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ABSTRACT

A major part of the energy used in any productioocpss is expended during the maintenance of Rksdts.
To ensure plant reliability and equipment availi#ila condition-based maintenance policy has h#mreloped in this
investigation. This paper describes the applicatiboondition monitoring on a super critical rotaguipment named the
Combined Feed Pump in the Cumene unit of Phenopt@in the plant for the case study, which unegdly failed to
run, so that it requires a large maintenance austiane for detection and failure analysis for firglout the root cause of
the problem for the corrective maintenance actmthe failure of this pump is a critical probleitnywas found out that
Erosion effect due to Cavitation in pump impelleasathe root cause of pump failure. In order tosteSavitation, some
improvements are suggested. It is necessary thagquires a skilled operation for the confirmatioh a complete

elimination of the source successfully.

KEYWORDS: Condition Monitoring, Vibration Analysis, Causedak&ffect Diagram, Frequency Spectrum Analysis,
PDE, PNDE, MDE, MNDE

INTRODUCTION

In a process industry, it is essential that the tome of equipment be kept to the minimum as asyugition to
the production has a cost implication in terms adsl of production, manpower costs, spare partss costi safety.
The mean time between failures and the probahifityudden equipment failures for all plant equiptaemere more and
most of the defects were developed within minutelsourly or weekly basis, so that the shutdowrheke equipments for
the corrective maintenance were done in unschedineel intervals. The overall maintenance costs #radtime for
maintenance is more during the catastrophic faibirthese critical equipments as compared to carstistime related to

scheduled shutdowns.

An uninterrupted production process is a key fadtr performance and ultimately for a plant's sssce
All machines involved in a production process aquired to work without interruption to guarante®#72operations.
This is easy in theory, but there will always bexected stops. The target is to reduce them tenthemum, leading to
more uptime and more profit for the company. Dgferapproaches and maintenance strategies existoball of them

are applicable to every machine and to ensure hvarecess. It is necessary to analyse differemampaters that will
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clearly show whether a plant is able to introduoe austain a proper and long-lasting condition-Basmintenance
programme.

Condition Monitoring

Condition monitoring is the process of determinthg condition of machinery while in operation. Thkey to a
successful condition monitoring programme inclu#eswing what to listen for, how to interpret it, @m to put this
knowledge to use. Successfully using this programenebles the repair of problem components prioffaiture.
Condition monitoring not only helps plant personregluce the possibility of catastrophic failuret also allows them to
order parts in advance, schedule manpower, and @lher repairs during the downtime. The methodoldgy a
Condition-Based Maintenance Program is shown inirféid..

Collection of failure equipments from plant survey
abnormality report

Selection of equipments based on economic importance

L]

————— Selection of monitoring parameters and techniques

]

Establish anInspection— Maintenance schedule

Detection of deterioration in machine condition
|
Set acceptable condition based on parameter severity
Charts, manufacturer's specification or experience

Perform condition analysis to confirm the fault, finding the
location of fault and to find cut the root cause of the problem

i

-

Correction of fault
Yes Presence of other faults

'\END

Conformation and running the equipment

Figure 1: Methodology for Condition-Based Maintenarce Program
CASE STUDY

The list of failure equipments collected from plasurvey abnormality report taken during the month o
August 2013 includes seven equipments due to varieasons like abnormal noise, high power conswmpincreased
abnormal vibration, low flow rate, high bearing fgmature etc. Due to lack of availability of tintke study concentrates
only to equipments having high economic importar®e.a criticality analysis is done for the calcigiatof equipment
criticality.

Criticality Analysis

Criticality analysis is a tool used to evaluate hegquipmentailures impact organizational performance in order
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to systematically rank plant assets for the purpa$ework prioritization, material classification, Prexive
Maintenance/Predictive Maintenance development eglahbility improvement initiatives. In Figure 2hd basic
information and algorithm for the calculation ofuggments criticality is presented. This figure slsave calculation steps

of the equipments. The Equipment Criticality isdidwut using the following equation.
C = (30*P + 30*S +25*A+15*V)/3 (1)
where,
EC: Is the equipment criticality
P :lIsthe product
S :ls the safety
A : Is the equipment stand by
\%

: Is the capital cost.
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Figure 2: Basic Information and Algorithm for the Calculation of Equipment Criticality

The Class A equipments belongs to Critical, Classbdlongs to Semi-Critical and Class C belongs to
Non-Critical. Table 1 gives the list of equipmefased during the overall inspection and theiricatity index were found

out as follows.

Table 1: Criticality Index of Equipments

SL NO | EQUIPMENT EQUIPMENT NAME IMPACTON | IMPACT ON | AVAILABILITY OF | EQUIPMENT [EQUIPMENT CRITICALITY| .
NUMBER PRODUCTION (P) | SAFETY(S) | STANDBY (A) | VALUE (V) INDEX (EC)
1 [BFwWP-3 BOILER FEED WATER PUMP 3 1 2 2 3 61.67 CLASS B
2 [P3004-B  |EVAPORATOR RECYCLE PUMP 1 2 2 1 51.67 CLASS C
3 [P2005-A  [COMBINED FEED PUMP 3 2 3 2 85.00 CLASS A
4 |P3006-B |EVAPORATOR BOTTOM PUMP 1 2 2 2 56.67 CLASS C
5 |P2008-B  |BENZENE RECYCLE PUMP 2 2 2 2 66.67 CLASS B
6 |CT-R2 COOLING TOWER FAN 2 1 1 3 2 55.00 CLASS C
7 |cT-P3 COOLING TOWER PUMP 3 1 1 3 1 50.00 CLASS B

After calculating equipment criticality index, & bbserved that only Combined Feed Pump belon@itizal

category. Thus the paper focused on to Conditiomitddang of the critical equipment (Class A equipm)enamed the
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Combined Feed Pump in the Cumene unit of Phenopt@ain the plant for the case study, which unesgay failed to
run, so that it requires a large maintenance austiane for detection and failure analysis for firglout the root cause of
the problem for the corrective maintenance actiois.necessary that, it requires a skilled operator the confirmation of

a complete elimination of the source successfully.

This critical pump discharges the mixture of Prepyd, Propane and Benzene to the Cumene Reactor.
This pump takes the suction from the bottom of Dppnizer column (Propane and Benzene) and Benzengck
column. The propylene feed from the propylene recpwnit after passed through the water wash colemters at

Combined Feed discharge line. The Figure 3 givesplecification of this pump.

Suction pressure: 18.6kgf/em?
Discharge pressure: 38kgf/'cm?
Capacity max: 79 9m3/hr
Normal: 72m3/hr

Safe min flow: 43m3/hr

Motor ratng: 132KW

Motor speed: 2950 RPM

Pump type: Horizontal Centrifugal

Figure 3: Combined Feed Pump and its Specifications
Pre-Maintenance History

The combined feed pump failed to run unexpectegllptoducing a noise level of 94 dB. Due to thissmathe
equipment has to be closed down for two days whidliresult in the overall Cumene production lo¥ke Figure 4 shows

the various major causes that may leads to thestwnt of the pump.
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Figure 4: Cause and Effect Diagram of Pump Failure

From the past data of pump’s abnormality reportected from the maintenance department (for lastet years)
reveals that the cause for maximum times of punipréawas due to increased abnormal vibrationohtdbutes about
66% (14 times) of overall causes of the failuremiady be due to system unbalance, pump and motaligrisent,
mechanical looseness, anti friction bearing defetids Second most cause of failure is due to nfaiture. It contributes
about 19% (4 times) of overall causes of failuree Thance of occurrence of other causes of fallkeelow flow rate,
high bearing temperature and pump parts damageeayesmall compared to the major causes. The Figushows the

percentage of causes for pump shut down and theat® Analysis for finding out the major causes.
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Figure 5: Pareto Analysis

A Pareto Analysis is conducted on the above dathitais interpreted that the major reasons conteiduo the
failure of combined feed pump were increased ababwuibration and motor failure (80% contributio®ince the chance
for motor failure was ignored due to the conformatirom the electrical department and so the studinly concentrates
on avoiding pump’s increased abnormal vibration iathds been selected as the major defect. Heniteation analysis is
needed to carried out for finding out the reasasisinidl pump vibration. Before shut down the pumpeieds to take the
RMS velocity readings of vibrations and Shock Pulgenitoring readings (Spike energy readings) ofdlaaarrying
bearings in Horizontal, Vertical and Axial direct® of Pump Drive End (PDE), Pump Non Dive End (PNDE
Motor Drive End(MDE) and Motor Non Drive End (MNDEgspectively during the critical running of thenmu

Vibration Monitoring and Analysis

Vibration monitoring measures the frequency andlauoge of vibrations. It is known that readings Mdhange as
machinery wear sets in. Such readings can be metexgh as indicators of the equipments conditiord &imely
maintenance actions can be scheduled accordintggtriEal machines and mechanical reciprocatingotating machines
generate their own vibration signatures during afien. However such complex signals contain a idtackground noise,
which makes it difficult or even impossible to edt useful, precise information by simply measuting overall signal.
To capture useful condition monitoring data, vitmatshould be measured at carefully chosen pointk directions.
Vibration monitoring usually involves the attachrheha transducer to a machine to record its vibrelevel. Transducers
for the measurement of vibrations employ electrametig electrodynamics, capacitive, piezoelectric,stvain gauge

principles, out of these piezoelectric acceleronsatemost widely used since the recent past.

Vibration analysis is a non-destructive techniquieiciv helps detection of machine problems by meaguri
vibration. Vibration analysis has been proven tah®most successful predictive tool when usedodaiting equipment,
both in increasing equipment availability and reiliay. In order to maximize the finite life assatéd with rolling element
bearings and optimize equipment production lifegessive wear caused by misalignment, unbalanceresmathance must
be minimized. The presence of trained vibrationcgdists with equipment to conduct analysis wiltrfothe basis of a
strong vibration program. There are literally hwedth of specific mechanical and operational probléras can result in
excessive machinery vibration. However, since eggé of problem generates vibration in a unique veathorough study
of the resultant vibration characteristics can goray way in reducing the number of possibilitiegpfully to a single

cause. The cause and effect diagram of increaseatrall pump vibration is shown in Figure 6.
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Figure 6: Cause and Effect Diagram of Increased Abormal Pump Vibration

Most problems generate vibration with frequenched aire exactly related to the rotating speedipfitrtrouble.
These frequencies may be exactly 1 x RPM or mekigharmonics) of 1 x RPM such as 2x, 3x, 4x, ktaddition,
some problem's may cause vibration frequenciesatiga¢xact sub harmonics of 1 x RPM such as 1/2x,dr 1/4 x RPM.
In any event, the Fast Fourier Transform analyatsa dan identify the machine component with théjemm based on the

direct relationship between the measured vibrdtieguency and the rotating speed of the varioushinaelements.

The machine component that has the problem is lystiz¢ one with the highest amplitude of vibration.
The following chart lists the most common vibratfoequencies and their relation to machine rotasipged (RPM), along

with the common causes for each frequency.

Table 2: Vibration Trouble Shooting Chart Based onFrequency

Feciprocating Forces

Frequency i Terms of EPM | MostLikely causes Other possible czuses & Remarks
IxRPM Unbalance I) Eccentric joumals, gears or pulleys
2) Miszlipnment or bent shaftif high axial
vibraticn
2x RPM Mechameal looseness 1) Miszlipnment if high axizl vibration
2) Reciprocating force
3x RPM Mhszlignment 1) Usuazlly a2 combmation of misalipnment and
EXCESIIVE
2) Axizl degrance (looseness).
Less than Ix EPM Ol VWhitl(Less thanl 2 x 1) Bad drive belts
RPMD 2) Background vibration
3) Sub-harmonic resonance
Many Tmmes FPM Bad Gears, Asrodynamic 1) Geartesth times RPN ofbad gear
(Harmonically Foroes, 2) Mayecour at 2,3, 4 and sometimes higher
Belated Fraq.) Hydraulic forces. harmonics
Mechanical Looseness,

High Fraquency (Not
Harmenically
Related)

Bad Anti-Friction bearmg

1) Cawitation, recirculation and flow turbulence
causes random high frequency vibration

2) Improper lubrication of jourmnazl bearings

3) Rubbing

Synchronous (A0 lns
frequency)

Elactrical Problems

1) Commeon elactrical problems melude broksn
rotor bars, eceentric rotor, and unbalanced phasesm
poly phase Systems, unegual air gap.

2xSvnch Freguency

Torgque Pulses

Flare 23 2 problem unless resenance i3 excited

Relatively high amplitudes of axial vibration arermally the result of

e Misalignment of couplings

e Misalignment of bearings

» Misalignment of pulleys or sheaves on belt drives

* Bent shafts
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The Table 2 shows the Vibration severity chart @asIBO 2372. Since Combined Feed Pump is a classathine

and the limits of this class is found out from ghandard.

Table 3: Vibration Severity as per 1ISO 2372

h mn
large rigid
inis | mm Is foundation
0.01| 0,28 Limits of class ITT machine
El 3‘3§ E?? Good : Oto 1.8 mm/sec
= g-'g% }é% Satisfactory: 1.8to 4.5mm/sec
£ [[o11] 280 satiathctory Alarm: 4.5 to 11.2 mm/sec
= [.0.18[ 4.50 Mot Permitted - >11.2mm/sec
2| 0.28] 7.10 unsatigfactory
El 044112
= | o.7o| 18.0
_0.71] 28.0
1.10] 45.0

The vibration readings taken at different measutirogitions before rectification are shown in Tabld-rom the
table, it is clear that some readings are in ALARIMit or UNACCEPTABLE limit according to the vibrain severity
range (in accordance with ISO 2372), we can comcthdt the reason for the pump failure is increadmwrmal vibration.
(Since combined feed pump is a class Il machim@m@ing to ISO 2372). We want to find the causdsictvleads to the

pump vibration.

Table 4: Vibration Data Sheet of Combined Feed Pumpefore Rectification (Taken on 30/08/2013)

Vibration Velocity Vibration Velocity Vibration Velocity
Measuring Locations Readings in Horizontal | Readings inVertical Readings in Axial
Direction (in mm/sec) | Direction (in mm/sec) | Direction (in mm/sec)
Pump Drive End (PDE) 10.41 3.28 4.83
Pump Non Drive End (PNDE| 4.51 1.39 1.32
Motor Drive End (MDE) 4.34 5.25 7.28
Motor Non Driv End (MNDE) 4.97 5.97 7.13

The following figures (Figure 4 to Figure 15) showise different Frequency Spectrums showing the

frequency-vibration velocity relations monitoreddéfferent bearing locations of pump-motor systespectively.
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Figure 17: Frequency Spectrum MNDE Ver. Direction  Figure 18: Frequency Spectrum MNDE Axial Diretion
Observations from the Frequency Spectrums

By observing the trend and the spectrums obtaities interpretation is that the there is severe ligisaent
between motor and pump. In PDE, the horizontal aiglareadings (10.41 mm/sec) are in ALARM limit awibration
frequency of 3*rpm is dominant, which indicates atignment. In vertical direction, the velocity régs (3.28 mm/sec)
are in SATISFACTORY limit and vibration frequencyf 8*rpm is dominant, which also indicates misaligemh
In axial direction, the velocity readings (4.83 ree®) are in ALARM limit and vibration frequency &frpm is dominant,

which also indicates misalignment. Also high fremgies (not harmonically related) at three dirediomdicates some
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severe Bearing damage. Other reasons for highdreguvibrations may be Cavitation, Flow turbulenceecirculation of
flowing fluid. For conformation it needs furtheraysis. In PNDE, the horizontal velocity readings5(L. mm/sec) are in
ALARM limit and vibration frequency of 3*rpm is damant, which also indicates misalignment. In MDEIaviNDE,

high amplitudes at axial direction in 1*rpm is deowant, which also indicates severe misalignment.

For finding the root cause for pump and motor nigsahent, further analysis is needed. Thus the fadtmat lead
to system misalignment were studied through brainging and the major causes found out are beaefect bent shaft,

soft foot, unbalanced forces by piping etc., whigre shown in the following cause and effect diagra

BEARING DEFECT BENT SHAFT
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DAMAGE TO BEARINGS,
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TENSION FLOW
UNBALANCED FORCES
Rl BY PIPING

Figure 19: Cause and Effect Diagram for Pump and Mtor Misalignment

Through an effective visual monitoring the facttike bent shaft, soft foot and unbalanced forcepipyng were
ignored and the study mainly concentrates on td#aing defect. The Shock Pulse Monitoring metisagsed to assess

the operating condition of rolling element bearin§hock Pulses are a special type of vibration tzat be clearly

distinguished from ordinary machine vibrations.

The SPM Method

SPM is an abbreviation for the Shock Pulse Methddch is a patented technique for using signalmfrotating
rolling bearings as the basis for efficient coratitimonitoring of machines. The SPM Method deteetgetbpment of a
mechanical shock wave caused by the impact betiw@emmasses. At the instantaneous moment of impactecular
contact occurs and a compression (shock) wave dgyvéh each mass. The SPM Method is based on #r@saccurring
in the mass during the extremely short time perdér the first particles of the colliding bodiesnte in contact.

The following figure shows the SPM severity chart.

S P M SEVERITY CHART
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Figure 20: SPM Severity Chart
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The following table gives the SPM readings takedifi¢rent bearing locations of Pump - Motor system

Table 5: SPM Readings at Different Bearing Location

. Measuring Locations | LUB. NO COND. NO CODE
PDE 2 56 D
PNDE 2 32 B
MDE 2 35 B
MNDE 4 25 A

Observations from SPM Readings

From the SPM readings, it is observed that, in PIDE,CODE is D which indicates a signal that isi¢ggpfor
bearing damage and COND NO of 56 indicates a hagrek of surface deterioration or damage in tHagointerface.
But the LUB NO of 2 indicates a boundary lubricati®o that it is interpreted that the cause foesebearing damage in
PDE is not the lack of lubrication. There may bemeoother reasons which lead to the severe bearamgage.
But for the other measuring locations, the CODEeoled is A or B, which indicates the bearing isgmod running
condition and the COND NO indicates minor damage.itSs interpreted that strong bearing failure fduwut only in
PDE, which is the root cause for system misalignmevrhich leads to the system increased abnormalatidn.

The vibrations generated at the other measurirgfitmts are after effects and are transferred fiwarPDE.

Next we want to find the root cause for severe ingalamage in PDE. Pump was taken for maintenande a
during this section, a severe bearing damage wssredd. In order to find out the root cause of gisblem, through a
panel of experts and by analyzing the past mainmaecords, some major factors were found out lwheads to the
bearing defect. The following figure shows the eaasd effect diagram for bearing defect.
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UNBALANCE MOUNTING

EROSIVE EFFECT LOAD
OF CAVITATION
IMBALANCE

MATERIAL
FATIGUE EXCESSIVE HEATING
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Figure 21: Cause and Effect Diagram for Bearing Dedfct

ELECTRICAL
DISCHARGE

By an effective monitoring and expert discussidme tauses like improper mounting, improper lubicatand
indirect failures were avoided and the only caa$ei$ impeller unbalance. So the pump was isolatedi decoupled from
the motor at the site and then it was shifted téinteaance workshop for overhauling. On dismantling pump, it was
observed some severe material removal in the puimmeller surface. The shape of the cavities gaaedranplies an

erosive effect occurred due to Cavitation and $ofihalized as the root cause of the pump failure
Cavitation

Cavitation is a phenomenon that occurs when vapobbles form and move along the vane of an impeller

As these vapour bubbles move along the impellee viire pressure around the bubbles begins to ser&ghen a point is
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reached where the pressure on the outside of thieldis greater than the pressure inside the bubiidebubble collapses
as shown in Figure 18. The process is not an egplbdt rather an implode. This collapsing bubbit€t ialone, but is
surrounded by hundreds of other bubbles collapsihgapproximately the same point on each impelleneva
The phenomenon of the formation and subsequerapssl of these vapour bubbles, known as Cavitatias,several

effects on a centrifugal pump.

ROTATION

COLLAPSING BUBBLES

\‘\
! =

VAPOR BUBBLES

L

Figure 22: Cavitation Effect

The collapsing bubbles make a distinctive noiseiciwiihas been described as a growling sound leadsvere
vibration and resulted in impeller damage. The pbaph of damaged impeller due to cavitational ieross shown in
Figure 18.

Figure 23: Impeller Damage Due to Cavitional Erosia
Recommendations to Resist Cavitation

The solution to pump impeller Cavitation lies inding a material that can withstand high pressurear harsh
environments, and be machinable. At present, ndilyeavailable alloy can do that cost effectiveéfhus the only tangible
way to salvage the pump is to protect it with arifia@l material that is readily available, easyuse, and cost-effective.
Technological advances in industrial protectiveticmgs and repair composite materials have madessiple to repair
pumps suffering from Cavitation, rather than simpplacing them. Cavitation-Resistant (CR) Elastenean retain
adhesion under long-term immersion, dissipate gnergated under high-intensity Cavitation, and pfewoutstanding

resistance to corrosion and other forms of erosion.
Cost Saved by Preventing Catastrophic Failure of Gobined Feed Pump
» Costs calculated if catastrophic failure occurse(tluimpeller damage)
= cost of impeller + cost of production loss fon@urs + labour cost + spare part cost
= 22000 + (2*(9355*3.75)) + 2000 +2500

= Rs 96662.5/- (approx)
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Costs involved during scheduled shutdown

= cost of 1 liter of CR Elastomer (for two coatings pump impeller and casing) + cost of production

loss + labour cost + spare part cost

= 3500 + 0 + 5000 + 2500

=Rs 11000 /- (approx)

Total costs saved = (A) — (B)
=96662.5 — 11000

= Rs 85662.5/- (approx)

CONCLUSIONS

By using an effective condition monitoring systeimwas found out that the combined feed pump failuas

mostly due to erosion effect by Cavitation in thenp impeller. It is recommended that CavitationiReast Elastomers

provide outstanding resistance to corrosion an@rotbrms of erosion and ensures better life to ilepend thus the

improve the reliability of pumpn an industry with well applied and managed cdoditmonitoring system, we can have

many benefits like prolonged machine life, minintiaenscheduled down time, elimination of unnecessaeyhauls, more

efficient operation, increase machinery safety iamatove quality performance.
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