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Abstract—Condition Based Predictive Maintenance 

(CBPM) is an effective tool in monitoring the heartbeats of 

a machinery. CBPM is an advanced tool in predicting the 

behavioral patterns of machinery components. The 

concept of unique natural frequency pertaining to 

individual components of machinery and their baseline 

signature monitoring can enable in analyzing the 

performance characteristics of machinery. In this modern 

era keeping pace with leap in technologies can yield 

wonders in upkeep of modern machinery, reduce 

maintenance costs and layoff time. A simple vibration 

baseline signature is all that is required to monitor 

machinery. Indian Naval ships unlike merchant ships 

consist of complex machinery and are subjected to 

rigorous exploitation pattern owing to war deployments. 

This results in early wear and tear of machinery. CBPM 

and its faithful implementation onboard ships can redefine 

the endurance characteristics of machinery, enable 

enhanced exploitation, thereby improve sustainability in 

war patrol. CBPM strategy can be utilized in systematic 

monitoring of equipment fitted onboard ships and enable 

implementation of E-maintenance strategy.  

Keywords—CBPM; Vibration; Oil Analysis; E-

Maintenance; Ships 

I.  INTRODUCTION  

Condition Based Predictive Maintenance [3] can be used 

to schedule maintenance activity in a timely manner by ships 

and also prevent unexpected equipment failures. The key is 

"the right information in the right time". By knowing which 

equipment needs maintenance, maintenance work can be 

better planned (spare parts, people, etc.) and what would have 

been "unplanned stops" are transformed to shorter and fewer 

"planned stops", thus increasing equipment availability. A 

systematic monitoring and recording of CBPM tools used for 

equipment can improve sustainability at high seas, thereby 

improving the fighting efficacy of a warship. 

A. History 

Human brain is an inbuilt sensory device with the ability 

for sense of touch and hearing. When the brain is trained to a 

situation, the sensory organs aide in fault identification when 

there is deviation from the original situation. In the past 

efficient machine operators significantly contributed to 

identify problems with feel of touch or by using a simple 

screwdriver to conduct sound from the bearing house to ears. 

However vibration equipment is required to obtain consistent 

results and maintain records. The origins of industrial 

vibration measurement can be attributed to TC Rathbone, 

Chief Engineer, Turbine & Machinery Division, New York 

division.  Rathbone is credited with defining the initial 

guidelines for judging machine condition from vibration 

measurement in his paper ‘Vibration Tolerance’ published in 

1939.The first vibration meters were introduced in 1950s and 

measured overall vibration either in peak to peak mils 

(thousandths of an inch) of vibratory displacement or in Inches 

Per Second (IPS). In the 1970s with personal computers in use 

the advent of digital signal processing led to FFT analyzers. In 

the 1980s with use of microprocessors on a single silicon 

chips [1] led to portable digital signal analyzers. From a 

simple overall amplitude measurement seventy years ago to 

the complex dynamic signatures utilized today for a detailed 

analysis of condition assessment have become an essential 

element for the safe operation and effectiveness of today’s 

modern machinery systems. 

B. CBPM Methods: 

 To evaluate equipment condition, predictive maintenance 

utilizes nondestructive testing technologies such as infrared, 

acoustic (partial discharge and airborne ultrasonic), vibration 

analysis, sound level measurements, oil analysis, etc. These 

methods have been proven to be successful in predicting the 

condition of the equipment and decide on further exploitation 

accordingly. 

II. VIBRATION MONITORING 

 Vibration measurement [4] used in monitoring a machinery 

is akin to the ECG used in medical field. It can be defined as 

the pulse of an machine. Irregularities can cause failures and 

can be effectively used as an early indicator or symptom for an 

defect.  Vibration monitoring first begins with acquiring an 

accurate time-varying signal from a vibration transducer, such 

as an accelerometer. The raw analog signal is typically 

brought into a portable, digital instrument that processes it for 

a variety of user functions. Depending on user requirements 
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for analysis and the native units of the raw signal, it can either 

be processed directly or routed to mathematical integrators for 

conversion to other units of vibration measurement. 

A. Narrowband analysis 

 Narrowband analysis [7] is basically the analysis of FFT 

spectrum in a close band of frequencies (i.e. the frequency 

range in which our interest lies). Key element of this analysis 

is to determine the vibration frequencies present and how 

these vibration frequencies relate to the rotating speed (rpm) 

of the various machine components. To do this we require a 

vibration frequency analyser. Since from narrowband analysis 

we can determine the component level vibration, we can 

understand the health of machinery better. A narrowband 

spectrum analysis requires detailed knowledge of design/ 

construction of the equipment, its past history, operating 

conditions and list of potential components prone to damage/ 

failure. In addition, deviation from laid down operating 

instructions results in excessive operational stresses which 

changes the balance condition/ component alignment causing 

high dynamic loads which may eventually lead to accelerated 

wear. Such defects will invariable result in change in vibration 

trends of the machine. Therefore, periodic vibration 

measurements as well analysis of change in vibration 

characteristics is critical to early identification of incipient 

faults as well as uncover the inaccurate operation practices. 

B. Signal Analysis 

 This is a method of taking a real world, time-varying signal 

[5] and splitting it into components, each with an amplitude, a 

phase, and a frequency. By associating the frequencies with 

machine characteristics, and looking at the amplitudes, it is 

possible to pinpoint troubles very accurately.  

III. CASE STUDY  

A. Vibration Trend 

Air-conditioning is the control of temperature, 

humidity, air purity and air movement within a space or group 

of spaces. It is a prime requirement in all Naval platforms to 

ensure that the ship's staff continue to operate at high levels of 

effectiveness and efficiency for long periods and the 

environment for essential equipment always remains 

satisfactory for reliable operation. This environmental control 

has to be achieved throughout the full spectrum of ambient 

conditions for which the ship is to be designed. Therefore, 

operational availability of all AC plants onboard Naval 

platforms is a mission critical requirement. One of the AC 

plants onboard a ship encountered extended operational 

requirements which were optimised by timely predictive 

evaluations and progressive corrective actions. 

 

1) Running hour extension: The ship had an operational 

requirement of extension of running hours on Air-

Conditioning No. 3. Accordingly, running hours extension [8] 

(for 1000hrs on 10000hrlyroutine) trials were undertaken. The 

overall vibration levels recorded were satisfactory with max 

overall vibration of 10.5 mm/sec against the limit of 18 

mm/sec. While all vibration and performance evaluation 

parameters were within acceptable limits, an increasing trend 

was noticed at 1X and 2X of fundamental running frequency 

during Narrow Band analysis. The increasing trend was likely 

as the equipment was due for major overhaul as per Planned 

Preventive Maintenance program.  

 The ship was advised to exploit the AC plant under more 

frequent monitoring of vibration/ performance parameters 

[9] with following observations:- 

a) Presence of high amplitude peaks at 1X in vertical as 

compared to horizontal at compressor drive end indicative of 

increased bearing clearances 

b) Increasing trend in amplitudes at 1X and 2X in all 

directions indicative of incipient weakness in pedestal 

structure which has been observed in past cases of weak pump 

stools/ base structures as shown in Table I. 

 
TABLE I. Overall vibrations (mm/sec) recorded 

 

2)  Considering the past trend, previous observations made 

during running hours extension trials and narrowband 

analysis, the following observations were made. 

 
Fig. 2. High amplitude peak at fundamental frequency in 

vertical direction 

 

a) Presence of high amplitude peaks at 1X frequency in 

vertical (Fig. 2. ) as compared to horizontal direction 

indicating increased bearing clearances. 

Measuring  

Direction 

V A H 

Comp free end 10.3 4.8 11.9 

Comp drive end 20.1 6.9 10.8 

Motor drive end 13.5 6.9 16.8 

Motor free end 7.8 6.6 16.3 
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b) Presence of peaks at 2X in all directions indicating 

misalignment and weakness of pedestal structure (Fig .3. 

below shows a few spectrums) 

 

 
 

Fig. 3. Spectrums 

 

c)  Phase analysis revealed 90o phase difference 

between vertical to horizontal at motor drive end bearing 

indicative of unbalance of motor rotor. 

 

3) Recommendations: The following recommendations 

were made 

a) Overhaul of compressor 

b) Balancing of motor shaft with pulley along with 

trueness checks of both pulleys 

c) Survey/ repair of foundation structure 

d) Renewal of mounts 

 

4) Repair Actions:10000 hrly (MOH) of AC Plant along 

with renewal of SV mounts post testing / grouping and 

trueness checks of compressor & motor pulleys were carried 

out.  Recorded overall vibrations within alarm limits post 

aforesaid repair actions. However, survey/ repair of foundation 

structure was not carried out by repair yard view requirement 

of three weeks of maintenance period involving lifting of AC 

and extensive de-gutting/ re-gutting. It was recommended to 

exploit the AC plant under observation and offer for 

narrowband analysis trials based on any increase in overall 

vibrations.  

 

5) Trials Post MOH: An increasing trend of vibrations at 

compressor free end in vertical direction was noticed post 77 

hrs of exploitation (running hrs since MOH). Attenuation 

across six out of eight new mounts was found to be unsat. 

Poor attenuation across new mounts with higher overall 

vibrations recorded below mounts as compared to 

readings above mounts at three locations substantiated 

indications of weakness of pedestal structure. Overall 

vibrations recorded were shown in Table II.  

 
TABLE II. Overall vibrations (mm/sec) recorded 

 

 Narrowband analysis once again revealed high vibrations at 

1X and 2X in almost all directions confirming weakness of 

pedestal (Fig .4 shows one such spectrum ).Therefore, firm 

recommendations for renewal/ strengthening of base frame / 

foundation were made. 

 

Fig. 4. Spectrum depicting high 1X and 2X amplitudes 

 

 

6) Final Trials: The survey of foundation post lifting of 

AC Compressor revealed corrosion/ weakness on 05 vertical 

foundation stiffeners and 02 horizontal baseframes. Overall 

vibrations recorded by ship post renewal of corroded vertical 

stiffeners and horizontal baseframes are as tabulated below as 

in Table III. 

 

TABLE III. Vibrations (mm/sec) post Repair of Foundation 

 

Measuring  

Direction 

V A H 

Comp free end 7.9 1.9 8.2 

Comp drive end 7.1 4.0 8.3 

Motor drive end 7.4 3.4 6.7 

Motor free end 10.2 2.8 10.0 

Vibration 
Monitorin
g Points 

INITIAL 

(Trials) 

 

 Post MOH &Renewal of 
Mounts 

V A H V       A H 

Compressor 
FE 

10.3 4.8 11.9 13.9 3.6 0.2 

Compressor 
DE 

20.1 6.9 10.8 5.2 5.1 8.1 

Motor DE 13.5 6.9 16.8 7.9 6.0 6.3 

Motor FE 7.8 6.6 16.3 7.7 5.3 9.6 
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7) Weakness of Base frame/ Structure: In general, the first 

indication of mechanical looseness related to weakness of 

structures has been found to be increased peaks at 2X  

fundamental frequency. The presence of both 1X and 2X of 

fundamental frequency in a balanced and aligned rotating 

machinery is most likely an indication of weakness of 

pedestal, distortion of base frame/ rocking motion. If the 

resulting looseness due to weakness of pedestal worsens, it 

will result in development of impulse/ impact events. In such a 

scenario, the FFT spectrum will show multiple harmonics. 

 

B) Oil Analysis 

 Oil in machinery [6] is the lifeline and it runs though to 

provide lubrication, cooling as well as clear debris. Similar to 

a blood report undertaken on human beings to identify various 

suspensions for diagnosis and oil report can also diagnose the 

internal health of an machine. Wear particle concentrations 

(Fe, Pb & Sn) were observed in Spectrometric analysis report 

of HP Air Compressor (HPAC) (Sulzer) in advanced oil 

analysis returns of a ship. Thereafter, ship reported 

replacement/ flushing with new oil. However, wear particle 

concentrations were again observed in subsequent analysis. In 

both the reports abnormally high Sn concentration was a cause 

of concern. In the absence of an approved promulgated alarm/ 

alert values, trending and comparative analysis was 

undertaken for severity assessment. The analysis details of 

wear particle concentration (ppm) as given in Table in IV. 

 
TABLE IV. Comparative assessment of wear particle concentration 

 
Metal Same Compressors on P-17 class 

HPAC No 1 (Sulzer) 

19 Aug 14  03 Oct 13  

Fe 51.31 39.36 

Pb 18.62 2.90 

Sn 49.18 37.30 

 

 In addition to the OEM specifications, the probable sources 

of wear metals in lub-oil are shown in Table V. 

 
TABLE V. Probable sources of wear metals in Lubricating Oil 

 
Metal Probable sources 

Fe Gears, rolling bearings, cylinder liners, shafts, rust 
formation  

Pb A soft metal used for sacrificial wear surfaces such as 
journal bearings, Lead based babbits are widely used, 
Journal bearings grease, roller Bearings and bushings 

Sn Bronze bushes, washers and gears, rolling element 
bearings: alloyed element in cages, journal bearings: 
journal bearing pads (babbited) 

 

1) Recommendations: In view of the above, the increased 

presence of Iron (Fe) along with Lead (Pb) and Tin (Sn) was 

indicative of white metal bearing wear. The scrutiny of 

Maintops of HPAC (Sulzer) revealed requirement of 

weardown checks of Main/ Con rod bearings as part of 

annual routine. It was confirmed from ship that the annual 

routine was overdue. Accordingly, OEM was also 

approached for investigation of increased wear particle 

concentration. Annual routines on HPAC no. 1 were carried 

out and investigations revealed wearing of crankshaft due to 

insufficient lubrication of main bearing. The early detection 

saved the crankshaft failure and seizure of engine. 

IV. CBPM ONBOARD NAVAL SHIPS 

 

A) Proposed Methodology for Naval ships 

  The procedure of condition monitoring [9] involves  

trending, which examines the rate at which condition 

indicating parameters change with operating time. 

Therefore, it is a continuous process requiring persistent 

watch. The three circumstances which are to be considered 

while evaluating the ‘trends’ and the recommended actions 

to be taken by ships are shown in Fig .5. 

   Case I            Case II           Case III 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 
 

 

 
 

 

 
Fig .5 .Analysis of parameters and recommended actions 
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B) Vibration severity zones 

 The vibration severity zones can be broadly 

considered as follows as shown in Fig.6 . 

 

1) Zone A: Vibrations of newly commissioned machine 

2) Zone B (Normal Range): Vibrations are acceptable 

for unrestricted long-term operation 

3)  Zone C (Alarm Range): Vibrations considered 

unsatisfactory for long-term continuous operation 

4)Zone D: Vibrations may cause damage to the 

machinery 

 
 Fig .6 .Vibration Severity Zones 

 

The alarm limits promulgated for engineering equipment 

under the ambit of CBPM will fall in the Zone C.  

This requires analysis and corrective actions to be taken in the 

case of CBPM tool (vibration) levels crossing over to the 

alarm zone.  

 

V. E-MAINTENANCE ORIENTED STRATEGY 

ONBOARD NAVAL SHIPS 

 
E-Maintenance [9] is the need of the hour to bring all ships 

under a single ambit for effective monitoring. This will enable 

monitoring thousands of equipment fitted onboard hundreds of 

ships with the click of a button. This can be enabled by 

capturing baseline signatures of all equipment and 

categorizing them as per class of ships. CBPM techniques can 

enable implementation of  E-Maintenance in a desired way. A 

suitable software should be developed to incorporate the 

details of equipment and just clicking on a particular 

equipment will give all the maintenance activities carried out 

and also indicate ships fitted with same equipment. 

Computerized maintenance management systems [2] on ships 

usually process data related to the maintenance operations, 

entered manually by the appropriate staff. Based on the given 

information about the faults or failures characteristics, 

measurement results, corrective and preventive actions taken, 

etc., the Trial teams plan appropriate maintenance strategy, 

generates work orders and allocate resources as shown in 

figure 7. The maintenance activity onboard a naval ship can be 

undertaken by developing suitable software to integrate the 

measurements undertaken on a mechanical component with 

electronic equipments. The maintenance of equipment fitted 

onboard hundreds of ship with each ship accounting for 200 

machineries is an humongous task. It also amounts to huge 

amount of expenditure to the exchequer, extended layoff and 

elaborative trials. The aim of E-maintenance is to rely on 

CBPM tools, Delay maintenance based on reports generated, 

Reduce layoffs and monitoring of all equipment with click of 

a button. 

 

 
Fig .7 .E-Maintenance Strategy onboard ships 

 

VI. CONCLUSION 

 

The purpose of periodic returns is to establish a trend and 

analyze the trending data to pre-empt/ predict incipient failure. 

An early detection of defect enables timely and easier 

corrective actions and preventing catastrophic failures/ 

downtime. Therefore, the following guidelines have been 

proposed for equipment vibration magnitudes in the ‘normal 

zone/ within alarm limit’. 

A) If there is no significant change in magnitude from 

previous recording, no action required and periodic 

(monthly) recordings to be continued. 

B) If the vibration is increasing at a linear rate, more 

frequent monitoring should be scheduled and 

implemented by operators/ maintainers. A 

preliminary analysis of other performance parameters 

trend, lubrication condition, and tightness of bolts 

etc. need to be undertaken. 

C) If rate of change increases suddenly by 

approximately 25% or more as compared to previous 

reading then first line maintenance and increased 

frequency of monitoring must be prioritized. In case, 

the problem persists, narrowband analysis 

requirement to be raised. 

 

It is clearly seen from the above two case studies that the 

Vibration monitoring and Oil analysis based CBPM tools have 

been effectively utilized in timely and periodic evaluations of 
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a critical operational machinery onboard Naval platform. This 

systematic approach enables generation of actionable data to 

schedule both preventive and corrective maintenance tasks 

effectively and help in easy maintenance. This can lead to 

development of E-maintenance strategy where in the 

equipment fitted onboard ships can be monitored effectively 

through the databases created using CBPM methodology. 
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