor for removal.
Longwalls can advance into an area of coal, or monenaonly, retreat back between development
tunnels (called "gateroads").

Roof Supports: Hydraulic powered, the roof supports hold up the mine rodieasdaal is removed, see
Figure 1. The roof supports are typically 10-12 ft high in the WEup to 25 ft in China and Australia.

As the longwall miner retreats back along a panel,db&behind the
supports is allowed to collapse in a planned controlled mmang&ach
roof support is connected by a relay bar to a segm&hém‘@veyor
called a pan. As the shearing machine passes each pempfteapport
pushes the pan forward in the void left behind by the remowaid The
support then lowers and pulls itself up to the pan andsreggiinst the
roof forming a "snake" in the conveyor.

Figure 2. Conveyer Power Unit,

) L . Sprocket and Chain.
and bars from the shearer, $egure 1 & 2. The chain is driven by the

head drive and tail drive power units and sprocket. The thead” and “tail” refers to the location of
the drive relative to the shearer. Motor size mageanom 800 to 2,200 HP. Typical arrangement is

Conveyer Power Units & Sprocket:The coal is conveyed by chains

(2) power units on the head drive and (1) power unit oraihdrive.

Crusher: High speed crushers, segure 3, typically have two
hammers in four rows. The\usher frame is fabricated from heavy §
steel plate. The crushers handle lump coal and @eersck, crushing [§
the material into small particles for easier conveynd improves ;
system productivity. The crushers are typically of twsigles, 1)

Figure 3. Coal Crusher, Belt
Driven.
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crusher shaft belt driven or 2) crusher shaft driven bghd angle gearbox, fluid coupling and motor.
Motor size is typically 300 HP.

Stageloader:A stage loader or beam stage loader (BSL) is a chairegonvhat transports coal cut by
the shearer from the shearer's armored face convAFQ@) (o a main belt conveyor, seegure 4. The
crusher is incorporated into the stage loader's design.

Pan Line: Pan Line modules, séggure 5, that make up the face conveyor are connected to eash oth
by connectors called dumb bells allowing each module teerhorizontally and vertically. This allows
the conveyor to be flexible and move with the undataiof the mine floor.

Figure 5. Stageloader. Figure 4. One Pan Module With

Twin Chains. Ré'®

C. Major Problem Category Distribution Chart

The problems identified during the equipment test runs grereped in major categories such as No
Corrective Action, Bearings, Unbalance, Resonancds Sea., see chart lgure 6. The major
categories were then sub-divided, for example, the ldnba Category was sub-divided into unbalance
resulting from:

» Motor Test Sheave (test sheave used for belt drivéotegearboxes)

» Missing key, Short/Long or Mushroomed Key (keys in mo&gearbox input shafts)

* Fluid coupling

* Motor Coupling Boss (hub) or Sheave

* Crusher Shaft (Crusher shaft rotating assembly includingvelseand flywheels)

1. No Corrective Actions: Of the 555 machines tested, no recommendations for tieeractions
were made for 45%. This does not mean vibration amplitiwdes always in the acceptable range.
Some of the equipment, especially crushers, had motonting design issues which resulted in very
high amplitude vibration. However, the scope of worktfie repair facility may be weld repair of the
hammers, replacement of bearings and seals but no waHeanotor mounting design. In this
situation, based on the information provided by the chemtecommendations would be made for
corrective actions.
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Test Results By Major Category

Bupoedi |jany
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Figure 6. Chart of Problem Major Category.
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2. Bearings Defective bearings were the most common defectifteshby analysis of vibration
data. Bearings documented to be generating defect freqaeveie 111. The distribution of bearing
problems is shown iRigure 7.

By far, motor bearing were the most common bearing prolidientified followed by Gearbox bearing
and Bearing Fit to Housing. Many of the motor bearing $lavere false brinelling and brinelling
occurring during transport or improper handling. The mdtaftshould be locked or preloaded axially
before the motor is moved or transported. However, thagh the drive end bearing is locked to
prevent movement the outboard bearing is still fremaoe and is more susceptible to false brinelling
during transport. Motors should always be stored on woethetomeric material to prevent false
brinelling. The motor should never touch concrete tadalbanelling of the bearings. An example of
false brinelling is provided in this article that documentaotor returned to the motor OEM three times
for bearing replacement.

Gearbox bearing flaws were most commonly identifiedHerinput shaft bearings. This is the highest
speed shaft typically operating at 1795 RPM. Gearboxrge#iaws also include the Bearing Fit to
Housing category. A cartridge is inserted in the case @&od normally carries one or two of the input
shaft bearings. This cartridge can be distorted as thmirey bolts are tightened causing the bore to go
out of round and also forcing the bearing outer rac@bigund. A horizontal split gear case can be
misaligned during assembly due to worn dowels which carhpindistort a bearing outer race.

Bearing Problem Distribution Identified During Vibration Tests

10
a
2

All Bearing False Brinelling was
found in Motor Bearings and
were included in Motor Bearing
Flaw Category.

Bearing False Brinelling & Brinelling

Bearing Fit to Housing Problem

Crusher Shaft Brg Flaws

Insufficient Lube

Hot Bearing (Over Greased)

Gearbox Brg Flaw

Problem Occurance

Motor Brg Flaw

Tapered Roller Bearing Clearance Setup Problem

Fluid Coupling - Bearing Defects

01 23 45687 8 2101112131415 16 171819 2001 A0S DS 26T D90 SISO M SIS IT NI LM DS MBS s T 0 5152
Number Of Occurances

Figure 7. Bearing Problem Distribution.
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3. Unbalance Excessive residual unbalance was tHerbst frequently identified problem with 60
occurrences documented. The distribution of unbalancevsrsim Figure 8. Fluid coupling and
gearbox input shaft rotating assembly unbalance was teeanmmon. The gearbox input shaft
rotating assembly includes the input shaft and the outptioseof the fluid coupling. Excessive
vibration at 1X the gearbox input shaft rotating assembiyresult from unbalance of the fluid
coupling, coupling eccentricity to the shatft fit, bent inpwfsHluid coupling cocked on the shatft fit,
coupling hub eccentricity, long/short keys, etc.

Running unloaded, the typical slip of the fluid couplings was 8 RPM. Therefore, a 6400 line

spectrum with an fmax of 5,200 CPM was measured to disptagpntitor and gearbox input shaft
rotational frequencies. (5,100 CPM /6400 Lines) * 1.5 Windowdfac1.195 CPM Resolution.

Rotating Assemblies With Excessive Residual Unbalance

[ [ [ [ [ [ [ [ [ [ [
Total Number Rotors
Diagnosed With Excessive
Residual Unbalance = 60.

Crusher Shaft

Motor Coupling Boss (Hub) Unbalance or Sheave

Fluid Coupling Unbalance/lnput Shaft Rotating Assembly

Problem Occurance

Missing Key, Short/Long or Mushroomed Key

Test Sheave Unbalance

01 2 3 45 6 7 8 9 10111213 14 1516 17 18 19 20
Number Of Problems

Figure 8. Unbalance Category Distribution.

Sometimes it was possible to trim balance a fluid cagph-situ. A process and case study is provided
in this article. However, one must perform runout raeaments and vibration analysis before
attempting in-situ balance correction. In additionceimost spectrum analyzers have fairly wide
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tracking filter windows some fluid must be drained frdma toupling to provide at least 40 RPM slip
between the coupling input and output.

Missing keys, short keys, long keys or damaged keys generaood which is a problem in many
industries. For a 300 HP motor on a crusher, the typlaatt key calculated to generate about 100 Ib
unbalance.

Motor belt sheaves were typically installed using a tapebushing. If the bushing bore is worn, radial
runout of the sheave can result which generates unbdtamee Vibration at 1X shaft rotational
frequency would also be generated by the sheave rad@litr and fluctuating belt load.

9 of 31



4. Resonance Resonance (excited natural frequency) was thex@t commonly identified problem
with 51 occurrences, see distributiorFigure 9. Structural resonance was the most common and
included motor mounting resonance on crushers, crusher swgiport plate resonance, power unit
(motor-fluid coupling housing-gearbox) flexural mode resoaastc. The test stand resonance at
gearbox input shaft speed was documented for certain sizbayes.

The Rotor Critical Speed category was a very interggtioblem area. The gearbox input shaft rotating
assembly of several manufactures gearboxes operatethaeficritical speed. Rotor modeling and

modal analysis were used to investigate this problem. s study is provided in this article.

Crusher drive belt resonance was only documented twikhe.belt 2X RPM aligned with 1X the
crusher shaft sheave rotational frequency exciting ¢lterdsonance.

Structural Resonance Problems Identified During Vibration Tests

Drive Belt Resonance

Rotor Grifieal Spesd _

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Number Of Problems

Problem Occurance

Figure 9. Resonance Category.
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5. Runout: Excessive runout was th& most identified problem as
show by the chart ikigure 11 The most frequently identified
component with excessive runout was belt sheavediuar ¢he motors
or crusher shafts. Crusher sheave runout is indicatetkbyiliration
data when motor vibration is primarily at the rotatidnequency of the
crusher shaft. Vibration at 1X the crusher shaft imtal frequency was
elevated especially if the shaft was bent. Due tonkeament in the
mines, damage to the crusher sheave belt grooves frequetuigpsee
the example irigure 10. Since the sheaves, which also act as fly

Figure 10. Coal Crusher
Damaged Belt Sheave (Fly
wheels) are at the edge of the crusher frame, the crsishft may be Wheel).

bent during movement in the mine if the crusher sheaveaasrihe
mine wall.

Excessive fluid coupling runout can generate vibration edhére drive end (motor rotational
frequency) or output end (gearbox input shaft rotationegjufency). The process of dial indicating the
motor-fluid coupling rotating assembly and the gearbox inpaft-sbtating assembly is described in this
article in the case study — Fluid Coupling In-Situ BalanciBgce the fluid coupling input/output
sections rotate at different RPM on their internal ing@at several problems can cause excessive fluid
coupling runout and vibration as follows:

* Bent gearbox input shaft

* Fluid coupling output section cocked on the gearbox input-fhaft

» Use of a two piece gearbox input shatft, i.e., shaéresion

* Worn bearings in the fluid coupling

* Fluid coupling internal runout

* Worn gearbox housing input shaft bores

Runout Poblem Distribution Identified During Vibration Tests

Bent Shaft

Fluid Coupling Runout

Crusher Shaft Runout

Problem Occurance

Sheave Runout m

1 2 3 4 g 6 T 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

o 4

Number Of Occurances

Figure 11. Runout Category.
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6. Seals: Seal rubs were thé"snost identified problem, documented 22 times. Rubs wentifiéel
by vibration data (Peakvue is very sensitive to rubbing),edlsas audible squealing. Inpro-Seals are
typically used in Reliance motors and some crusheirgehousings. The motor belt-drive setup on
crushers requires belt tension over 20G0 Tthis high

load on the end of the motor shaft causes deflection

can result in the seal rubbing if there is not adequate BN SHOULDER OR STOP
clearance between the seal rotor and seal stator, see
Figure 12 Although the seals are advertised as non-
contacting, internal clearances are small. Reliaves
responsive in increasing clearance of the Inpro-Seals
used in their motors for crusher application to reduce
eliminate the rubbing problem.

The crusher bearing housings are adjustable verticall
using hydraulic cylinders and steel shims, Biggire

13. If the bearing housing guides are not perpendicul
an axial force on the seal can result in rubbing. If the
crusher bearing housings are not accurately aligned i
the horizontal plane so that the shaft is perpenalidol
the bearing housings this can also result in the seal
stator and seal rotor rubbing. The rubbing produces
audible squealing and sometimes smoke. This is not

necessarily a seal problem but a shaft to bearing fgpu @ "
INPRO/SEAL COMPANY

alignment issue. ph- 800.447.0524 + Fx- 309.787.6114
info@inpro-seal.com * www.inpro-seal.com

Figure 12. Inpro-Seal lllustration.?e”

\

I S— I
RSV WM Bearing
. 8 Shims |
_ " e Vi
o 3 ) s~ O e
Flywheel -~ f /ASN
4 & « Hydraulic

2 o # Cylinder

Figure 13. Crusher Drive End Bearing Showing Hydraulic
Cylinder and Bearing Vertical Height Adjustment Shims.
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7. Couplings: The Voith Fluid Coupling is most commonly used on mining @aeint. It's
connection on the input side (motor) per Voith is bieailble coupling. A commonly used flexible
coupling is the EPK couplindsigure 14, 17 & 18, which has elastomeric blocks in shear. Another
flexible coupling in common use is by TscH&h seeFigure 15, which has elastomer in compressor.
Falk Wrap Flex is also in common use.

L

Figure 14: EPK (Flexible Pad
Coupling).

Ref4

The Voith turbo coupling®*is a hydrodynamic coupling that works on
the Fottinger principle. The main components congisvo bladed
wheels, the pump impeller and turbine wheel, which arlsed by a
shell, sed=igure 15. Both wheels are supported on bearings relative to
each other. Power is transmitted virtually without meeace there is no
mechanical contact between the power-transmitting partonstant
amount of fluid is in the coupling. Mechanical energy mted by the
drive motor is converted to kinetic energy of the opegatiuid in the
connected pump impeller. In the turbine wheel this kireztergy is
converted back to mechanical energy.

Figure 15. Tschan Elastomeric
Coupling Re'?

EPK Type Flexible Coupling Hub.?¢

bladed wheels shell

Figure 16. Voith Fluid Coupling Showing Pump Section ath
Turbine Section. R

20 i

T 26 GU0AM

Showing Measured Thickness.

Figue 17. Voith Fluid Coupling Input Showing ‘ Figure 18. EPK Coupling Elastomeric Blocks ‘
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D. Case Studies

Case Study: Motor with SKF 6224 Opposite Drive End Bearing Fak Brinelling. A motor bearing
problem was identified from vibration data measured during aradet run test of a Gob Side Tail

Drive power unit. The motor was 233/700 HP with ball bearidB%224 and IB 6226. Vibration data
on the motor OB end showed Brg 6224 BPFO frequency 0.117 pKssed~igure 19. The 6224

BPFO was not present in Peakvue datafFsgare 20. Autocorrelation of the vibration time domain

data showed the 6224 BPFO, ségure 21 The motor is shown iRigure 22 during one test

supported on rubber belting. The motor shop advised thanbdezquencies were low amplitude

before shipment and suspected shipping damage causing eittediiraior false brinelling. The motor
was returned to the motor shop, the opposite drive esnihigeinspected, confirmed damaged and a new
bearing installed. The motor was shipped by truck back tassembly shop.

The motor shop requested that the motor be testedeisa@on the shipping crate. The opposite drive
end bearing again showed 6224 BPFO in the standard vibratemvitlh amplitude 0.030 in/sec pk.

This procedure (returning the motor to OEM) was repeated tinnes with each test showing BPFO of
the outboard bearing in the vibration data. The cormiusas that false brinelling to the outboard
bearing was occurring during transport by truck. The inahditpckdown the outboard bearing was
allowing the bearing to move axially. Images of the damégedings are shown Figures 23-27

v R T
Routs

sk

HP Ik
DR A-DE
R) 23

Pie ety In Inaee:

| i

m ‘e &mm .-

Fraguancy {CPid)

i WW

@ &
Tima (Revrlutiors]

inbn
g
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Figure 19. Motor Opposite Drive End Bearing, ) ) _ )

SKF 6224 BPFO 0.117 in/sec pk. Figure 2C. Motor Opposite Drive End Bearing
SKF 6224 BPFO Not Present in PeakVue Data. :
Electrical Line Frequency Highest Amplitude.

s
Froquecey 1PV

e

]

Accakaration in &'

it

Titaa (Reveltans)

Comtwnn Faonr

T Foweltors

Figure 21. Autocorrelation Standard Vibration
Waveform Showing SKF 6224 BPFO Primary
Contributor.

Figure 22. Motor On Test Viewed From Outboard
End.
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According to SKF Publicatioi3459 Rolling Bearings and Sealsin Electric Motor and Generator R¢'3,
if a stationary bearing is subjected to vibrations, tieeerisk that false brinelling will occur. False

brinelling is the formation of shallow depressions & thceways that will eventually lead to spalling
and premature bearing failure. In cases where stelg@lements were replaced by ceramic rolling

elements, the bearings were found to be significaedly susceptible to false brinelling.

Figure 23. Motor OB Bearing, Inner Race False
Brinelling. . .
Figure 24. SKF 6224 Outer Race Showing False
Brinelling Damage.

Figure 25. Motor OB Bearing Inner Race False Figure 26. Motor OB Bearing, Outer Race False
Brinelling. Brinelling and Pitting.

Figure 27. Motor OB Bearing, Inner Race False
Brinelling.
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Case Study: Balancing Fluid Coupling In-Situ: Sometimes a fluid coupling can be balanced in-situ.
The gearbox input shaft must not be bent and coupling runoutdshe less than 0.005 in TIR or
0.0025 inch eccentric. Based on test and inspection resedtsntricity of fluid couplings have
measured as much as 0.030 inch TIR or 0.015 inch eccentrdcappnoximate forces resulting from
eccentricity of the center of mass of the fluid caugld.015 inch from the center of rotation calculated

as follows:
Fluid Clpg, s = 946lbe 160z /Ibf = 15,13¢

OzINny paance =15,1360z¢ 0.015nch = 220@zIn
F =1.775 22% 79532 1, 298f
000

The life of the input shaft bearing (coupling end) carryingtnad this dynamic load would be
shortened.

Using the typical spectrum analyzer, it may be necgsearain oil from the coupling to increase the
slip frequency between the input and output sections. c@lypiat least 40 RPM is required for a
spectrum analyzer tracking filter to accurately meadwed X amplitude and phase vector.

A power unit consisting of the motor, fluid coupling and@ge planetary gearbox is showrFigure
27. A laser tachometer senses reflective tape onahgliag input sectiorigure 28. The power unit
was supported on rubber and wood beams to lower the mouesiogance well below running speed,
seeFigure 30.

Washers were used as balance weights and inserted uadeubling bolt heads #3, #5 and #6 as
shown inFigures 28 & 29

Figure 28. A Power Unit Setup to Trim Balance The
Fluid Coupling In-Situ.
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Photo 29. Reflective Tape Used as Laser

Washers

Bolt 6

3 Washers

Tachometer Trigger. Balance Weights aBolt #3 Photo 30. Balance Weights at Bolts 5 & 6.
(20 Bolts Total).

The balancing process was as follows:

a.

Drain about 75% of the fluid from theRmeesET=
coupling to achieve at least 40 RPF *~
slip. s
Mount the power unit on very sof
support so that the mounting natur
frequency is very low and does not a
to amplify vibration at running speed.
Install reflective tape adjacent to a bc
on the 21.65 inch bolt circle.
Number the bolts against rotatio
beginning at the reflective tape with #
Run the power unit and allow vibratio
to stabilize. This may require 10 to
minutes. Record the initial vibratio
amplitude and phase lag angle.

' ! _ Figure 31. Two-Stage Planetary Gearbox Supported On
Shut the unit down and install a tricRubber Sheets and Wood Beams to Lower the Mounting
weight (one to three washers under oFrequency for Balancing.

bolt).
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g. Run the power unit and allow vibration to stabilize. Rdctire vibration data for the trial
weight.

h. Shut the unit down. Calculate the balance correcticedan the trial weight influence. Install
correction weight or weights.

i. Run the unit and measure vibration data. If additionallb@mance is required repeat stepls

Peak-hold data was measured during coast down to identifiggbeshaft critical speeds as shown in
Figure 32 The £ critical vertical mode was about 1759 RPM and the hotidonode 1407 RPM.
Split critical speeds are relatively common and agsed by asymmetry of the rotor support stiffness.

Oak Grove.rbm /L JPL 30-1 J 40169 PSW - Pt 5 Wer Shaft T| OB

0ae . P
0.875 “ -DG
LOAD = 100.00
RPM = 17010
(2835 H=)

Coastdown Data at the Gearbox
Output Bearing Housing. Critical
Speed Split 1407 RPM Hor Mode
& 1759 RPM Ver Mode.

0.z1 4

Pk Velactyin in/se

007 -

T T Freo: 1407 .0
= 1397 2845 Oird 5. 272

Figure 32. Frequency Spectrum During Coastdown Showing Twilodes of the 1!
Critical Speed of Gearbox Input Shaft/Fluid Coupling Rotating Assembly.

Frequency spectrum measured on the gearbox output beatismdp in the vertical direction before
balancing and draining the fluid coupling is showikigure 32 After trim balancing on the fluid
coupling, the vibration spectrum is showrfFigure 33. Vibration at 1X the gearbox input shaft rotating
assembly measured 0.0189 in/sec pk. The motor and couplingseqtiacin 1X measured 0.0789 in/sec

pk.

Note that fluid coupling runout can be measured as follows:
1) Dial indicate the motor and gearbox input shaft — maxir@uwal inch allowable.
2) With dial indicator measuring the round diameter of thiel fcoupling input section:

a. Holding the input section — rotate the output sectiom@fcoupling and record the TIR
movement of the input section — 0.005 inch maximum allowiéds measures runout of
the gearbox input shaft and the coupling bore to shatft fit.

b. Holding the output section — rotate the input section aadrd the runout TIR. This
measures the coupling internal runout. This should not ehx@@&@1 inch.
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Input & Output Shaft 1X Vibration.248 in/sec
pk (Before Draining Fluid & Balancing).

Rl e

fl A — e

-

- i

C

FrecnaEmnees G ERA

Figure 33. Frequency Spectrum at Gearbox Output VerticaDirection Before Draining Fluid From the
Coupling and Balancing the Coupling Input Section.

Oak Growve. rbm s LW ¢ JPL S0-11 J 40 169:1
ESw - BT S wer Shar Three OB

o.z7 o

. Output Shaft 1X Vibration 0.0189 in/sec pk
Input Sectiol . ) )
(After Draining Fluid and Balancing)
% Output Sectio Input Shaft 1X Vibration 0.0789 in/sec
= pk (After Draining Fluid and Balancing)
\ 4

o.o90-

Low e . j 1 . b Jll< [
ERTi Sobu BT
=

PITITIN T EYnm etin A=
Frep e ney (PR cop. OL01 S5

Figure 34. Frequency Spectrum at Gearbox Output VerticaDirection After Balancing the Coupling Input
Section.
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Case Study: Gearbox Input Shaft & Fluid Coupling ' Critical Speed: The gearboxes for the
power-units are primarily two types, 1) right angle dpeeallel shaft with or without a single stage
planetary stage and 2) two-stage planetary. The fluid emuplitput section is an interference fit on the
gearbox input shaft. The fluid coupling weight is typica900 Ib for 1000 Hp drive. The heavy fluid
coupling combined with long overhang can creatd eritical speed of the input shaft rotating assembly
near the operating speed frequency. The result is etevinmtion of the power unit and increased
sensitivity to unbalance and/or shaft runout. This prollilas been documented on several brands of
gearboxes.

The modal frequency response function (FRF), shovidigare 35, for a L700BP Gearbox measured
the £ critical at 1725 RPM. The FRF, sEgure 36, on this double planetary gearbox coupling
measured 1500 RPM. This unit would operate super critical.

Transfer Function B/A

001 - 001X/001X

00244 JOBID:PM L700E
15:06:23
30-Aug-06

G'sILBF

|

\ p
|\ -
Iy

G's: 0.0228

! \\w///m CPM: 1725.0000

‘ CPM 24000.0000

Transfer Function B/A

001 - 001X/001X

0.070Q JOBID:ENLOW O
14:51:31
30-Aug-06

G'slLBF

G's: 0.0606

/ \,\ CPM: 1500.0000
0.0l,A [ e e
0.0 CPM 24000.0000

Figure 36. Modal Test Point at End Of Fluid Coupling, Input End, Horizontal Direction.
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Rotor dynamic analysis was conducted using DyRoBeS FEa@ft\iwo models were developed as
shown inFigure 37. The original shaft design used a shaft extensionvandpherical roller bearings.
The fluid coupling has much greater overhang with this deb@mthe improved design shown in
Figure 37right side. The undamped critical speed map is showigure 38 for the original and
modified shaft design.

Figure 37. Model On Left — Original Design, Model on Riht — Modified Shaft and Bearing Design.

LABP 40 Input Shaft 100 mm With Fluid Coupling

Spin/Whirl Ratio = 1 Modes = 12,3

3" Critical

2" Critical

‘ Calculated Undamped
1% Critical For Newer

/ Desigr 2360 RPM 1 Critical

Critical Speeds (rpm)
3

Run Speed Original Design 1
Critical, Tested 1793
RPM.

10° L L L L L L
5 g

Bearing Stiffness

Figure 38. Input Shaft, 100 mm DiameteiVith Fluid Coupling, Undamped Critical
Speed Map for Original and Modified Design.
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The undamped®icritical speed mode shape for the original rotor deisighown inFigure 39. Note

that there is more flexure in the gearbox casing andEsding of the shaft (lower strain energy in the

shaft). The  critical calculated to 1793 RPM. Since thkctitical was almost exactly at run speed
very high amplitue vibration resulted.

The undamped®icritical speed mode shape for the modified designag/shin Figure 40. The stiffer
bearings and gearbox case results in more bending sh#ifie(higher strain energy in the shatft)

primarily in the area of the spur gear fit. Howevhe £ critical calculated to 2360 RPM or 565 RPM
above the operating speed. The result was much lowetiaib.

The damped critical speeds (which include the damping digaeng oil film) will typically be higher
frequency than the undamped calculations.

Figure 39. Undamped ' Critical Speed Mode  1ape  Figure 40. Undamped I Critical Speed Mode Shape
Shape 1793 RPM, Original Design. 2360 RPM, Modified Design.

Comparison of modal FRF’s measured on the fluid couplirgaoh rotor are shown Figure 41 The
static £' natural frequency of the original rotor design measured 1P34 &nd 2334 CPM for the
improved rotor design.

TAET FRE 15¢ 15¢

B PR zAD (a0 GMea)
VA B Cerway
///

e

Log agniude g6

Modified Rotor Static
1 Critical 2334 CPN

\ Original Rotor Static
1% Critical 1734 CPM.

1000 2000 2000 acoo scoo
(oERay

Figure 41. Modal Test Data Plotted Overlaid Original Rotorand Modified Rotor Design.
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Comparison vibration data is shownHigure 42, original shaft design arfeigure 43, modified shaft
design. The plots are log magnitude to enhance theyabilitisplay the rotor®icritical frequency.
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Figure 42. Original Gearbox Shaft Deign, Input Shaft Brg Haising Horizontal. 1*
Critical Indicated at 1969 RPM. Rotor 1X = 1795 RPM
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Figure 43. Improved Gearbox Shaft Design, Input Shaft By Housing Horizontal.
1% Critical Indicated at 2531 RPM.
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Crusher Motor Mounting Designs: There are a variety of motor mounting designs for coshers.
The most flexible motor mounting is face mounted toaalerwhich is hinged, as shownRigure 46.
Sections of pipe are welded to the crusher frame andrramdle with a piece of shafting inserted to
provide a hinge. The drive belts are tensioned by a hydmadiider and turn buckles. Very high
amplitude motor vibration often exceeding 1.0 in/sec pkismon.

Another design bolts the footed mounted motor to a plase; sed-igure 44, which is rigidly bolted to
the crusher frame. This design typically has very domplitude motor vibration.

A motor face mounted to a cradle which is bolted to thehar frame is shown Figure 46. The base
plate is moved by hydraulic cylinders to tension the be#tFgure 43 then hold-down bolts tightened.
This design has relatively low motor vibration even thofagie mounted. Mines often require crusher
motors be face mounted rather than foot mounted sohthahdtor can be also be used on stage loader
power units.

Figure 44. Crusher Motor Belt Tension Figure 45. Motor Foot Mount Rigidly Bolted to
Adjustment Using Hydraulic Cylinder. Crusher Frame.

Figure 46. Motor Face Mounted to Hinged Cradle Figure 47. Motor Face Mount to Cradle Which is
Rigidly Bolted to Crusher Frame.
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A less commonly seen crusher design supports tiermoupling-gearbox on the end of the crusher
shaft. The crusher shatt is splined and insertadthe hollow gearbox output shaft, $égures 48-50

Fluid
Cuopling
] )
Gearbox Housing Crusher

Figure 48. Crusher With Motor-Coupling Housing &
Gearbox Supported on End of Crusher Shaft.

Figure 49. View Along the Motor Looking At
Gearbox/Crusher Shaft Mounting.

Figure 51. ME'scopeVES ODS Model of Crusher.

The crusher had very high amplitude vibration ct t¢
measuring 2.122 in/sec pk at 1X on the motor OB _ _ _ _
Horizontal. Motor OB End vertical measured 0.755 Fi9ure 50. Link Connecting Coupling Housing to
. . Crusher Frame to Resist Rotation Torque.
in/sec pk overall, see spectrum and waveforms in

Figures 53 & 54

A modal driving point measurement on the motor oatd endFigure 52, identified two natural
frequencies at 844 and 1107 CPM. The crusher nmiotawas 1795 RPM and the gearbox output shaft
& crusher Shaft 450 RPM. This placed the crushaft2X at 900 RPM or near the 1st natural
frequency. ODS measurements were taken, see MEES6S modeFigure 51 & 55, although one
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could visually observe the ODS since vibration atagé of motor vibrating horizontally was 89.9 mils
or about 3/32 inch. Bottom line, this design donesappear to be as robust as the belt driven desig

M#1 FRF 1X-1X
TS.0.51534 gfibf |
844277 RPM |
l0.16824 gbf |
1 1106.94 RPM
0.1} :
E
-]
2 0.01
g
0.001
1000 3000 5000 7000 9000
RPM

Figure 52. Driving Point FRF at Motor OB Horizontal Measured Two Natural
Frequencies Within Operating Speed Range.
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Figure 53. Motor OB Horizontal. Most Vibration at 1X=450 RPM,
89.90 mils or 2.122 in/sec pk.
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Figure 54. Motor OB Vertical, Most Vibration at 2X=900 CPM.
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30%iewy: 450 Frequency (RPM)
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Figure 55: The 2“ Run of Crusher With Overhead View of Deflected Shapat Frequency of
Highest Vibration 1X Crusher Shaft 450 RPM. Most Flexurein the Coupling Housing and
Flanges Connecting the Motor to the Gearbox.
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Cast Study: Spirolox Retaining Ring Rub: During a run test of a coal crusher, a clicking sound was
audible at the crusher opposite drive end bearing. Thgndesed a Spirolox Retaining Ring, see
Figure 56. The Peakvue data measured on the crusher opposit@ddiearing housing, ségure

57, indicated impacting each revolution of the shafter€hwas a primary impact once each revolution
and a weaker impact twice each revolution. As discussibdhe design engineer, the source was the
Spirolox Retaining Ring impacting the split line of
the bearing housing. The circular plot shown in
Figure 58, indicates the once per revolution impac
occurs about the same place each revolution. The
secondary impact location occurring twice per
revolutions does not appear to be as consistent ir
location.

Figure 56. Spirolox Retaining Ring (www.smalley.com)
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Figure 57. Crusher OB Bearing Housing, PeakVue Data Showinighpacting Twice per Revolution.
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Figure 58. PeakVue Data on OB Bearing Housing Plotted i@ircular Plot.
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Crusher Shaft In-Situ Balancing: Coal crushers take tremendous abuse. The coal and nmakgco
from the longwall miner passes through the crusher zerreiduction. The typical crusher has four
rows of hammers with two hammer faces in each rohe rotor is adjustable vertically using hydraulic
cylinders then locked in place using steel one inch thicgkslsed-igure 59.

Occasionally a crusher will exhibit excessive vibratiompktode at 1X run crusher shaft during testing
and will require balancing. The crusher showfigure 59required balancing due to very high
vibration at the non-drive end bearing housing. During loaignthe crusher was supported on sheets
of 3/4” thick rubber. The thickness of rubber sheets wetestd to locate the machine mounting
resonance well below the run speed, as shown by theptmtde Figure 61

Initial vibration data at the non-drive end was Hor 0.43&i0 pk and Ver 0.168 in/sec pk. After
balancing, vibration measured Hor 0.167 in/sec pk and Ver 0.G&%ipk, se€igure 62 The large
weight welded to the outboard end was 2" X 4” X 10” = 22.64 The weight calculated to generate
3036 Ih. Trim balance weights of 2 Ibf were welded to eachadritle rotor, se&igure 60.

Trim Balance Wt 2 | i

Figure 59. View of Crusher Drive End. Arrows at
Steel Shims, Hydraulic Cylinder and Rubber

Sheets. Balance Wt

2"X4"X 10" =
22.64 Ik

Figure 60. Crusher Rotor Showing Balance
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Figure 61. Rubber Sheets Placed Under the

Crusher Shift the Rigid Body Mode Well Below Figure 62. Crusher OB Bearing Housing
Crusher Shaft Run Speed. Vibration Hor & Ver Before and After Balancing
Rotor.
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