
 

 

 

 

 

 

 

 

 

Copyright 

by 

Douglas Alexander Adams 

2015 

 

 



The Thesis Committee for Douglas Alexander Adams 

Certifies that this is the approved version of the following thesis: 

 

 

Improved CBM of Top Drives using Advanced Sensors and Novel 

Analysis Techniques 

 

 

 

 

 

 

 

 

APPROVED BY 

SUPERVISING COMMITTEE: 

 

 

 

Eric van Oort 

Pradeepkumar Ashok 

 

  

Supervisor: 

 

 

Co-Supervisor: 



Improved CBM of Top Drives using Advanced Sensors and Novel 

Analysis Techniques 

 

 

by 

Douglas Alexander Adams, BS 

 

 

Thesis 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Master of Science in Engineering 

 

 

The University of Texas at Austin 

August 2015 



 Dedication 

 

I would like to dedicate this thesis to my girlfriend and family.  Whenever times get tough, 

I could always look to you for encouragement.  You always see my true potential and push 

me to achieve it.  Without you I wouldn’t be where I am today.  Thank you. 

 

 



 v 

Acknowledgements 

 

I would like to acknowledge and thank both of my Supervisors, Dr. Pradeep Ashok 

and Dr. Eric van Oort, for their continuous guidance and support throughout this thesis. 

You are both true visionaries and are leading a critical revolution in the industry.   I would 

also like to acknowledge the time and support provided by all the great people at GDS 

International: Keith, Paul, Whitney, Ken, Ben, Lyndon, Nick and Jim.  This research and 

its content would not have been accomplished without you. 

 

 

 



 vi 

Abstract 

 

Improved CBM of Top Drives using Advanced Sensors and Novel 

Analysis Techniques 

 

Douglas Alexander Adams, MSE 

The University of Texas at Austin, 2015 

 

Supervisor:  Eric van Oort 

Co-Supervisor: Pradeepkumar Ashok 

 

Although technology in the oil and gas industry is always advancing, there are still 

numerous tools, sensors, and analysis techniques used regularly in the field that have 

remained unchanged for many years.  This is especially true when observing critical 

drilling components such as the top drive.  Top drive monitoring techniques today are only 

effective after a severe problem occurs on the top drive.  The consequence of this is that 

when the top drive fails, it is always unexpected, resulting in unnecessarily high repair 

costs (an average of $60,000 - $120,000 per failure) and, even more importantly to 

operators, downtime to the operations (which ranges from $100,000 / day for land 

operations to larger than $1,000,000 /day for large-scale offshore operations).  These costs 

arise from the fact that when the top drive fails, drilling is effectively shut down until a 

repair is made. 

A solution to this problem is to change the fundamental way in which top drives 

are monitored.  Rather than using traditional time-based preventative maintenance, 
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monitoring strategies can be changed to encourage condition based maintenance (CBM).  

CBM varies from scheduled or preventative maintenance in that it fundamentally relies on 

data analyzed from the machinery to ascertain whether maintenance is required.    CBM 

has been applied in many industries throughout the past half century and opens up a new 

dimension in performance by quantifying the ongoing health of a monitored machine.   

Three separate analysis techniques are recommended for implementation onto top 

drives: vibration analysis, oil analysis, and thermal analysis.  Vibration analysis and oil 

analysis have proven successful in other industries to detect mechanical faults in 

components such as shafts, gears, bearings, and motors.  For thermal analysis, a novel 

methodology is introduced which relies solely on temperature sensors already installed on 

most operational top drives.  When model-based expected temperatures deviate sufficiently 

far from measured temperatures it is assumed that the system has thermally failed, 

triggering an alarm to the operator.  The software code to implement such a procedure has 

been developed for a programmable logic controller (PLC) and is currently being tested in 

the field to obtain real-time analysis results.  
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Chapter 1: Introduction and Background 

 

1.1 INTRODUCTION 

Although technology in the oil and gas industry is always advancing, there are still 

numerous tools, sensors, and analysis techniques used regularly in the field that have 

remained unchanged for many years.  This is especially true when observing critical 

drilling components such as the top drive.  Sensors used to monitor top drives today include 

pressure sensors, temperature sensors, and flow sensors dispersed throughout the system.  

Operators primarily use these simple sensors to ensure that the top drive and its subsystems 

are working correctly.  If a limiting threshold is surpassed, the machine can be immediately 

shut down and analyzed.  But this basically implies that monitoring techniques today are 

only effective after a severe problem occurs on the top drive.  The consequence of this is 

that when the top drive fails, it is always unexpected, resulting in unnecessarily high repair 

costs (an average of $60,000 - $120,000 per failure) and, even more importantly to 

operators, downtime to the operations (which ranges from $100,000 / day for land 

operations to larger than $1,000,000 /day for large-scale offshore operations).  These costs 

arise from the fact that when the top drive fails, drilling is effectively shut down until a 

repair can be made (note that the latest generation of offshore drilling rigs is still outfitted 

with a rotary table, but no operator or offshore rig contractor would seriously consider 

going back to drilling with a kelly when a top drive goes down). 

A solution to this problem is to change the fundamental way in which top drives 

are monitored.  Rather than using traditional time-based preventative maintenance, 

monitoring strategies can be changed to encourage condition based maintenance (CBM).  

CBM varies from scheduled or preventative maintenance in that it fundamentally relies on 
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data analyzed from the machinery to ascertain whether maintenance is required.    CBM 

has been applied in many industries throughout the past half century and opens up a new 

dimension in performance by quantifying the ongoing health of a monitored machine.  This 

means that progressing failures within a top drive can be tracked and trended so that 

necessary maintenance can be scheduled before the top drive fails in a catastrophic manner.  

This has the ability to subsequently reduce the amount of drilling downtime and the 

associated costs for repair.  CBM can be achieved by adding new sensors onto the top drive 

and additionally by changing the way in which from existing are analyzed. 

To enable improved health monitoring of top drives, three separate analysis 

techniques are recommended for implementation onto top drives: vibration analysis, oil 

analysis, and thermal analysis.  Both vibration analysis and oil analysis have proven 

successful in other industries to detect mechanical faults in various components such as 

shafts, gears, bearings, and motors (Feng et al., 2013).  For thermal analysis, a novel 

methodology is introduced which relies solely on temperature sensors already installed on 

most operational top drives.  The methodology aims to identify deviations from expected 

behavior in both the electric motor and lubrication oil subsystems using a model based 

approach.  When expected temperatures deviate sufficiently far from measured 

temperatures it is assumed that the system has thermally failed, triggering an alarm to the 

operator.  The software code to implement such a procedure has been developed for a 

programmable logic controller (PLC) and is currently being tested in the field to obtain 

real-time analysis results.  
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1.1.1 Thesis Overview 

The first chapter of this thesis aims to inform the reader of the widespread presence 

and function of top drives among oil rigs today.  The top drive is an upgrade from the older 

rotary table systems but also introduces more complexities and potential failure points into 

the drilling operation.  The various types of maintenance strategies that can be employed 

on operating machinery are discussed and analyzed.  Results from an industry-wide survey 

indicate an overall interest in the effective implementation of CBM for top drives in order 

to reduce downtime.  This interest is further backed up through a cost-benefit analysis, 

proving that the cost of a monitoring system can be paid for in as little as one or two failure 

identifications. 

Chapter two looks at the temperature domain.  Within existing top drive systems, 

there are many common sensor types already present, one of these being temperature 

sensors.  The purpose of existing temperature sensors is to ensure that the top drive or 

subsystem does not overheat.  The focus of the present work is to extract more information 

from these temperature sensors by introducing a novel heat monitoring methodology.  The 

methodology is fully explained and is applied to existing sensors in order to detect motor 

or lubrication system faults before they happen.  The code required to analyze temperature 

signals has been coded into a PLC and is currently being tested in the field. 

Chapter three focuses on describing how vibration sensors can be used to detect 

mechanical faults within a top drive system.  Accelerometers can be mounted in select 

locations around a top drive to detect bearing, shaft, and gear wear such as localized spalls, 

cracks, and misalignment.  Many analysis techniques have been implemented in similar 

industries in the past few decades with success (Siegel et al., 2014).  The most common 

analysis techniques are discussed to inform the reader how to go about implementing 
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vibration monitoring on top drives.  A cost effective monitoring system complete with 

sensors and a data acquisition system is proposed for subsequent field testing. 

Chapter four shifts focus onto the lubrication system of the top drive.  This chapter 

gives an overview of the nature and function of lubrication oil and describes how lubricated 

components fail.  Many oil sensors and analysis methods are available on the market today 

and several are described.  The benefit of monitoring the health or condition of the oil in a 

lubrication system is that it can indicate when oil needs to be changed.  For many years, 

oil analysis techniques have relied on laboratory results only, but more recent advances are 

aiming to develop sensors capable of accurate, real-time measurements in actual field 

settings.  Two real-time oil sensors were purchased and are currently being installed onto 

a top drive to monitor the degradation of oil while the top drive is in operation.  These 

sensors are currently scheduled to start collecting data from the field. 

Chapter five concludes the thesis and presents where future work should ideally be 

focused.  Next steps require a review of preliminary field data such that vibration, 

lubrication oil, and temperature monitoring analyses can be refined.  It is recommended to 

implement multiple analyses simultaneously such that the confidence in any fault 

indication can be increased.  It should be noted that CBM is not just a clever “blue sky” 

idea, but an entire field of continued study which has shown prior success in other 

industries that is particularly well-suited to such key pieces of drilling equipment as top 

drives.  

All ongoing instrumentation and analysis field tests are being conducted on GDS 

International top drives.  Simulations that were run for thermal analysis also relied on data 

acquired during in-house testing of GDS International top drives.  
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1.2 BACKGROUND 

1.2.1 Top Drives 

The purpose of drilling is simple enough: to cut a clean, stable hole through the 

earth along a planned path eventually intersecting zone(s) of natural hydrocarbon 

resources.  But drilling in actuality is a complex process involving the integration of a 

unique combination of skills and machinery.  One of the most critical pieces of machinery 

throughout the drilling process is the one responsible for providing the power and rotation 

to the drill bit, thereby enabling the creation of new hole.  The machine that accomplishes 

this task was fundamentally changed in 1982 when the first top drive was installed on an 

oil rig (Ogidan, 1994) (Figure 1-1 is an image of a state of the art top drive manufactured 

in 2015).  Throughout the 1990’s, use of the top drive grew in popularity and began to 

phase out the older rotary table and kelly systems for drilling oil (Figure 1-2).  Today, top 

drives are ubiquitous and can be found on just about every operating drilling rig (Ogidan, 

1994).  
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Figure 1-1 GDS International 850 ton top drive (GDS International, 2015) 
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Figure 1-2 Rotary table system with kelly (Rotary table of drilling rig, 2015) 

 

1.2.1.1 Top Drive vs. Rotary Table 

The primary difference between a top drive and a rotary table is the location where 

torque (and therefore rotation) is applied to the drill string.  The motor for a rotary table 

system is only designed to turn a table sitting along the rig floor.  In order to transmit this 

rotational energy into the drill string, a special component called a kelly is fit through a 

kelly bushing which is then rotated by the table.  The kelly itself is a long metal component 

with a unique geometric shape (square or hexagonal) to effectively transfer the rotational 

energy of the rotating table into the drill string.  The kelly is connected to the drill pipe 

from below and hung from a swivel that can move vertically from above.   
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Unlike the rotary table which is always on the rig floor, a top drive’s position is not 

constrained.  The entire top drive is able to translate vertically up and down above the well 

along a set of tracks.  The drilling motor is located inside of the top drive and thus moves 

up and down the tracks as well.  This additional range of motion permits the top drive to 

connect directly to the top end of the drill string in order to induce rotation and initiate mud 

circulation.  This setup eliminates the need for a kelly since the top drive can connect 

directly into the drill pipe.  Although a top drive is known to be rather expensive upfront, 

it is also known to provide many benefits over the rotary table including:  

 

 Increased drilling rates 

 Improved  efficiency 

 Cost savings (over time) 

 Increased safety for rig crews 

 

Increased efficiencies and drilling rates are due to the fact that the top drive is able 

to accommodate larger stands of drill pipe while drilling.  When drilling with the rotary 

table, a new drill pipe must be added every time the hole has increased by the length of the 

kelly.  When drilling with the top drive, however, the only limitation to the length of drill 

pipe added is the clearance between the rig floor and the bottom of the top drive when 

raised to the top of the mast.  In general, top drives have been known to accommodate as 

much as three or four sections of drill pipe for each connection (90’ up to 180’ for latest 

rig designs by Huisman).  Since the top drive does not waste as much time making 

connections, the drilling target(s) can be reached at a faster rate.  It is also beneficial to the 

safety of the rig crew because less connections need to be made and crew exposure is 
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minimized.  In many ways, the use and implementation of the top drive makes sense both 

economically and safety-wise. 

 

1.2.1.2 Unexpected Downtime 

The biggest problem facing top drives is that like any other machine, they can break 

down.  For some components a break down may not pose a large problem, especially if 

another machine can make up for the loss.  When a critical machine such as a top drive 

breaks down, however, all drilling efforts come to a complete halt regardless of the location 

or severity of the fault.  Without a functioning top drive, no hole can be made, and the rig 

crew is forced to wait (or perform other tasks) until the top drive can be repaired (as 

indicated, a crew is unlikely to go back to kelly drilling, even when a rotary table is 

present).  This so-called unexpected downtime comes at a considerable cost to all parties 

involved in the drilling operation.  The rig rate must be paid, necessary parts must be 

ordered and expedited to the rig site, a technician with the necessary knowledge for the 

repair(s) must be transported to the rig site, and the team must wait, losing time that could 

have been spent making progress to deepen the well.  Costs pertaining to maintenance also 

depend on the availability of spare parts as well as the location of the rig where the repairs 

must be conducted.  With so many costs arising from unexpected downtime, it becomes 

clear why companies have a great interest in reducing critical machine failures like those 

of the top drive.  Reduction of unexpected downtime is usually conducted via periodic 

preventative maintenance to ensure the machine is operating in a healthy manner. 
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1.2.2 Maintenance 

In general, there are three different maintenance strategies that can be applied to a 

piece of operating machinery: run to failure maintenance, preventative maintenance, and 

CBM (Randall, 2011), which are discussed in the following. 

 

1.2.2.1 Run to Fail Maintenance 

Run to fail maintenance is the strategy to fix or replace a machine after it has broken 

down; until the machine fails, there is no intervention.  One benefit to using this type of 

maintenance is that it can extend the useful operating time of the machine before it needs 

to be shut down for repair.  A potential problem, however, is that a failure could be 

catastrophic and that it continues to impart damage on other nearby components or 

machines.  In the induction motor of a top drive, for example, a broken rotor bar could 

dislodge and subsequently impact and further damage windings, insulation, the stator, or 

the rotor.  If additional components are damaged after the initial failure, then repair costs 

are increased as well.  Run to fail maintenance also means that a shutdown due to failure 

is likely to result in unexpected downtime and its associated costs.   Costs due to 

unexpected top drive failures are discussed in section 1.2.1.2.  This type of maintenance is 

likely to be most beneficial on cheaper machines that can be fixed promptly at a relatively 

low cost and in environments where there is minimal to no cost due to unexpected 

downtime.    

 

1.2.2.2 Preventative Maintenance 

Preventative maintenance is a strategy in which a machine is purposefully shut 

down for a short period of time at periodic intervals so that specific components of the 
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machine can be maintained, inspected, and potentially replaced.  Frequently, the 

maintenance interval is determined with regards to the number of hours the machine has 

been operating.  With prior knowledge of a machine or component’s failure history, the 

maintenance interval can be chosen to statistically minimize the number of failures prior 

to each inspection.  Top drives are often operated with this type of maintenance strategy.   

An advantage to using preventative maintenance is that some faulting components 

can be replaced before they have the chance to fail in a catastrophic manner and damage 

other components.  Another benefit is that the downtime to inspect the machine is 

scheduled and can be implemented when downtime is least costly to continued operation.  

On the downside, maintenance periods result in additional costs that may not be necessary 

for continued healthy operation (Randall, 2011).  If maintenance is being executed but is 

really not necessary, it is increasing operational costs with benefit received.  Preventative 

maintenance tends to work best for machines and components that have predictable failure 

patterns with a low variance.  Drilling, unfortunately, tends to impart a variety of different 

stresses on top drives (e.g. high peak loads during stuck pipe jarring operations) depending 

on the unique geographic location and drilling strategies implemented in the field.  This 

makes prediction of top drive failures difficult, such that preventative maintenance might 

not be the best strategy to employ. 

 

1.2.2.3 CBM 

CBM is a strategy where the ongoing health of a machine is monitored in order to 

determine when to shut down the machine and perform maintenance.  Machine health is 

typically monitored using data obtained by strategically mounted sensors (electrical, 

thermal, vibration, strain, etc.) around the machine.  Subsequent analysis of sensor data is 
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then able to use the machine generated signals to determine different emerging faults and 

failures within the machine.  Once a fault has progressed to certain level, downtime can 

subsequently be planned before catastrophic failure occurs.  The goal of this strategy is 

essentially to optimize the intervals at which maintenance is performed on a machine. 

An advantage of using CBM is that it has the ability to avoid catastrophic failures 

while simultaneously maximizing the useful life of a machine.  This means that a machine 

is not maintained unless it needs to be (thereby optimizing any capital allocated to 

maintenance).  One caveat is that the sensors used and analyses implemented must be 

designed to fit the needs of the machinery.  Many successful analysis strategies have been 

studied and applied to large industrial machines such as electric generators in the past 15-

20 years (Cibulka et al., 2012).  This type of strategy is best suited to expensive machines 

in which there high uncertainty in failure.  Top drives, which experience inherent variations 

while drilling, are an ideal candidate for CBM. 

 

1.2.3 Industry-Wide Survey 

In order to get a better idea how top drives are viewed, an online survey was 

distributed to professionals across all levels of the oil and gas industry.  Survey respondents 

were asked to identify their industrial background as an operator, top drive manufacturer, 

contractor, rig builder, or other.  Some questions were asked to all groups of respondents 

whereas others were geared towards select groups. 

Overall survey results showed about a 60% satisfaction level with top drives 

(Figure 1-3).  This confirmed that top drives were not exceeding expectations and that there 

was still a lot of room for improvements to be made.  A different question of the survey 

found that professionals across industry wanted to focus future top drive developments on 
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downtime reduction and improved failure detection systems (Figure 1-4).  This highlighted 

an associated industry-wide interest in the effective implementation of health monitoring 

and CBM systems.  Figure 1-5 showed that respondents also had different experiences as 

to which subsystems failed most frequently on top drives.  The variability of responses 

reaffirmed that top drive failures were difficult to predict.  Lastly, industry participants 

estimated that an average of 20% of drilling downtime was attributed to top drive failures 

(Figure 1-6).  Higher percentages meant hundreds of millions of dollars in yearly trouble 

cost for the drilling industry.  It is believed that this number can be reduced by converting 

maintenance schedules from traditional time based intervals to condition based intervals. 

 

 

 

Figure 1-3 Average top drive satisfaction level on a scale of 1-4. 
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Figure 1-4 Average additional feature desirability on a scale of 0-4. 

 

 

Figure 1-5 Average ranked likelihood of failure ranked from 0-7  
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Figure 1-6 Average downtime due to top drives 
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Costs for sensors and services required to implement CBM services can be steep.  

A company that contracts a third party to implement monitoring services could be facing 

hardware fees in excess of $50,000 along with periodic maintenance fees on top of that.  

Monitoring prices can be significantly reduced by implementing maintenance analyses in-

house, focusing on specific fault modes, and if possible, relying on data from existing 

sensors that are already installed.  The condition monitoring system proposed here costs 

about $10,000-$15,000 and can analyze vibrations, oil quality, and transient temperatures 

within a top drive.   

Supposing that the proposed system could prevent a nominal failure event, the cost 

of the monitoring system pays for itself after a 3 hour reduction in net downtime.  Even 

expensive monitoring systems find themselves to be profitable after saving only 

approximately 10 hours of downtime.  With nominal top drive failure lasting between 12-

24 hours, downtime could be recouped in as little as 1 or 2 failure identifications.  

 

 

Figure 1-7 Downtime required for top drive servicing. Data from top drive survey.   
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Chapter 2: Temperature Monitoring and Analysis 

 

2.1 INTRODUCTION 

This chapter outlines a methodology for monitoring the ongoing thermal condition 

of both a top drive motor system and gear lubrication fluid system in real-time.  At each 

operating point of the top drive system, real-time temperature measurements from 

embedded temperature sensors are fed directly into a PLC on the top drive itself.  These 

measurements are compared with model-generated (healthy) temperature values for the 

motor and gear lube to determine if the top drive is running in a healthy state.  If the top 

drive is deemed to be operating outside of a healthy condition boundary, an alarm is 

signaled to the operator to indicate a developing fault in the top drive system. 

   To begin the chapter, a brief background is presented on temperature sensors, 

thermal modeling and how they are used in engineering analysis.  Moving forward, the 

reader is walked through the process of developing a thermal model for the temperature of 

the motor as well as the temperature of the gear lubrication fluid as a function of known 

operating input parameters.  Both developed models are run through simulations in 

MATLAB in which inputs are designed to simulate potential drilling conditions.  Finally, 

the effectiveness of each model is analyzed as it is used to monitor field data for a GDS 

International top drive. 

 

2.2 TEMPERATURE SENSORS 

Thermal/temperature sensors have been around for many years and rely on the 

different physical and thermal properties of the sensor materials to take their 

measurements.  In any environment or application where temperature sensors are used the 
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goal is the same; to measure and record an accurate and precise temperature for a specified 

location or region as part of a larger system.  Often, multiple temperature sensors are used 

simultaneously to observe local variations in temperature throughout a larger system.  This 

helps engineers understand how heat flows into -, through - , and out of different 

components.  Such data is useful because it is capable of providing real-time information 

reflecting the ongoing temperature state of a system.  An engineer or system operator can 

use the temperature data to ascertain whether the system is functioning correctly.  In 

today’s industry practice, an operator typically sets a maximum and/or minimum operating 

temperature value (often judged from experience or limits provided by a manufacturer) that 

when surpassed will shut down the system.  Limiting values ensure that the operating 

temperatures will remain within pre-defined bounds at all times.  For example, if the 

temperature of the motor in a top drive gets too hot while in operation and exceeds a pre-

specified value, the programmed logic can tell the top drive to shut down so as to avoid 

extensive damage to the motor.  After incurring an automated top drive shutdown, the 

system operator can proceed to search for the root cause of the overheated motor (e.g. 

cooler fan failure, extreme operating environment, over stressed motor operation, coolant 

blockage, etc.) and try to fix or replace the faulted component.  Although temperature 

sensors provide raw real-time data about the ongoing state of a system, they do not have 

the ability to evaluate what the temperature should be or what it will be if conditions are 

changed.  In order to effectively do this, a system model can be developed. 

 

2.3 THERMAL MODELING BACKGROUND 

With sufficient knowledge of a system coupled with underlying operational 

assumptions, a thermal model can be developed.  The advantage of using a thermal model 
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for analysis is that temperatures can be simulated at any expected operating condition.  

Rather than conducting physical temperature measurements at many operating points, a 

thermal model only requires testing at a subset of operating points in order to validate a 

proposed model.    In many cases, thermal models are developed for design purposes.  An 

example of using a thermal model for a design purpose is the design or selection of an 

appropriate oil cooler for a proposed coolant flow system.  An accurate thermal model of 

the flow loop can tell the designer how much heat needs to be removed from the flow loop 

system during its simulated operation.  This information can then be used to size and select 

the best heat exchanger material, geometry, and working fluids for the application to ensure 

it can handle the heat transfer loads simulated by the thermal model.  Aside from design 

purposes, another use for a thermal model is to achieve a better understanding of a given 

system.  In this case, a model can be used to highlight the relationships between output 

temperatures and variable system parameters such as flow rate, thermal conductivity, and 

ambient temperature. 

 

2.3.1 Wind Turbine Monitoring 

Modern wind turbine design is becoming increasingly complex and is relatively 

similar to the operation of a top drive.  Both a top drive and a wind turbine consist of similar 

components: they both have large electric motors, a gearbox, and a lubrication circulation 

system to help parts move smoothly.  Wind turbines typically generate energy using the 

motion of the turbine blades, and top drives typically use energy to create torque and speed.  

Although the purpose of each machine varies, the electric motors of both machines are 

subjected to varying loads and speeds (one from a variable frequency drive and the other 

from variations in the wind).  Perhaps what makes both the wind turbine and the modern 
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oil rig the most similar is that they both operate continuously in harsh environments and 

are located in areas that are geographically isolated from most people (in deserts, on top of 

mountains, in the middle of the ocean, high in the sky).  This means that a breakdown of 

any part or component of the system is a serious issue.   

When a motor breaks down or subsystem fails, all operations must typically be 

halted until a repair can be conducted, which, depending on the location and accessibility 

may take days.  While the machine is broken it can no longer perform its designed task and 

is unfortunately remains idle contributing to nonproductive time (NPT).  One way to reduce 

such wasted time is to be able to effectively maintain and monitor critical machinery and 

components on an ongoing basis to make sure that no unexpected failures occur (CBM).  

CBM has been shown to be effective using a variety of sensors in different applications. 

In recent years, wind turbines have been focusing on condition monitoring aspects 

and how they can be applied to prevent costly wind turbine failures.  Specifically in a 

recently published paper in 2013, researchers began to investigate the idea of monitoring 

the temperature of the lubrication oil as an indication for impending failure.  Researchers 

analyze the energy flows into and out of the gearbox lubrication system in order to identify 

expected temperature patterns that should emerge before failure (Feng et al., 2013).  The 

analysis does not attempt to quantify exact changes in temperature but rather finds 

theoretical relationships between the expected temperature change of the oil and the output 

power or gear stage efficiencies of the wind turbine.  Although the study did not apply their 

findings to ongoing wind turbine analysis, they did apply the analysis to SCADA data for 

a wind turbine prior to known planetary gear failure.  Subsequent plots (Figure 2-1, Figure 

2-2) show that the temperature change is directly related to the power generated in the 

motor and the square of the rotor velocity as expected.  This implies that operating 

relationships can be continuously used to indicate impending failure in real-time through 



 21 

the use of correlation analysis.  Successful implementation would warn the operator that 

corrective action is needed in the form of maintenance before the failure occurs and thus 

saving costly time and energy.   

 

 

Figure 2-1 Lubrication oil temperature vs. power generated by wind turbine (Feng et 

al., 2013) 
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Figure 2-2 Lubrication oil temperature vs. square of rotor velocity (Feng et al., 2013) 

 

This chapter focuses on a similar approach but in addition also quantifies 

temperatures expected through real-time simulations. 

 

2.4 MOTOR TEMPERATURE THERMAL MODEL DEVELOPMENT 

In order to predict the healthy operating temperature of the motor at any operating 

condition, it is desired to create an accurate thermal model of the top drive motor and 

blower system.  By using an accurate thermal model, the predicted healthy motor 

temperature from the thermal model can be compared directly to raw temperature 

measurements from the operating system in real-time.  Variations in temperature between 

the two compared temperatures can be due to modeling simplifications and errors or can 

be due to internal faults within the motor/blower system.  Assuming the model can be 
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validated to a high accuracy using baseline measurements, any temperature comparison 

fluctuation must then be a direct signal of an internal fault or change within the system.  

The detected fault in this case is responsible for increasing the separation between the 

measured temperature and the predicted healthy temperature using the thermal model. 

 

2.4.1 Schematic and Underlying Assumptions 

To begin developing a thermal model, many assumptions must be made about the 

system.  For this analysis, it is assumed that the motor can be modeled directly as a solid 

metal enclosure that is generating heat uniformly throughout its mass and is transferring 

heat via forced convection to air passing over the enclosure. 

 

 

Figure 2-3 Motor temperature model schematic 

 

 All of the energy lost between the input electrical energy and output rotational 

energy is assumed to be converted directly into heat losses generated throughout the metal 
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enclosure uniformly and is labeled as �̇�𝑔𝑒𝑛.  �̇�𝑠𝑡 represents the rate of change of energy 

stored in the system and is taken to be the summation of both the mechanical and thermal 

energy domains. 𝑇𝑚𝑜𝑡  is taken to be the surface temperature of the metal enclosure in 

degrees Kelvin.  The temperature of the enclosure is assumed to be at a uniform 

temperature at any given time, 𝑡.  𝑇𝑎𝑚𝑏 is the free stream or ambient temperature of the air 

passing over the motor enclosure in degrees Kelvin, and ℎ𝑎𝑣𝑔  is the average value of the 

convection coefficient between the metal surface and the air being forced over the 

enclosure by a blower. 

The following is a list of all of the assumptions made when formulating the motor 

thermal model: 

1. The motor is represented entirely as a uniform cylindrical solid composed of plain 

carbon steel. 

2. At any time 𝑡, the temperature of the metal enclosure is uniform at any point along 

its surface. 

3. Properties such as material density (ρ) and heat capacity (c) are constant throughout 

the analysis. 

4. All lost power between the electrical and mechanical energy domains is converted 

into heat generation within the cylindrical motor enclosure. 

5. Generated heat is uniformly distributed within the metal enclosure. 

6. The average convection coefficient, ℎ𝑎𝑣𝑔, is constant and independent of changes 

in ambient temperature and/or flow conditions. 

7. Radiation heat transfer is neglected between the metal enclosure and the 

surroundings (𝑄𝑐𝑜𝑛𝑣 ≫ 𝑄𝑟𝑎𝑑). 

8. There are no phase changes during simulation => 𝐸𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝐸𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 (thermal 

energy = sensible energy). 
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9. The efficiency map of the healthy motor is known or can be ascertained. 

10. For the purpose of simulation and methodology demonstration, the efficiency map 

of an unhealthy (degraded) motor is estimated as a random subtraction of efficiency 

at each point of the healthy motor efficiency map 

11. The efficiency maps (both healthy and unhealthy) are constant during the simulated 

period. 

 

Dimensions for the diameter and length of the cylindrical motor enclosure are taken 

directly from published documents for the GEB20 vertical mount AC drilling motor 

(1150HP) from GE and is shown in Figure 2-4 (GEB20, 2015).  Thermal and material 

properties for the simulated motor enclosure were taken from associated thermal property 

tables of a heat transfer textbook (Incropera et al., 2006). 

 

 

Figure 2-4 Dimensional schematic of the GEB20 AC induction motor 
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4.1.1 Healthy Motor Efficiency Map Development 

The methodology described in this thesis assumes that the efficiency map of the 

motor (in this case the GEB20 AC motor) is known.  When no published efficiency plot or 

table uis available for the simulated motor, one can be developed through experimentation.  

In the documents provided for the GEB20 motor, there are performance curves providing 

relationships between the output torque and output speed of the motor as the motor is 

operated at different duty cycles.  In order to develop a healthy motor efficiency plot, the 

constant torque operating region (pictured as the dark blue line in Figure 2-5) is used.  The 

constant torque operating condition is chosen to create an efficiency map due to the fact 

that it is assumed that the motor is operating in a continuous manner throughout each 

drilling period (rather than being operated intermittently for short bursts of torque).  Similar 

performance curves are typically made available for all or most of the motors that can be 

purchased today. 

 

 

Figure 2-5 GEB20 AC induction motor performance curves (GEB20, 2015) 
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In order to obtain a baseline efficiency map, and to transform the provided 

performance curve into a working efficiency plot for use in a thermal model, various  

efficiency plots in literature that have already been developed for other induction motors 

are studied.  As can be seen from the two induction motor efficiency maps (Figure 2-6), 

iso-efficiency lines tend to follow a similar shape (Bottliglione, 2014), (Burwell, 2013).  

As motor torque and speed are both increased at the same rate, efficiency tends to increase 

rapidly as well.  Continuing to increase motor torque and motor speed, efficiency 

eventually rolls over to a peak before declining again.  In both efficiency maps, there is a 

significantly large region at which the motor is operating at peak efficiency. 

 

 

Figure 2-6 Two representative induction motor efficiency maps from literature 

(Bottliglione et al., 2014), (Burwell, 2013) 

 

After examining different existing motor efficiency plots (Figure 2-6), a complete 

estimated healthy efficiency map for the GEB20 induction motor is generated.  This is 

accomplished by overlaying the shape and scale of the iso-efficiency lines from existing 

induction motor efficiency maps on top of the operating constraints of the continuous 

torque performance map provided for the GEB20 motor.  To do this, the entire operating 
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range of the GEB20 is broken apart into a grid of points such that the efficiency value is 

estimated at each grid point.  The grid is constructed by incrementing the motor speed by 

250RPM per step and the motor torque by 500 ft-lbs per step.  The resulting estimated 

efficiency map used in the model can be seen in (Figure 2-7). It is to be noted that this is 

a theoretically generated efficiency map for the purpose of simulation. This map is later 

validated with data obtained from testing of the motor.  Also, as mentioned previously, the 

generated motor efficiency map is expected to remain constant at each torque and speed 

point throughout the simulation.  It is valid to assume a relatively stable efficiency map 

unless the motor has undergone significant use or damage over the course of the simulation. 

 

 

Figure 2-7 Healthy motor efficiency plot generated for the GEB20 induction motor 
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As seen in the healthy motor efficiency map (Figure 2-7), iso-efficiency lines are 

shown ranging between 88% and 93%.  Iso-efficiency lines less than 88% are omitted from 

the map (Figure 2-7) for clarity but are evaluated and used in model simulations.  As stated 

previously, efficiency values decrease rapidly as both the motor torque and motor speed 

each approach 0.  At the lowest point, motor efficiency values are taken to reach as low as 

50% directly adjacent to the x and y axes.  It is important to highlight that the lower 

efficiency values input to the simulation in general do not have as great an impact on the 

output temperature as higher efficiency values do.  This is due to the fact that in the healthy 

motor efficiency map, lower efficiencies are typically found at points where the total output 

power is significantly less than the total output power at points with higher efficiencies.  A 

relative comparison of heat generated at different operational states can be seen in Table 

2-1 below. 

 

Table 2-1 Efficiency and heat generated at select healthy motor operating points 

Evaluated 
Point 

Torque 
(ft-lbs) 

Speed 
(rpm) 

Efficiency 
(%) 

Heat Generated 
(W) 

1 4500 1250 93.60 51113 

2 2400 875 91.53 25254 

3 250 500 87.00 2307 

 

Table 2-1 shows that although the efficiency value may decrease, the net heat 

generated is less than the heat generated at greater torque and speeds (with higher efficiency 

values).  A decrease in efficiency in this case solely implies that there is a greater 

percentage loss of total energy at the corresponding operating point.  In general for the 

developed efficiency map, the heat lost at any point can be assumed to increase when the 

motor torque, speed, or both are increased.  Consequently, this means that the most critical 
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efficiency values to estimate or measure correctly are the regions of highest power output 

of the motor.  This critical region can be identified as a hyperbolic shaped region offset 

from the x and y axes and intersecting the operating bounds of the motor performance 

curve. 

 

2.4.2 Unhealthy Motor Efficiency Map Development 

The developed healthy motor efficiency map is sufficient for calculating 

subsequent temperatures for a healthy motor in operation but does not provide any insight 

into expected temperatures for a degraded motor.  In order to be able to simulate the 

expected temperatures of an unhealthy motor, an unhealthy efficiency map is needed.  Due 

to all of the various degradation mechanisms that could affect a given motor throughout its 

operation, there is no definitive way to predict what the resulting efficiency map of a 

degraded motor should look like without taking experimental measurements.  Taking this 

inherent complexity into account, for the purpose of simulation, and demonstration of the 

methodology, the efficiency map of the unhealthy motor is modeled such that the efficiency 

values at each grid point on the healthy efficiency map is subtracted by a random value 

(with uniform distribution) up to a programmed maximum decrease in efficiency.  The 

resulting unhealthy motor efficiency map shown in Figure 2-8 is developed by using a 

maximum decrease in efficiency of 6% from the initial healthy motor efficiency map.   
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Figure 2-8 Developed efficiency map for an unhealthy GEB20 induction motor with 
a maximum efficiency decrease value of 6% 

 

The resulting unhealthy motor efficiency map skews the initial healthy motor 

efficiency map such that there is no longer a predictable pattern of the iso-efficiency lines 

(Figure 2-8).  What is expected and also seen is that the efficiency values at each point 

will be either less than or equal to the efficiency of the estimated healthy motor efficiency 

map.  The unhealthy motor efficiency map is not meant to represent a specific degraded 

motor since the modeling of degradation and its resulting effects is too complex in nature.  

Instead, the resulting unhealthy motor efficiency map is developed to represent a possible 

outcome of degradation which can be used to analyze the subsequent changes in operating 

motor temperatures.  Simulated temperature results for the healthy motor and an unhealthy 
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motor can then be directly compared by feeding the same input parameters into both 

developed efficiency maps. 

 

2.4.3 Simulated Inputs 

With efficiency maps now developed to represent both a healthy motor system and 

an unhealthy motor system, attention shifts towards the inputs necessary to effectively 

simulate the output motor temperature.  The developed model specifically relies on three 

variable inputs: the ambient temperature of the air being forced over the motor, the output 

torque of the motor, and the output rotational speed of the motor.  Assuming that there are 

no losses in the gearbox, measurements of the drill string torque and speed are also 

acceptable inputs providing that the gear ratio of the gearbox is either known or can be 

calculated.  Each of the variable input parameters can currently be measured on existing 

GDS top drive systems at a programmed frequency.  For the purpose of methodology 

development, each of the aforementioned inputs are simulated to represent realistic values 

that one might expect when drilling in the field. 
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Figure 2-9 Simulated motor torque input to the model 

 

 

Figure 2-10 Simulated motor speed input to the model 
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Figure 2-11 Simulated ambient temperature input to the model 

 

Simulated values for the three inputs to the system can be seen above in Figure 

2-9, Figure 2-10, and Figure 2-11.  For the purpose of initial simulations, it is assumed 

that drilling is being conducted in three separate intervals during the simulated 10 hour 

time period.  Between each drilling interval, there is a period at which the motor is turned 

off during which time, the motor torque and motor speed are both zero.  During each 

drilling interval, it is further assumed that the motor speed is set at a constant value while 

the torque varies in order to maintain the desired speed.  Chosen torque and speed values 

are purposefully kept within the operating bounds of the motor to ensure feasible results.  

The ambient temperature is simulated to represent ambient outside temperature variations 

that could be felt on a typical spring or summer day such that the temperature increases 

from 50 degrees Fahrenheit to approximately 75 degrees Fahrenheit by the end of the 
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simulation period.  Together, the three inputs are fed into the healthy and unhealthy 

efficiency models and, using constitutive heat transfer equations, the corresponding 

temperature of the healthy and unhealthy motors are predicted at each operating point. 

 

2.4.4 Mathematical Modeling 

At this point in the development of the methodology, it is important to highlight the 

underlying heat transfer equations that are used to convert the input variables into a 

dynamic output temperature.  The equations used for heat transfer analysis are widely 

known and applied extensively throughout heat transfer and thermodynamic analyses.   In 

this analysis, the textbook Fundamental of Heat and Mass Transfer (sixth edition) was 

referenced in order to develop the heat transfer relationships to determine the temperature 

of the motor (Incropera et al., 2006).  The equations are purposefully kept simple to begin 

with so as to ensure the computations would be feasible in real-time on a PLC at the rig 

site.  Further adjustments and complexities to the equations can be added into the model at 

a later time. 

 

2.4.4.1 Overall Energy Balance 

Looking at the schematic provided in Figure 2-3, one can see that the motor is fully 

encapsulated by a dashed line which outlines the system that is under analysis.  Beginning 

with the first law of thermodynamics which states that energy can be neither created nor 

destroyed but only converted from one form to another, we can write an energy balance for 

the motor system: 

 

�̇�𝑠𝑡 = �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 + �̇�𝑔𝑒𝑛 
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�̇�𝑠𝑡  is the rate of change of the energy stored in the system with respect to time, 

�̇�𝑖𝑛 is the rate of change of energy coming in to the system, �̇�𝑜𝑢𝑡 is the rate of change of 

energy going out of the system, and �̇�𝑔𝑒𝑛 is the rate of change of energy that is generated 

in the system.    The �̇�𝑔𝑒𝑛 term is used to represent the fact that energy may be converted 

into the mechanical or thermal energy domain from a separate domain such as electric, 

magnetic, chemical, or nuclear. 

 

2.4.4.2 �̇�𝒊𝒏 Simplification 

Simplifying, the �̇�𝑖𝑛term can be crossed out to zero as there is no thermal or 

mechanical energy entering through the outlined system boundary: 

 

�̇�𝑖𝑛 = 0 

 

2.4.4.3 �̇�𝒐𝒖𝒕 Simplification 

�̇�𝑜𝑢𝑡 is composed of two different terms, 𝑄𝑟𝑎𝑑 and 𝑄𝑐𝑜𝑛𝑣 , which represent the heat 

transfer energy loss from the system to the surroundings via radiation and convection heat 

transfer respectively: 

 

�̇�𝑜𝑢𝑡 = 𝑄𝑟𝑎𝑑 + 𝑄𝑐𝑜𝑛𝑣 

 

𝑄𝑐𝑜𝑛𝑣  is due to the forced convection of air flowing over the motor from an 

independent blower which operates at a constant flow rate while the motor is in operation.  
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The constitutive law for convective heat transfer through a surface using Newton’s law of 

cooling can be written as: 

 

𝑄𝑐𝑜𝑛𝑣 = 𝐴𝑠𝑢𝑟𝑓 × ℎ𝑎𝑣𝑔 × (𝑇𝑚𝑜𝑡 − 𝑇𝑎𝑚𝑏) 

 

That is, forced convection is a function of the surface area through which 

convection is taking place (𝐴𝑠𝑢𝑟𝑓), the average convection coefficient, ℎ𝑎𝑣𝑔 , and the local 

temperature difference between the cooling fluid and the temperature of the surface being 

cooled.  The surface area is taken to be equal to the surface area of a cylinder with the same 

diameter and length as the GEB20 motor (see Figure 2-4).  In order to simplify analysis at 

this point, the average convection coefficient across the motor enclosure is taken to be a 

constant throughout the simulation.  For the time being this is a valid assumption since the 

motor temperature range is not too great (only about 150-200 degrees Fahrenheit), the 

geometry remains constant throughout operation, and thermal properties are not expected 

to vary greatly.  In reality, the convection coefficient is a function of many different 

properties including fluid specific properties such as viscosity and thermal conductivity, 

the flow regime (laminar, transitional, or turbulent), the geometry of the heat transfer 

application, and the direction and texture of the heat transfer surface  (Thirumaleshwar, 

2009).  A deeper analysis of the local and average convection coefficients can be conducted 

at a later time.   

As can be seen in Table 2-2, typical convection coefficients during forced 

convection analysis such as gaseous air blowing over a motor enclosure tend to range 

between 25 − 250
𝑊

𝑚2× °𝐾
 (Incropera et al., 2006).  This range of values helps provide a 

starting point as to what ℎ𝑎𝑣𝑔 could generally be but is not specific to the system under 

analysis.  In order to get a more accurate estimate of the average forced convection 
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coefficient as applied to the cooling of the motor enclosure, the convection coefficient is 

estimated using existing motor test data.   

To start the iterative process of estimating the convection coefficient, assume a 

value for ℎ𝑎𝑣𝑔  between  25 to 250
𝑊

𝑚2× °𝐾
.  Then, using the test data values for the known 

motor temperature, ambient temperature, motor speed, and motor torque, the efficiency of 

the motor at each operating point is calculated.  The output efficiency varies depending on 

the value of the assumed average convection coefficient.  Continue to alter the assumed 

value for the convection coefficient until the calculated efficiency value is in an expected 

range for each operating point.  For this system, the convection coefficient was taken to be 

correct when the maximum efficiency values reached 90-91%.  Such a range is reflective 

of possible expected efficiency values at the corresponding operating points.  Using this 

approach combined with the experimental data, the average forced convection coefficient 

for subsequent simulations is taken to be 112
𝑊

𝑚2× °𝐾
.  This value is further validated by the 

fact that it lies within the typical range of forced convection coefficients (Table 2-2).  

When the motor speed and torque are both zero, it is assumed that the blower shuts 

off as well.  This significantly reduces the average convection coefficient since convection 

is no longer forced but rather free convection during this time. During these periods the 

convection coefficient is estimated to be 15
𝑊

𝑚2× °𝐾
 based on the guiding values provided in 

Table 2-2.  Summarizing: 

 

 

ℎ𝑎𝑣𝑔 = {
112

𝑊

𝑚2 ×  °𝐾
, 𝑏𝑙𝑜𝑤𝑒𝑟 𝑜𝑛 (𝑓𝑜𝑟𝑐𝑒𝑑 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛)

15
𝑊

𝑚2 ×  °𝐾
, 𝑏𝑙𝑜𝑤𝑒𝑟 𝑜𝑓𝑓 (𝑛𝑎𝑡𝑢𝑟𝑎𝑙 (𝑓𝑟𝑒𝑒) 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛)
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Table 2-2 Typical values for convection coefficients (Incropera et al., 2006) 

 

 

Due to the presence of forced convection, the energy lost to convection is expected 

to be substantially greater than the energy that would be lost as a result of radiation heat 

transfer.  This means that radiation heat transfer can be assumed to be negligible for this 

simulation: 

 

𝑄𝑟𝑎𝑑 = 0 

 

2.4.4.4 �̇�𝒈𝒆𝒏 Simplification 

�̇�𝑔𝑒𝑛 is used to capture the energy that is generated within the motor as electrical 

energy is converted to mechanical rotational energy.  It is assumed that �̇�𝑔𝑒𝑛 is uniformly 

distributed throughout the enclosed system as it is generated.  As mentioned in the previous 

assumptions, all of the energy lost is modeled to be directly converted into heat.  At any 

given operating motor speed, 𝜔𝑚𝑜𝑡𝑜𝑟 , and motor torque, 𝜏𝑚𝑜𝑡𝑜𝑟 , the instantaneous rate of 

energy generation in the system can be calculated. 
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First, the output power of the motor (𝑃𝑚𝑜𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡) is calculated as the product of 

the motor speed and motor torque.   

 

𝑃𝑚𝑜𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡  =  𝜔𝑚𝑜𝑡𝑜𝑟  ×  𝜏𝑚𝑜𝑡𝑜𝑟 

 

Using the developed efficiency maps, the instantaneous operating efficiency 

(𝜂𝑚𝑜𝑡𝑜𝑟) is subsequently obtained via interpolation.  After calculating both the output 

power and operating efficiency, the input power (𝑃𝑚𝑜𝑡𝑜𝑟 𝑖𝑛𝑝𝑢𝑡) can be determined as the 

output motor power divided by the efficiency: 

 

 

𝑃𝑚𝑜𝑡𝑜𝑟 𝑖𝑛𝑝𝑢𝑡 = 
𝑃𝑚𝑜𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡

𝜂𝑚𝑜𝑡𝑜𝑟
 ,      𝜂𝑚𝑜𝑡𝑜𝑟 =   ƒ(𝜔𝑚𝑜𝑡𝑜𝑟, 𝜏𝑚𝑜𝑡𝑜𝑟) 

 

 

Lastly, the generated energy within the motor enclosure is calculated by subtracting 

the output motor power from the input motor power: 

 

�̇�𝑔𝑒𝑛 = 𝑃𝑚𝑜𝑡𝑜𝑟 𝑖𝑛𝑝𝑢𝑡 − 𝑃𝑚𝑜𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑃𝑚𝑜𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡  (
1

𝜂𝑚𝑜𝑡𝑜𝑟
− 1) 

 

2.4.4.5 �̇�𝒔𝒕 Simplification 

The last term to note in the energy balance is �̇�𝑠𝑡  representing the rate of change of 

stored energy in the system.  All changes in the stored energy of the system are modeled 

to take the form of a change in temperature (in this case the temperature of the motor 

enclosure) referred to as sensible energy.  It is assumed that during simulation there is no 
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phase change taking place and therefore the latent energy change is 0.  The ability for a 

system to absorb heat depends on the material composition of the system as well as its 

geometry (size).   In this analysis, the motor is assumed to be composed of plain carbon 

steel.  Using material properties for plain carbon steel at 300 degrees Kelvin, the density 

and heat capacity of the motor are selected from tabled values (Incropera et al., 2006).  

Material properties are evaluated at 300 degrees Kelvin since motor temperatures are 

expected to range between 300 to 400 degrees Kelvin and there is not a significant change 

in properties between these temperatures. The volume of the motor is calculated as the 

volume of a cylinder using the diameter and length reflecting measurements of the GEB20 

AC induction motor as seen in Figure 2-4 (GEB20, 2015).  Taking the time derivative of 

the stored thermal energy gives: 

 
𝑑

𝑑𝑡
(𝐸𝑠𝑡)  = �̇�𝑠𝑡 = 

𝑑

𝑑𝑡
(ρVc𝑇𝑚𝑜𝑡) 

 

Applying the assumptions that the density, ρ, the volume of the motor enclosure, 

V, and the heat capacitance, c, are not changing in time, the equation can then be simplified 

to: 

 

�̇�𝑠𝑡 =  ρVc (
𝑑𝑇𝑚𝑜𝑡

𝑑𝑡
) 

 

That is the rate of change of stored energy relies on the material density, volume, 

heat capacity, and rate of temperature change. 
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2.4.4.6 Final Derived Equations 

Combining the individual energy terms and rewriting the energy balance gives: 

 

ρVc (
𝑑𝑇𝑚𝑜𝑡

𝑑𝑡
) =  𝑃𝑚𝑜𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡  (

1

𝜂𝑚𝑜𝑡𝑜𝑟
− 1) − (𝐴𝑠𝑢𝑟𝑓 × ℎ𝑎𝑣𝑔 × (𝑇𝑚𝑜𝑡 − 𝑇𝑎𝑚𝑏)) 

 

Which can be further simplified to solve for the rate of change of temperature 

of the motor: 

 

𝑑𝑇𝑚𝑜𝑡

𝑑𝑡
=  

(

 
 

(𝑃𝑚𝑜𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡  (
1

𝜂𝑚𝑜𝑡𝑜𝑟
− 1)) − (𝐴𝑠𝑢𝑟𝑓 × ℎ𝑎𝑣𝑔 × (𝑇𝑚𝑜𝑡 − 𝑇𝑎𝑚𝑏))

ρVc

)

 
 

  

 

The final boxed equation above directly relates the rate of change of temperature 

with respect to time for the motor as it relates a combination of thermal properties and 

energy flows that can be calculated at any known operating point for the system.  The last 

piece of the simulation puzzle is to set an initial temperature condition for the motor.  For 

simulation purposes the initial condition, 𝑇𝑚𝑜𝑡(0), is set to be equal to the starting ambient 

temperature, 𝑇𝑎𝑚𝑏(0).  At this point, the temperature at each subsequent operating point 

can be calculated as the previous motor temperature plus the instantaneous rate of change 

in temperature multiplied by the time between measurements, 𝛥𝑡. 

 

𝑇𝑚𝑜𝑡(𝑡 + 𝛥𝑡) =  𝑇𝑚𝑜𝑡(𝑡) + (
𝑑𝑇𝑚𝑜𝑡

𝑑𝑡
|𝑡 ×  𝛥𝑡) ,    𝑇𝑚𝑜𝑡(0) = 𝑇𝑎𝑚𝑏(0)  
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An important note is that all of the aforementioned equations are valid only when 

using metric units and degrees Kelvin for temperature values.  Conversion to Celsius or 

Fahrenheit should be done after all calculations are made. 

 

2.5  MOTOR SIMULATION RESULTS 

Knowing all of the necessary information to implement effective simulations, the 

previously described model inputs (as seen in Figure 2-9, Figure 2-10, and Figure 2-11) 

are run through both the healthy and unhealthy motor efficiency maps.  For each 

simulation, the sampling frequency between input measurements is taken to be 1Hz.   

 

2.5.1 Healthy Motor Simulations 

The healthy motor efficiency map in Figure 2-12 is the same efficiency map as 

previously shown in Figure 2-7 but is updated to display the simulated motor torque and 

motor speed points at which the healthy motor was run through (in yellow).  The load path 

is chosen such that it varies across a range of efficiencies while remaining within the 

bounds of the motor performance limits.  As expected, simulated load conditions can be 

seen crossing through the point (0,0) multiple times during the simulated operation.  

During these times, the motor is no longer drilling and the blower temporarily stops 

providing forced convection of air over the motor enclosure as well. 
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Figure 2-12 Healthy motor efficiency map with simulated input parameters displayed in 

yellow 

  Using the equations outlined in section 2.4.4, the corresponding predicted healthy 

temperature profile for the motor is obtained: 
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Figure 2-13 Simulated motor temperature vs. time for a healthy motor 

 

As is expected to be seen in Figure 2-13, the motor temperature begins from the 

specified initial condition of 50 degrees Fahrenheit which is the starting ambient 

temperature.  There is a rapid rise in predicted motor temperature as the motor ramps up to 

higher operating points (with greater heat generation).  Before the temperature levels off, 

the motor begins to ramp down to a period of rest, and the temperature of the motor 

responds by reaching a local peak around 120 degrees Fahrenheit.  After reaching a local 

peak, the motor temperature decreases as well.  As the motor temperature decreases, there 

is an identifiable sharp point at which the motor and blower both shut off.  This point is 

visually represented by the discontinuity in the rate of change of temperature following the 

local maxima.   The sharp point is generated as the convection coefficient shifts from being 

dominated by forced convection to being completely due to free convection.  After a period 
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of rest and cooling, the motor begins to ramp up again and the blower turns on.  Since there 

is not significant heat generated as the motor begins to ramp up, forced convection 

temporarily dominates and rapidly cools the motor even more.  Eventually, the heat 

generated equals the heat transferred away via convection and a local minima is achieved.  

From this local minima, the previously described motor thermal behaviors repeats itself for 

each of the next two simulated drilling periods. 

 

 

Figure 2-14 Simulated energy generated, efficiency, and motor temperature vs. time for a 

healthy motor 

 

Figure 2-14 simultaneously displays the simulated generated power, motor 

efficiency, and motor temperature.  Here, it becomes visible that the motor efficiency 
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fluctuates between 50% - 93%.  It is also easy to see the dependence of the motor 

temperature on the instantaneous heat generated within the motor. 

Simulations results for the healthy motor are interesting, but even more useful is 

the subsequent simulation of an unhealthy motor temperature. 

 

2.5.2 Unhealthy Motor Simulations 

To get an idea of how a degraded motor is going to respond, the same inputs for 

ambient temperature, motor speed, and motor torque are fed into the developed unhealthy 

motor efficiency map. 

 

 

Figure 2-15 Unhealthy motor efficiency map with simulated input parameters displayed 

in yellow 
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Once again, the same input load conditions are displayed in yellow, this time on 

top of the developed unhealthy motor efficiency map.  When comparing Figure 2-12 to 

Figure 2-15 it can be seen that the shape and scale of the overlying (yellow) load path is 

the same.  The difference is that the load path passing through different efficiency values 

at each operating point due to the degraded nature of the motor.  Using the equations of 

section 2.4.4 again combined with the unhealthy motor efficiency map, the ongoing 

temperature of the motor is plotted as a function of time. 

 

 

Figure 2-16 Simulated motor temperature vs. time for an unhealthy motor 

 

The unhealthy motor temperature profile in Figure 2-16 follows the same general 

shape as the healthy motor temperature profile plotted in Figure 2-13. Once again, the 
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predicted motor temperature starts at the specified initial condition of 50 degrees 

Fahrenheit before ramping up to three separate peaks. Looking closer however, one can 

see that the peak temperatures reached during each drilling period are in fact higher than 

those reached when the motor is assumed to be healthy. 

 

 

Figure 2-17 Simulated energy generated, efficiency, and motor temperature vs. time for 

an unhealthy motor 

 

Figure 2-17 shows the simultaneous plots of the heat generated, motor efficiency, 

and motor temperature.  Unlike the same plot shown for the healthy motor in Figure 2-14, 

efficiency values in Figure 2-17 look far more noisy and random.  Sudden decreases in 

efficiency result in subsequent fluctuations and increases in the heat generated at each 
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operating point.  Greater heat generation in turn leads to greater increases in temperature 

in the motor enclosure. 

 

2.5.3 Healthy vs. Unhealthy Motor Simulations 

Separately, the simulated motor temperature plots for the healthy and unhealthy 

GEB20 motor can only help so much.  To get an even better picture of the ongoing 

simulated temperatures, the plots for the healthy and unhealthy motors are combined. 

 

 

Figure 2-18 Simulated motor temperature vs. time for both a healthy motor and an 

unhealthy motor 

 

From Figure 2-18 it can be seen that the temperature difference between the healthy 

and the unhealthy motor seems to become noticeable above 60 degrees Fahrenheit.    It also 
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appears that greater the operating power, greater the temperature difference is between the 

motors.   To get a clear picture of the actual ongoing difference in temperatures, the 

temperature difference is plotted. 

 

 

Figure 2-19 Simulated temperature difference between a healthy motor and an unhealthy 

motor 

The plot of the temperature difference in Figure 2-19 above quantifies the ongoing 

temperature differences experienced during simulation.  The greatest temperature 

difference occurs at about the 4.5 hour mark and peaks at about 110 degrees Fahrenheit.  

In fact, the predicted temperature difference remains greater than 20 degrees Fahrenheit 

for most of the 10 hours period.  Such results indicate that a GEB20 top drive motor that 

has degraded by up to 6% in efficiency can easily be detected by temperature differences 

between expected and measured values in the field.   

0 1 2 3 4 5 6 7 8 9 10

0

20

40

60

80

100

120

Temperature Difference between Healthy and 6% Unhealthy Motor vs. Time

Time(hours)

M
o
to

r 
T

e
m

p
e
ra

tu
re

 D
if
fe

re
n
c
e
 (o

F
)



 52 

One problem that might occur is that the accuracy of the measured inputs to the 

model might be skewed or wrong from reality.  Of particular worry is the ambient 

temperature measurement on the top drive which is taken at a separate region than that for 

the air passing over the motor.  A sensitivity analysis was performed to help visualize what 

the effects of skewed ambient temperature is to the predicted motor temperature. 

 

 

Figure 2-20 Predicted healthy motor temperature with +/-10 degrees change in ambient 

temperature 

 

The sensitivity study analysis in Figure 2-20 shows that the resulting predicted 

motor temperature is a direct function of the error of the ambient temperature measurement 

fed into the model.  That is to say, as the model progresses, the predicted temperature skews 

by the same magnitude as the error of ambient temperature.  So long as the measured 
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ambient temperature is not too far away from the actual ambient temperature, the results 

are not affected too much. 

Preceding drilling simulation results indicate that degradation can be detected from 

a temperature difference and that the greatest likelihood of catching that difference is at 

higher operating powers. 

Although it seems that direct temperature comparison may be the best indicator for 

degradation, it may also be beneficial to see if a different parameter such as the temperature 

rate of change is able to provide an even better alert to wear in the motor system.  The 

ongoing simulated rate of change for both the healthy and unhealthy motor are plotted 

together: 

 

 

Figure 2-21 Temperature rate of change between a healthy motor and an unhealthy motor 
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  Referring to Figure 2-21 above, the temperature rate of change for both motors 

appears to be rather unsteady in time.  Due to its unsteady and less predictable nature, it is 

not recommended to refer to the temperature rate of change when trying to determine the 

level of degradation. 

The next step is to validate the developed model using recorded data.  Using 

recorded data from healthy motor tests, one can see how well the model predicts the 

measured temperature of the motor. Once the model can accurately predict the behavior of 

healthy motors within a certain error, the model can be applied in the field to ongoing 

drilling operations in order measure their level of degradation. 

 

2.6  MOTOR FUNCTIONAL ACCEPTANCE TEST (FAT) FOR VALIDATION OF MODEL 

2.6.1 Healthy Motor Model Validation 

For the developed motor thermal model to be useful, the code must be able to 

accurately predict the temperature of a healthy, non-degraded GEB20 AC induction motor 

in real-time.  One way to verify this is to set up a controlled functional top drive test.  That 

way, the motor and top drive system can be run without the damaging effects that would 

be experienced in the field.  Such tests, called FAT tests, are run before every top drive is 

sent out into operation. 

During a typical FAT test, all critical functions of the top drive are tested to ensure 

each part is working as desired.  The top drive is stood upright and hooked up to a dynamic 

brake system to apply a dynamic torque to the drill string.  For this test, a hydromatic brake 

is used which relies on the agitation of water in order to produce a corresponding torque.  

More information about the hydromatic break and dry disc brakes used for FAT tests can 

be found in the appendix.  The motor is run through multiple controlled operating points 
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over a 4-10 hour period with measurements being hand recorded in a table every 30 minutes 

by a technician.   

For the purposes of model validation, three recorded values are used as inputs into 

the model: the drill string torque in ft-lbs, the drill string rotational speed in RPMs, and the 

ambient temperature in degrees Fahrenheit.  The drill string torque and drill string speed 

are converted into motor torque and motor speed through division and multiplication by 

the gearbox gear ratio (r) respectively: 

 

𝜏𝑚𝑜𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡𝑡 = 𝜏𝑑𝑟𝑖𝑙𝑙 𝑠𝑡𝑟𝑖𝑛𝑔  ÷ 𝑟𝑔𝑏 

𝜔𝑚𝑜𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝜔𝑑𝑟𝑖𝑙𝑙 𝑠𝑡𝑟𝑖𝑛𝑔  ×  𝑟𝑔𝑏 

 

Next, the three input parameters are each converted into metric units and fed into 

equations from section 2.4.4 (for the healthy motor efficiency map). Calculations 

(including the motor temperature) are updated every second even though parameters 

remain constant for 30 minutes at a time during the 6 hour long test.  The load diagram can 

be seen in Figure 2-22.  For plots of the corresponding motor torque, motor speed, and 

ambient temperature vs. time plots see Figure 2-23, Figure 2-24 and Figure 2-25. 
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Figure 2-22 FAT test load path plotted in yellow on top of the healthy motor efficiency 

map 
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Figure 2-23 Output motor torque vs. time during an FAT test 

 

Figure 2-24 Output motor speed vs. time during an FAT test 
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Figure 2-25 Ambient temperature vs. time during an FAT test 

 

The predicted temperatures are directly compared with temperature measurements 

taken in the windings of the GEB20 motor. Within the GEB20 motor, there are three 

embedded RTD sensors in different locations of the windings of the stator.  The predicted 

temperatures for the healthy motor are plotted simultaneously with the the actual measured 

motor temperatures recorded during the FAT test in Figure 2-26. 
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Figure 2-26 Motor Temperature vs. time for an FAT test run 

 

The hollow triangle, square, and circular markers represent the readings from the 

motor RTDs during the test.  The filled circular marker represents the calculated average 

value of the 3 RTDs at each point.  The initial condition for both predicted temperatures is 

such that: 

 

𝑇𝑚𝑜𝑡(0) =  𝑅𝑇𝐷𝑎𝑣𝑔(0) 

 

The healthy motor temperature prediction (blue line) both begins and ends within 

the marked bounds of the measured RTD temperatures.  The predicted temperature profile 
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additionally has the same shape as is experienced by the RTD measurements.  The only 

difference is that as the motor ramps up, the predicted healthy motor temperature lags the 

RTD measurements and slightly overshoots the first dip.  Further adjustments for the 

average convection coefficient, initial condition, and geometry complexity can continue to 

be added in order to continue refining the efficiency model such that it is able to best fit 

measured temperature data for tested healthy motors.   

 

2.7 MOTOR FIELD TESTING 

In order to further test the developed methodology, a PLC program is coded with 

the necessary equations so as to run the thermal model in real-time.  The program is 

designed to continuously monitor the temperature difference between the healthy modeled 

motor temperature and the average RTD measured temperature.  If the temperature 

difference is greater than a pre-programmed temperature threshold (in this case 22 degrees 

Kelvin is suggested), then an alarm is generated so to warn the operator of the greater than 

expected motor temperatures.  A flow chart for the code can be seen below. 
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Figure 2-27 Proposed flow chart for continuous monitoring of top drive motor 

temperature 

 

Further analysis of results will help identify shortcoming of the existing model as 

well as help to identify threshold temperatures at which alarms should be signaled. Field 

test results are still pending at this time and will be analyzed as they become available. 

 

2.8 LUBRICATION FLOW LOOP THERMAL MODEL DEVELOPMENT 

Using techniques similar to those used in section 2.4 above, a thermal model is now 

constructed for the purpose of estimating the operating temperature of the lubrication oil 
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at any operating instant of the top drive system.  The lubrication oil has many purposes in 

a top drive system, including cooling the temperature of the gearbox, maintaining low 

friction surfaces so as to minimize energy losses, and helping to maintain clean energy 

transfer surfaces by carrying debris and soot away from the gear train interfaces.  The 

capacity of the oil to complete these tasks is largely dependent on its properties and 

composition which changes and degrades over time and with use.   An operator can choose 

to use offline oil analysis methods in order to analyze the composition of the oil and infer 

its health. This was discussed in Chapter 3.  Alternatively, if a model is available, one can 

additionally evaluate the operating temperature of the lube oil in real-time to determine its 

degradation on a continual basis.  If the oil is no longer thermally performing as expected, 

it can be taken as an indication that the oil as a whole may no longer be fit for purpose and 

should be changed or refreshed. 

Similar to the methodology used for the motor temperature prediction, the goal of 

an oil lube temperature model is to be able to predict operating temperatures for the oil and 

subsequently to compare those values to real-time oil temperature measurements.  As the 

real-time measurements stray further away from predicted measurements, the operator can 

infer if the oil has degraded to a point where it needs to be changed.  Such a system is 

desirable as it could provide an analytical means to describe oil health with only 

temperature sensors and without the need for oil-specific sensors, which are more 

expensive. 

 

2.8.1 Schematic and Underlying Assumptions 

As with any model being developed, assumptions are made to convert the real and 

complex lubrication system of the top drive into a simplified model which focuses on the 
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most important factors under analysis, in this case temperature.  For the purposes of this 

model, it is assumed that all of the oil in the system at any time is taken to be at a uniform 

temperature.  Consequently, any heat transfer affects that may apply locally in the actual 

system are simulated to instantaneously affect the entire sum of lubricating oil as a whole.  

Such a temperature assumption is valid so long as temperature measurements are taken at 

a location at which the oil is mixed and far away from any locations of local heat transfer.  

All heat generated in the system is assumed to originate from the friction of the bearings 

and gears within the gearbox and is entirely transferred to the lubricating oil.  The oil is 

simultaneously cooled by a compact heat exchanger/radiator which transfers heat energy 

to the air passing over by forced convection.  Due to the size of the oil sump and gear box, 

it can be assumed that natural convection from the top drive has a noticeable effect on 

system energy transfers. 

 

 

Figure 2-28 Lubrication oil schematic 
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Using the same designations as in section 2.4.1, a simplified schematic of the oil 

lube subsystem in a top drive is provided in Figure 2-28.  The dashed lines highlight the 

system under analysis which in this case is all of the lubrication oil in the top drive.  At all 

times, the temperature of the oil throughout the system (𝑇𝑜𝑖𝑙(𝑡)) is uniform.  

Lube oil begins in the oil sump where it is collected.  While in the sump (and 

gearbox), oil continuously loses energy in the form of natural convection through its 

metallic container to the outside ambient air, 𝑇𝑎𝑚𝑏.  This transfer of energy from the oil 

gearbox and sump is expressed as �̇�𝑜𝑢𝑡 1.  A pump then brings oil out of the sump and 

through a variety of hoses and fitting until it eventually goes through a filter to clean large 

soot and debris from the oil.  After the filter, oil continues to immediately pass through an 

oil cooler.  The oil cooler is a compact heat exchanger core which takes use of forced 

convection from ambient air (𝑇𝑎𝑚𝑏)   passing over a grid of bars and pipes to cool flowing 

oil.  This transfer of energy is captured in the schematic using �̇�𝑜𝑢𝑡 3 term. The �̇�𝑜𝑢𝑡 3 term 

for the cooler is separate from �̇�𝑜𝑢𝑡 1 to highlight the difference in heat transfer surface area 

and type of convection (natural vs. forced).  After passing through the cooler, oil is brought 

to the top of the gearbox where assorted nozzles are used to coat all moving parts 

thoroughly with oil.  Since the position of the top drive is vertical, oil naturally flows 

downwards due to gravity.  As the oil flows, it picks up heat from the moving gearbox 

components while simultaneously losing energy to the ambient air outside of the gearbox 

(�̇�𝑜𝑢𝑡 1).  All of the heat generated within the gearbox is due to the loss of mechanical 

energy between the input and output shafts of the box.  Mechanical energy enters the 

gearbox from the motor output shaft (�̇�𝑖𝑛) and exits through the drill string shaft (�̇�𝑜𝑢𝑡 2).  

Finally, the oil continues to collect in the sump again where it sits until it is pumped back 

out again. 
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Many assumptions are made to create the simplified lube oil model.  The following 

list is a comprehensive list of all assumptions made when developing the simplified model 

of the oil lubrication system: 

 

1. The lubrication oil is represented as a continuous liquid with constant density (ρ) 

and heat capacity (c). 

2. The oil sump and gearbox are steel containers and have a wall thickness of 1 inch. 

3. At any time t, the temperature (𝑇𝑜𝑖𝑙(𝑡)) of the lubrication oil is uniform at any point 

throughout its volume. 

4. Heat transfer is assumed to affect the entire volume of lubrication oil 

simultaneously. 

5. All mechanical energy lost in the gearbox is converted to heat and absorbed by the 

lubrication oil. 

6. The efficiency of the gearbox is constant (𝜂 ≅ 97%). 

7. Radiation heat transfer is neglected (𝑄𝑐𝑜𝑛𝑣 ≫ 𝑄𝑟𝑎𝑑). 

8. There are no phase changes during heat transfer => 𝐸𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝐸𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 (thermal 

energy = sensible energy). 

9. The average convection coefficient, ℎ𝑎𝑣𝑔, is constant and independent of changes 

in ambient temperature and/or flow conditions. 

10. The flow rate of the lube is constant while flowing (�̇� = 4.5gpm). 

11. Conduction through the walls of the gearbox and sump walls is quasi-static with no 

energy generation. 

12. Conduction through the gearbox and sump walls is 1 dimensional. 
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2.8.2 Mathematical Modeling 

The methodology relies on the same principles as those used for the development 

of the thermal model of the motor.   Once again, equations and thermal properties are taken 

directly from a fundamental heat transfer textbook (Incropera et al., 2006).  The goal is to 

ascertain if such a methodology can be used to effectively estimate the temperature of the 

lubrication oil at any operating condition of the top drive in real-time.  If the model is 

sufficiently accurate, the methodology can continue to predict degradation of the 

lubrication oil through real-time comparison of model predicted temperatures and actual 

measured temperatures.  If desired, additional model features can be added to adjust or 

better tailor the model to the system at hand to create a better temperature prediction 

algorithm. 

 

2.8.2.1 Overall Energy Balance 

Looking back at the schematic provided in Figure 2-28, one can see that the 

lubrication system is slightly more complex than the motor temperature schematic (Figure 

2-3).  The system boundaries are identified by the dashed lines and incorporate all of the 

oil present in the lubrication system of the top drive. As in section 2.4.4 above, analysis 

begins with the first law of thermodynamics which states that energy can be neither created 

nor destroyed but only converted from one form to another: 

 

�̇�𝑠𝑡 = �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 1 − �̇�𝑜𝑢𝑡 2 − �̇�𝑜𝑢𝑡 3 + �̇�𝑔𝑒𝑛 

 

�̇�𝑠𝑡  is the rate of change of the energy stored in the system with respect to time. 

�̇�𝑖𝑛 is the rate of change of energy coming in to the system (mechanical and thermal). 

�̇�𝑜𝑢𝑡 1 , �̇�𝑜𝑢𝑡 2, and �̇�𝑜𝑢𝑡 3 represent the rate of change of energy going out of the system 
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(mechanical and thermal), and �̇�𝑔𝑒𝑛 is the rate of change of energy that is generated within  

the system from non-mechanical or thermal energy domains. 

 

2.8.2.2 �̇�𝒈𝒆𝒏 Simplification  

All heat (energy) that enters the oil system is assumed to originate from mechanical 

losses within the gearbox.  Since �̇�𝑔𝑒𝑛 is not designated for mechanical or thermal loses in 

this analysis, the term can be crossed out to 0: 

 

�̇�𝑔𝑒𝑛 = 0 

 

2.8.2.3 �̇�𝒊𝒏 Simplification 

The �̇�𝑖𝑛term for the gearbox is taken to be the total rate of change of energy being 

brought into the gearbox from the rotational shaft of the motor.  The rotational power can 

be represented by the product of the instantaneous speed (𝜔𝑖𝑛) and instantaneous torque 

(𝜏𝑖𝑛) of the motor.  Both of these values are constantly measured and stored during top 

drive operation and are therefore known. 

 

�̇�𝑖𝑛 = 𝜔𝑖𝑛 × 𝜏𝑖𝑛 

 

 

2.8.2.4 �̇�𝒐𝒖𝒕 𝟐 Simplification 

For the lube system, there are three separate �̇�𝑜𝑢𝑡  terms identified in the schematic.  

�̇�𝑜𝑢𝑡 2 represents the mechanical energy that is coming out of the gearbox.  The rate of 
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change of energy coming out of the gearbox can be captured by the product of the 

instantaneous speed (𝜔𝑜𝑢𝑡)  and torque (𝜏𝑜𝑢𝑡) of the drill string. 

 

�̇�𝑜𝑢𝑡 2 = 𝜔𝑜𝑢𝑡 × 𝜏𝑜𝑢𝑡 

 

During operation of the top drive, however, the instantaneous speed and torque of 

the drill string are not measured and are therefore not directly known.    This means that 

the energy output from the gearbox must be calculated using known information.   

The output rate of change of energy from the gearbox is calculated through 

knowledge of the gearbox efficiency, 𝜂𝑔𝑏.  Similar to the motor efficiency, the efficiency 

of the gearbox can be thought of as a continuous mapping (Derammelaere et al., 2014).  At 

any known torque and speed condition, there is an associated efficiency value.  It is entirely 

possible that the efficiency map of the gearbox degrades over use and time such that each 

efficiency value is lowered depending on specific wear mechanisms.    Figure 2-29 gives 

an example for a tested efficiency map for a helical gear box. 
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Figure 2-29 Gearbox efficiency map determined for a helical gearbox (Derammelaere et 
al., 2014).   

 

For the purpose of this analysis it is assumed that the efficiency of the gearbox is a 

constant value throughout the simulation.  Looking through published efficiency values for 

various types of gears it can be seen that helical gears are typically one of the most efficient 

gear sets in terms of energy transmission.  Efficiencies as high as 99% per gear set can be 

achieved. (Mobley, 2001).   
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Table 2-3 Gear type vs. efficiency range (Mobley, 2001) 

 

 

For the purpose of model development and validation, it is conservatively assumed 

that the average operating gearbox efficiency is 97%: 

 

𝜂𝑔𝑏 ≅ 97% 

 

Using the assumed constant efficiency of the gearbox, the input energy can now be 

calculated as the output energy from the gearbox divided by the gearbox efficiency: 

 

Ėout 2 = Ėin × 𝜂𝑔𝑏  =   (𝜔𝑖𝑛 × 𝜏𝑖𝑛) × 𝜂𝑔𝑏 

 

The loss of mechanical energy inside the gearbox (�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 2) is entirely 

converted to heat and absorbed by the oil.   
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2.8.2.5 �̇�𝒐𝒖𝒕 𝟏 Simplification 

�̇�𝑜𝑢𝑡 1 is responsible for capturing the energy lost to the ambient air as oil flows 

down the gearbox and into the sump.  As previously stated, the temperature of the oil at 

any time is taken to be uniform throughout.  This means that the inner wall of the gearbox 

and sump must also be at this same temperature since they are coated in oil.  In order for 

energy to escape the oil and reach the ambient air, it must first conduct through the metallic 

wall of the gearbox and oil sump via conduction.  After energy conducts through the metal 

wall, it is then subject to both radiation and convection heat transfer.   Radiation heat 

transfer for this analysis is ignored since it is assumed to have a relatively small 

contribution to the net energy flows into and out of the lube system.   The combination of 

conduction and convection along the wall requires the consideration of the additive effect.  

Due to the quasi-static assumption, this entire process is analyzed using a thermal circuit 

technique which is typically applied to steady-state systems.   The thermal circuit 

associated with �̇�𝑜𝑢𝑡 1 can be drawn like an electrical circuit: 

 

 

Figure 2-30 Thermal circuit schematic to determine �̇�𝑜𝑢𝑡 1 
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Looking at Figure 2-30, 𝑞𝑜𝑢𝑡 1 represents the net transfer of energy (in this case 

heat) which flows through a thermal circuit from the oil to the ambient air.  In fact, 𝑞𝑜𝑢𝑡 1 

is equivalent to �̇�𝑜𝑢𝑡 1: 

 

�̇�𝑜𝑢𝑡 1 = 𝑞𝑜𝑢𝑡 1 

 

  The thermal circuit consists of two resistances in series bounded by two known 

temperatures at both ends (𝑇𝑜𝑖𝑙 and 𝑇𝑎𝑚𝑏).   First is the conduction resistance through the 

gearbox and sump wall (𝑅𝑤𝑎𝑙𝑙) followed by the convection resistance as energy is 

transferred from the wall to the ambient air (𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛).  These resistance can be 

described mathematically as: 

 

𝑅𝑤𝑎𝑙𝑙 = 
𝑡𝑤𝑎𝑙𝑙

𝑘𝑤𝑎𝑙𝑙  ×  𝐴𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙
 

 

𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = 
1

ℎ𝑎𝑣𝑔  ×  𝐴𝑜𝑢𝑡𝑒𝑟 𝑤𝑎𝑙𝑙
 

 

Where 𝑡𝑤𝑎𝑙𝑙 is the thickness of the gearbox/ sump wall.  𝐴𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 is the total 

exposed area of the inner wall of the gearbox/ sump.  𝐴𝑜𝑢𝑡𝑒𝑟 𝑤𝑎𝑙𝑙 is the total exposed area 

of the outer wall of the gearbox/ sump.  𝑘𝑤𝑎𝑙𝑙 is the thermal conductivity of the wall.  This 

value is interpolated from a table in a heat transfer textbook assuming the wall is composed 

of plain carbon steel and at an approximate average value of 330 Kelvin (Incropera et al., 

2006): 

 

𝑘𝑤𝑎𝑙𝑙 ≅ 59.36
𝑊

𝑚 ×  °𝐾
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 Finally, ℎ𝑎𝑣𝑔 is the average value of the convection coefficient between the 

ambient air and the wall.  As noted in Table 2-2 (Incropera et al., 2006), the natural 

convection coefficient for a gas is typically between 2 
𝑊

𝑚2× °𝐾
 and 25 

𝑊

𝑚2× °𝐾
.  This complex 

value will be adjusted during testing in order to match measured results as closely as 

possible: 

 

2 
𝑊

𝑚2 ×  °𝐾
≤ ℎ𝑎𝑣𝑔 ≤ 25 

𝑊

𝑚2 ×  °𝐾
  

  

𝐴𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 and 𝐴𝑜𝑢𝑡𝑒𝑟 𝑤𝑎𝑙𝑙 are assumed to be very close in magnitude and are 

therefore both accounted for by one term, 𝐴𝑙𝑜𝑠𝑠𝑒𝑠 which is an approximated value 

calculated by summing the perimeter of the gearbox/sump enclosure with the dimensions 

(length (𝑙𝑔𝑏), width (𝑤𝑔𝑏), and height (ℎ𝑔𝑏)): 

 

𝐴𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 = 𝐴𝑜𝑢𝑡𝑒𝑟 𝑤𝑎𝑙𝑙 = 𝐴𝑙𝑜𝑠𝑠𝑒𝑠

= (2 × (𝑙𝑔𝑏 × 𝑤𝑔𝑏)) + (2 × (𝑙𝑔𝑏 × ℎ𝑔𝑏)) + (2 × (𝑤𝑔𝑏 × ℎ𝑔𝑏))  

 

The thermal circuit is solved like an electrical circuit by first combining the 

individual resistances to create one equivalent resistance(𝑅𝑒𝑞).  Since both resistances are 

in series, the resistances can be added together: 

 

𝑅𝑒𝑞 = 𝑅𝑤𝑎𝑙𝑙 + 𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = (
𝑡𝑤𝑎𝑙𝑙

𝑘𝑤𝑎𝑙𝑙  ×  𝐴𝑙𝑜𝑠𝑠𝑒𝑠
+ 

1

ℎ𝑎𝑣𝑔  ×  𝐴𝑙𝑜𝑠𝑠𝑒𝑠
) 
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Finally, 𝑞𝑜𝑢𝑡 1 is solved for by dividing the overall temperature difference of the 

circuit by the equivalent resistance: 

 

�̇�𝑜𝑢𝑡 1  =  𝑞𝑜𝑢𝑡 1 = 
𝛥𝑇

𝑅𝑒𝑞
 =  

𝑇𝑜𝑖𝑙(𝑡) − 𝑇𝑎𝑚𝑏

(
𝑡𝑤𝑎𝑙𝑙

𝑘𝑤𝑎𝑙𝑙  ×  𝐴𝑙𝑜𝑠𝑠𝑒𝑠
+ 

1
ℎ𝑎𝑣𝑔  ×  𝐴𝑙𝑜𝑠𝑠𝑒𝑠

)
 

 

2.8.2.6 �̇�𝒐𝒖𝒕 𝟑 Simplification 

�̇�𝑜𝑢𝑡 3 is responsible for capturing heat and energy lost from the oil as it passes 

through the oil cooler.  The oil cooler is a compact heat exchanger which passes oil through 

thin plates of aluminum allowing forced ambient air to cool the oil effectively.  Cooling 

characteristics for the oil cooler in the system are determined from the oil cooler 

manufacturer. 

The make and model number of the cooler core implemented on the top drive are 

both known.  Cooling characteristics of the desired core are not available by itself.  Cooling 

curves are however provided for circumstances in which the cooling core is used in 

conjunction with specific fan models (certain types of hydraulic, DC electric, or AC electric 

fans).  In the actual top drive system, air is provided to the cooling core using a separate 

blower motor that is also responsible for driving air over the drilling motor.  Being that this 

is not a standard configuration for the cooler core provided by the company, there are no 

published documents directly reflecting the response of the cooler core for this system.  

Instead, it is assumed that the cooling core response can be adequately approximated by 

using one of the published documents. 

The cooling curve chosen to represent the oil cooler on the top drive can be seen in 

Figure 2-31 (OAH Air Oil Cooler, 2015). 
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Figure 2-31 Cooling capacities for various configurations of the OAH oil cooler (OAH 
Air Oil Cooler, 2015). 
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Figure 2-32 OAH Air Oil Cooler (OAH Air Oil Cooler, 2015). 

 

Each curve in Figure 2-31 is for a different cooler size for a range of air flow rates 

(theoretically provided by an attached hydraulic fan).    Specifically, the curve labeled 007-

3000 is chosen to reflect the response of the cooler core on the top drive.  Curve 007-3000 

has similar dimensions and geometry and an assumed constant air flow rate of 1273 Cubic 

Foot / Minute (CFM).  The 3000 in the model name corresponds to the hydraulic fan (which 

is theoretically attached to the cooling core) rotating at a rate of 3000rpm.   The cooling 

curve is implemented in the real-time temperature simulation as a one dimensional lookup 

table as seen in Figure 2-33. 
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Figure 2-33 Cooling capacity lookup table 

 

In this context, with a constant air speed, the cooling characteristics of the oil cooler 

are determined by the flow rate of the oil passing through the cooler.  The curve has a steep 

increase from approximately 3 to 8 gpm and continues to increase at a much slower cooling 

capacity at higher oil flow rates. 

  The instantaneous measurement of the oil flow rate in gpm is an input to the 

model.  The lookup table is used to obtain the instantaneous rate of heat dissipation per 

degree Fahrenheit (
𝐵𝑇𝑈

ℎ𝑟

℉
) (also defined as the cooling capacity (𝐶𝐶𝑐𝑜𝑜𝑙𝑒𝑟)).  Since all heat 

transfer calculation are done using metric units, the cooling capacity is converted to watts 

per degree Fahrenheit (
𝑊

℉
).   
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𝐶𝐶𝑐𝑜𝑜𝑙𝑒𝑟 = ƒ(�̇�) 

 

Finally, the instantaneous temperature difference in Fahrenheit between the 

ambient air and the temperature of the oil passing through the cooler (𝑇𝑜𝑖𝑙(𝑡) − 𝑇𝑎𝑚𝑏) is 

multiplied by the interpolated capacity to give an instantaneous value of the heat energy 

being transferred out of the oil in watts.  This value is equivalent to the desired value of 

�̇�𝑜𝑢𝑡 3: 

 

�̇�𝑜𝑢𝑡 3 = 𝐶𝐶𝑐𝑜𝑜𝑙𝑒𝑟 × (𝑇𝑜𝑖𝑙(𝑡) − 𝑇𝑎𝑚𝑏) 

 

2.8.2.7 �̇�𝒔𝒕 Simplification 

The last term to note in the oil system energy balance is �̇�𝑠𝑡  representing the rate 

of change of stored energy in the lubricating oil.  All changes in the stored energy of the 

system are modeled to take the form of a change in temperature (in this case the temperature 

of the oil) referred to as sensible energy.  It is assumed that during simulation there is no 

phase change taking place and therefore the latent energy change is 0.  The change in 

temperature experienced by the oil is strongly related to the oil’s mass and thermal 

properties.  One problem is that thermal properties are not published online for the specific 

type of gear oil used in the system.  To circumvent this problem it is assumed that published 

values for thermal properties for unused engine oil are similar enough to substitute for this 

analysis.  Using material properties for unused engine oil at 330K, the density and heat 

capacity of the motor are selected from tabled values (Incropera et al., 2006).   The volume 

(V) of oil in the system depends on how much oil is added into a new top drive.  The top 
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drive under analysis is known to be filled with 17 to 20 US gallons.  Taking the time 

derivative of the stored thermal energy gives: 

 
𝑑

𝑑𝑡
(𝐸𝑠𝑡)  = �̇�𝑠𝑡 = 

𝑑

𝑑𝑡
(ρVc𝑇𝑜𝑖𝑙) 

 

Applying the assumptions that the density, ρ, the volume of oil, V, and the heat 

capacitance, c, are not changing in time, the equation can be simplified to: 

 

�̇�𝑠𝑡 =  ρVc (
𝑑𝑇𝑜𝑖𝑙

𝑑𝑡
) 

 

That is the rate of change of stored energy relies on the material density, volume, 

heat capacity, and rate of temperature change. 

 

2.8.2.8 Final Derived Equations 

Combining the individual energy terms and rewriting the energy balance gives: 

 

ρVc (
𝑑𝑇𝑜𝑖𝑙

𝑑𝑡
) =  (𝜔𝑖𝑛 × 𝜏𝑖𝑛)  −  (

𝑇𝑜𝑖𝑙(𝑡) − 𝑇𝑎𝑚𝑏

(
𝑡𝑤𝑎𝑙𝑙

𝑘𝑤𝑎𝑙𝑙  ×  𝐴𝑙𝑜𝑠𝑠𝑒𝑠
+ 

1
ℎ𝑎𝑣𝑔  ×  𝐴𝑙𝑜𝑠𝑠𝑒𝑠

)
)

− ((𝜔𝑖𝑛 × 𝜏𝑖𝑛) × 𝜂𝑔𝑏) − (𝐶𝐶𝑐𝑜𝑜𝑙𝑒𝑟 × (𝑇𝑜𝑖𝑙(𝑡) − 𝑇𝑎𝑚𝑏)) 

 

Which can be further simplified to solve for the rate of change of temperature of 

the oil: 
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𝑑𝑇𝑜𝑖𝑙

𝑑𝑡
=

1

ρVc
×

[
 
 
 
 
 
 
(𝜔𝑖𝑛 × 𝜏𝑖𝑛)  − (

𝑇𝑜𝑖𝑙(𝑡) − 𝑇𝑎𝑚𝑏

(
𝑡𝑤𝑎𝑙𝑙

𝑘𝑤𝑎𝑙𝑙  ×  𝐴𝑙𝑜𝑠𝑠𝑒𝑠
+ 

1
ℎ𝑎𝑣𝑔  ×  𝐴𝑙𝑜𝑠𝑠𝑒𝑠

)
)

− ((𝜔𝑖𝑛 × 𝜏𝑖𝑛) × 𝜂𝑔𝑏) − (𝐶𝐶𝑐𝑜𝑜𝑙𝑒𝑟 × (𝑇𝑜𝑖𝑙(𝑡) − 𝑇𝑎𝑚𝑏))]
 
 
 
 
 
 

 

 

 

The final boxed equation above directly relates the rate of change of temperature 

with respect to time for the oil as it relates a combination of thermal properties and energy 

flows that can be calculated at any known operating point for the lubrication system.  The 

last piece of the simulation puzzle is to set an initial temperature condition for the oil.  For 

simulation purposes the initial condition, 𝑇𝑜𝑖𝑙(0), is set to be equal to the starting ambient 

temperature, 𝑇𝑎𝑚𝑏(0).  At this point, the temperature at each subsequent operating point 

can be calculated as the previous motor temperature plus the instantaneous rate of change 

in temperature multiplied by the time between measurements, 𝛥𝑡. 

 

𝑇𝑜𝑖𝑙(𝑡 + 𝛥𝑡) =  𝑇𝑜𝑖𝑙(𝑡) + (
𝑑𝑇𝑜𝑖𝑙

𝑑𝑡
|𝑡 ×  𝛥𝑡) ,    𝑇𝑜𝑖𝑙(0) = 𝑇𝑎𝑚𝑏(0)  

 

An important note is that all of the aforementioned equations (aside from the 

temperature difference of the cooling core cooling capacity) are valid only when using 

metric units and degrees Kelvin for temperature values.  Conversion to Celsius or 

Fahrenheit should be done after all calculations are made. 
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2.8.3 Simulation Inputs 

In order to run an effective temperature simulation for the lubrication flow loop, 

many variable parameters must be consistently updated and input into the developed 

thermal equations.  Parameters including the motor torque, motor speed, ambient 

temperature, and flow rate are all necessary inputs for the simulation to run as intended.  

The simulation uses the same inputs for the motor torque, motor speed, and ambient 

temperature that can be seen in Figure 2-9, Figure 2-10, and Figure 2-11 respectively. 

The final input to the system, the oil lube flow rate, is necessary to calculate 

the oil cooler’s ongoing effects on the oil’s temperature.  For the following simulation 

it is assumed that the flow rate (�̇�) is equal to 5 gpm while the top drive is drilling 

and is 0 when the top drive is off. 

 

 

Figure 2-34 Simulated lubrication oil flow rate vs. time 

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7
Lubrication Oil Flow Rate vs. Time

Time (hours)

O
il 

F
lo

w
 R

a
te

 (
g
p
m

)



 82 

 

2.9  LUBRICATION FLOW LOOP SIMULATION RESULTS 

With all of the necessary information to implement a simulation, the previously 

described model inputs (as seen in Figure 2-9, Figure 2-10, Figure 2-11, and Figure 2-34) 

are all run through the equations outlined in section 2.8.2.  The equations are used in order 

to predict the temperature of the oil throughout a simulated time period.  For each 

simulation, the sampling frequency is taken to be 1 Hz.   

Using the simulations it is desired to obtain the temperature response of healthy oil 

(oil that has just been put into the lube system) and unhealthy oil (oil that is used and has 

degraded over a period of time).    It is assumed that through degradation of the oil, there 

will be a fundamental change in the oil’s thermal and/or mass properties (i.e. density or 

heat capacity).  A change in either or both of these properties will be reflected in the output 

simulated temperature.  For the simulation of the unhealthy oil, it is assumed that the heat 

capacity of the degraded oil increases by 15% and the density remains the same compared 

to the initial values input for the healthy oil. 

 

𝑐𝑢𝑛ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑜𝑖𝑙 = (𝑐ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑜𝑖𝑙  ×  1.15) 

 

𝜌𝑢𝑛ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑜𝑖𝑙 = 𝜌ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑜𝑖𝑙 

 

The temperature results for the unhealthy oil and healthy oil are plotted 

simultaneously along with their corresponding temperature difference. 
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Figure 2-35 Simulated oil temperature for healthy and unhealthy oil 

 

 

Figure 2-36 Simulated temperature different between healthy and unhealthy oil 
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As expected, both the healthy and unhealthy oil start at 50 degrees Fahrenheit which 

is the starting initial condition and initial ambient temperature input fed into the simulation.  

What is important to see in Figure 2-35 is that both the healthy oil and unhealthy oil follow 

the same shape.  Even the temperature difference between the healthy and unhealthy oil in 

Figure 2-36 follows this shape.  The temperature difference between the two oils peaks at 

about 15 degrees Fahrenheit during the second drilling period.  It is also important to 

highlight how fast the response is; as soon as drilling condition change, there is a very fast 

temperature response of the system (a matter of minutes).  Conversely, when inputs remain 

steady, the output temperature flattens out as well.  This simulation indicates that a 15% 

change in an oil’s heat capacity can lead to a temperature difference as great as 15 degrees 

Fahrenheit for a given operating condition which is substantial. 

 

2.10 LUBRICATION FLOW LOOP FUNCTIONAL ACCEPTANCE TEST (FAT)   

VALIDATION OF MODEL 

In order to effectively use the developed model it must be able to accurately 

simulate the expected temperature of the oil at any time.  One way to verify if this is 

accomplished is by putting the top drive through a controlled test in which all inputs and 

measurements are monitored and recorded.  Measured inputs can then be fed into the model 

to see if they can accurately match the measured outputs (in this case temperature of the 

healthy oil). 

This FAT test is the same that is conducted to test the performance of the motor 

thermal model described in section 2.6.  Motor torque, motor rotation speed, and ambient 

temperature inputs are plotted in Figure 2-23, Figure 2-24, and Figure 2-25.  For the motor 

torque and motor rotation speed, refer to the y-axis on the left hand side of Figure 2-23 and 
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Figure 2-24 respectively.  The measured value of the lubrication oil flow rate is plotted in 

Figure 2-37 below. 

 

 

Figure 2-37 Measured lubrication flow rate vs. time during an FAT test 

 

All measurements during the FAT test are recorded every 30 minutes.  Each input 

to the system is updated every second when used for temperature simulation.  Additionally, 

the initial condition of the oil temperature is set such that it is equal to the first measured 

temperature of the lubrication oil: 

 

𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑜𝑖𝑙(0) =  𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑜𝑖𝑙(0) 
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The predicted temperature of the healthy oil is subsequently plotted simultaneously 

with the measured healthy oil temperature. 

 

 

Figure 2-38 Simulated and measured temperature of healthy oil during an FAT test 

 

Both the simulated and measured oil temperatures as seen in Figure 2-38 begin at 

the same value (initial condition).  The measured oil temperature is subsequently seen to 

increase in a linear fashion with respect to time whereas the predicted oil temperature 
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of the top drive.  When there are no longer changes to the output power of the top drive, 
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simulation window (such as by altering the estimated gearbox efficiency to 97.5%).  The 

simulated temperature profile appears to react too quickly to changes in operating 

conditions.  A closer fit can be obtained after adjusting several assumed values.  The closest 

fit obtained at this time can be seen in Figure 2-39. 

 

 

Figure 2-39 Oil temperature vs. time (adjusted properties) 
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Once in the field, an algorithm can be run which continuously compares measured 

oil temperatures with simulated healthy oil temperatures to create a temperature difference 

residue.  The magnitude of this residue can subsequently be used as indication for oil 

degradation. 

 

2.11 FIELD TESTING 

After matching the model to tested FAT temperature data, the PLC is coded with 

the necessary equations so as to run the lube oil thermal model in real-time (Figure 2-40).  

The program is designed to continuously monitor the temperature difference between the 

healthy modeled lube oil temperature and its measured temperature.  If the temperature 

difference is greater than a pre-programmed temperature threshold, then an alarm is 

generated so to warn the operator of the greater than expected motor temperatures.  
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Figure 2-40 Proposed flow chart for continuous monitoring of top drive lube oil 

 

Further analysis is required in order to ensure that alarm limits are set appropriately 

and also to continue to validate the model implemented.  

 

2.12 SUMMARY 

This chapter analyzes the thermal behavior of the motor and oil lubrication 

subsystems of a top drive in real-time.  A methodology is presented for both subsystems to 

determine whether degradation is occurring as well as its relative severity.  Once a 

threshold level of deterioration is detected, the operator is immediately alerted to further 
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investigate the subsystem in question or to plan a replacement.     Thermal models of both 

subsystems were developed and designed to run in real-time in order to simulate the healthy 

temperature of the motor and oil lubricant.  These healthy temperature models were 

subsequently compared with continuously changing measurements for the actual 

temperature of the motor and oil lubricant.  This comparison highlights the actual 

subsystem’s deviation from healthy performance and can be used as an indication of 

degradation and relative severity.  Both methodologies are designed to run using previously 

existing equipment on top drives making implementation fast and effective. 
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Chapter 3: Vibration Monitoring and Analysis 

 

3.1 INTRODUCTION 

Vibration analysis is one of the most frequently used techniques that is often chosen 

to be implemented as part of larger machine condition monitoring systems.  As a 

component or piece of a machine begins to fail, the vibrations emitted by that machine 

deviate from normal in response.  The role of an effective vibration analysis system is then 

to record the failure-induced vibrations so that the data can be analyzed and specific wear 

modes within the machine can be identified.  With accurate information about the condition 

of a machine, an operator can then plan maintenance to fix the impending malfunction(s) 

before catastrophic failure occurs.  Successful implementation eliminates the need for 

periodic preventative maintenance and instead aims to implement maintenance only when 

the machine indicates that it is required. 

This chapter starts by identifying the different types of sensors and systems that can 

be used for vibration measurements.  Focus then shifts to the different monitoring 

techniques that can and have been used to detect and identify machine failures.  Like many 

monitoring techniques, there are advantages and disadvantages depending on the chosen 

sensors, mounting locations, and analysis methods used.  Ongoing top drive vibration 

testing that is currently being conducted in the field is discussed.  Finally, an improved 

vibration monitoring system for a top drive is proposed for permanent installation and 

analysis.   
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3.2 VIBRATION MONITORING OVERVIEW 

Over the past half a century, the concept of vibration monitoring has been 

developed into an in-depth topic which is still continuing to be refined today.  Throughout 

its history, the technique has been applied to multiple applications including aerospace 

(helicopters and airplanes), energy generation (wind turbines), machine tools, and factory 

equipment (paper mill machines) to name a few (Siegel et al., 2014) (Cibulka et al., 2012) 

(Nacib et al., 2014) (All-Najjar, 1998) (Smith et al., 2007) (Martin, 1994).  It is known and 

expected that machine components while running experience progressive wear due to 

cyclic operating stresses.  Expected dynamic loadings combined with additional factors 

such as contamination, inadequate lubrication, and extreme operating conditions can result 

in increased wear rates.  In total, the wear rate of any component is strongly dependent on 

its operating conditions and environment.  Many failure mechanisms outlined in the oil 

analysis chapter (section 4.3) can be used to describe how components such as gears and 

bearings wear over time via adhesion, abrasion, and corrosion.   

Although wear is expected, it is also a concern since an increase in wear inherently 

means a corresponding increase in the probability that a component will completely fail.  

Even components that have not entirely failed have the potential to accelerate other wear 

modes or increase operating inefficiencies within a machine.  Manufacturers, designers, 

and operators do their best to avoid machine failures by predicting component lifetimes 

and implementing preventative maintenance, but machines still fail prematurely and 

unexpectedly.  Depending on the specific failure, machinery may be rendered useless until 

a replacement can be tracked down and installed.     

In order to avoid unexpected failures and downtime, some operators choose to 

install a condition monitoring system onto their machine.  The condition monitoring system 

consists of a number of different sensors that measure the ongoing status of critical 
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components within the machinery.  Their goal is to identify degradation modes through 

sensor measurements before catastrophic failures occur.  Specific components that have 

been monitored using vibration analysis include shafts, gears, electric motors, pumps, and 

bearings.  Depending on the technical know-how, budget, and equipment to be monitored, 

there is a wide assortment of solutions that can be custom selected to suit any customer for 

any monitoring purpose.  

 

3.2.1 Vibration Sensors 

Before any type of analysis can be done or faults detected, one must select and 

purchase suitable vibration sensors.  At the most fundamental level, there are three 

measurements that can be taken that reflect the ongoing vibration or position of a machine: 

displacement, velocity, and acceleration.  The three measurements can be taken 

individually but can also be converted from one form to the other due to inherent physical 

relationships between them. 

 

3.2.1.1 Displacement Sensors (Proximity Probes) 

Displacement sensors, sometimes called proximity probes or eddy current sensors 

(Figure 3-1), are used to provide a continuous measurement of the relative distance 

between the sensor probe tip and a corresponding conductive surface.  The sensor functions 

by inducing and measuring eddy currents onto a metal surface (Figure 3-2).  The result is 

a voltage output proportional to the distance between the probe and surface.  Displacement 

sensors are capable of measuring very small distances on the order of millimeters.  Often 

installed in pairs offset by 90 degrees, proximity probes can also be used to measure the 

position of a rotor or shaft in a bearing or sleeve.  Measurements can be used to determine 
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if a rotor wobbles and help to identify problems such as bowed shafts, misalignment, 

unbalance, and cracks (Proximity Transducers, 2015). 

 

 

Figure 3-1 ProvibTech proximity probe sensor (Proximity Transducers, 2015) 

 

 

Figure 3-2 Proximity probe diagram (Inductive Proximity Sensor, 2015) 

 

It is important to note that proximity probes do not measure the absolute location 

of the housing they are mounted in and are only provide a relative surface measurement.  

Proximity probes give the most reliable measurements at very low vibration frequencies.  
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When taking displacement measurements one needs to be aware of both mechanical and 

electrical runout which are known to affect sensor data quality (Randall, 2011).  

Mechanical or electrical runout occurs when a proximity probe measures slight variations 

from either theoretical geometries (such as circles or surface scratches) or slight changes 

in magnetic properties along a detected surface.  Some methods such as runout subtraction 

can be implemented to alleviate such effects (Randall, 2011). 

 

3.2.1.2 Velocity Sensors 

Velocity sensors directly measure the absolute velocity at a mounted location on a 

machine.  This is done by suspending a coil around a permanent magnet (Figure 3-3 and 

Figure 3-4).  The seismically suspended coil has a resonance frequency that is designed to 

be at about 10Hz.  Once machine vibrations surpass the designed resonance frequency, the 

magnet, which is rigidly fastened to the machine housing, vibrates along with the machine 

while the suspended mass remains fixed in place.  This essentially means that above the 

resonance frequency, the output voltage signal is proportional to the absolute velocity of 

the machine.  Velocity sensors are known to have a moderate sensitivity for an extensive 

range of mid-frequency vibrations (Figure 3-7).  The biggest problem with velocity sensors 

is that they are relatively bulky and contain moving parts which is a concern for its 

reliability in harsh environment.  Velocity data can be integrated in order to obtain absolute 

position (Randall, 2011). 
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Figure 3-3 Sensonics velocity sensor (Vel/G Series Velocity Transducers, 2015) 

 

 

Figure 3-4 Velocity sensor diagram (Randall, 2011) 

 

3.2.1.3 Acceleration Sensors (Accelerometers) 

Acceleration sensors, also known as accelerometers, measure the absolute 

acceleration at a mounted location on a machine.  Accelerometers fundamentally rely on a 



 97 

piezo-electric material, a spring, and a mass.  As an accelerometer vibrates, the mass inside 

the accelerometer exerts a force and deforms piezo-electric material adjacent to it.  The 

amount of deformation imparted on the piezo-electric material is proportionally related to 

the acceleration experienced by the mass.  In response to this deformation, the piezo-

electric material produces an electric charge.  Internal circuits can then be used to convert 

the charge into an electric voltage, which can then be transmitted through cables (Figure 

3-5 and Figure 3-6).  The sensitivity range (in mV/g) of any given accelerometer varies in 

order to accommodate different dynamic ranges. Accelerometers are the go-to choice when 

it comes to any sort of vibration monitoring these days as they are capable of measuring a 

large range of vibration frequencies (including high structural resonance frequencies).  

Another added benefit of accelerometers is that they do not have moving parts.  This means 

that the sensors are more robust in industrial settings where reliability is critical.  

Acceleration data can be integrated to obtain the absolute velocity or absolute displacement 

(Randall, 2011). 

 

 

Figure 3-5 CTC 100mV/G accelerometer (AC102 Series, 2015) 
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Figure 3-6 Shear accelerometer diagram (Accelerometers, 2015) 

 

3.2.1.4 Sensor Selection 

Each type of vibration sensor is best suited for different applications.  One factor to 

consider is the relative sensitivity for each type of sensor.  As can be seen in Figure 3-7, 

each type of sensor is better suited to different frequency ranges.  Displacement sensors 

tend to provide the most useful data at low frequencies, while accelerometers provide the 

greatest frequency range detection with great detection at high frequencies (Randall, 2011).  

Velocity is unique in that it provides relatively constant amplitude feedback in a mid-range 

of frequencies.  As previously mentioned, other factors to consider when selecting an 

appropriate sensor are the associated cost, reliability, and operating environment. 
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Figure 3-7 Relative amplitude vs. frequency measurements obtained from common 

vibration sensors (Vibration Signals and Transducers, 2015) 

 

3.2.1.1 Mounting Considerations 

Any vibration sensor that is chosen has to be attached to the machinery it is 

monitoring.  Choice as to how to mount a vibration sensor depends on the duration that the 

sensor is to be mounted as well as the expected frequency range to be measured.  The two 

overall categories for sensor mounting methods are temporary mounts and permanent 

mounts. 

The first category of sensor fasteners are temporary mounts.  Temporary mounts 

include various magnetic mounts as well as probe-based measurements in which a 

technician can hold a probe onto a vibrating machine during the test period.   These mounts 

are designed to be attached to a machine for a limited time before being removed again.  

The benefit to using temporary mounts is that the same vibration sensor can be used to 

monitor many different machines.  For example, in an industrial plant situation, a single 
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technician could record data from an entire line of machinery in one day using the same 

sensor.  This would then translate into savings since the monitoring company could forego 

the purchase of sensors for each machine.  On the other hand, a disadvantage to temporary 

mounts is that they are incapable of transmitting higher frequencies around 10 kHz (Figure 

3-8).  As discussed later, this limitation may prevent the ability to analyze high frequency 

resonance bands; a technique often implemented for bearing fault analysis. An additional 

concern when using temporary mounts is that it may be more difficult to replicate previous 

vibrations.  This is because it is nearly impossible for a human to remount a sensor the 

same exact way in the same exact place every time.  If nominal vibration patterns cannot 

be reproduced, then detection of fault signatures is more complicated. 

The second category of sensor fasteners are permanent mounts.  Permanent mounts 

include combinations of adhesives and stud mounts in which a thread is used to secure a 

direct connection between the machine housing and the sensor.  Unlike temporary mounts, 

permanent mounts are more rigidly attached to the machinery being monitored.  This in 

turn enables the transmission of high frequency vibrations to the vibration sensor (Figure 

3-8).  If the mounting location is inaccessible to technicians during regular operations, then 

a permanent mount may also prove to be a better option.  Even though the upfront cost of 

sensors might prove to be higher with a permanent mount, the vibrations signals are likely 

to be more consistent and easier to repeat through different tests over time. 
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Figure 3-8 Vibration sensor mounting methods vs. frequency sensitivity (Installation of 

Vibration Sensors, 2015) 

 

Suitable vibration sensor mounting locations for a given machine depend entirely 

on which frequency or component is to be measured.  The ideal location for each sensor is 

one that is closest to the vibration source along a transmission path that has minimal effects 

on the transmitted vibration signal.  If the transmission path is too long or complex, the 

vibration signal could be significantly distorted by the time they reach the vibration sensor 

(WAGO 750, 2015).  Although every vibration signal in a machine can theoretically be 

picked up with a single vibration sensor, only the strongest signals will be prevalent.  For 

this reason, multiple sensors are typically implemented around any given machine in an 

attempt to gather the best signal for each component to be analyzed. 

A good example of identifying the optimal direction and location for mounting a 

vibration sensor can be seen for the detection of bearing vibrations.  For bearings, a 
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vibration sensor should ideally be mounted so that it is located in the load zone of the 

bearing.  By placing an accelerometer in the load zone, it can be assumed that the path of 

the developed vibrations is minimized (McFadden et al., 1984).  The load zone of a ball 

bearing with a strictly radial loading can be seen in Figure 3-9 and represents the region 

which is supporting the forces that have been applied to the bearing.  While in the load 

zone, a rolling element can be assumed to be in secure contact with the outer race and can 

therefore best emit fault frequencies to the housing.  

 

 

Figure 3-9 Radial loaded ball bearing schematic (Randall et al., 2011) 

 

3.2.2 Data Acquisition and Monitoring Services 

On top drives, most control is conducted through a programmable logic controller 

(PLC) which essentially takes a number of inputs and processes them as outputs.  The ideal 

situation is one in which vibration data can be directly passed to and interpreted by the 

PLC.  Unfortunately, the PLC on a top drive can only handle cyclic frequencies at 

approximately 10Hz.  The PLC is able to trend simplistic vibration data such as overall 

vibration but is incapable of operating fast enough to be able to manipulate vibration data 
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at high frequencies. In order to capture the high structural resonance frequencies that can 

be required for some vibration analyses (10 kHz or more), a specialized data acquisition 

system is necessary which can either store data for later processing or run monitoring 

algorithms in real-time. 

Once vibration data has been collected at the desired frequency, post-processing is 

required to extract condition information.  Analysis is typically conducted offsite from the 

machine by a vibration specialist using vibration analysis software.  Operating companies 

can choose to contract third-party companies to analyze recorded vibration as a service.  

This benefits the operating company because they are not required to have the specialized 

knowledge in-house. Companies such as SKF, GE, and Timken offer select services for 

monitoring the condition of assorted machinery.   

After processing vibration data, the specialist then provides recommendations to 

the operator to indicate what if any faults are detected and/or how far existing faults have 

progressed.  Such programs are well established, and it is now desired to implement such 

strategies (in an automated fashion) to top drives. An automated system is desirable 

because it can be programmed to provide an operator with instantaneous feedback, without 

the associated delay that comes with analysis from a specialist.  Some steps have already 

been taken to automate fault diagnoses and have been met with varying degrees of success. 

 

3.3 VIBRATION ANALYSIS METHODS 

Although there are numerous different techniques that can be used to monitor 

vibrations, the remainder of this section focuses on some common techniques that can be 

implemented to monitor and identify gear, bearing, and shaft defects in various rotating 

equipment.  Both time-domain and frequency-domain analyses are chosen to identify and 
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diagnose faults. In most systems, it is best to implement multiple different analyses 

simultaneously to increase the confidence of any fault indication. 

 

3.3.1 Time-Domain Analysis 

Time-domain analysis functions by analyzing a recorded vibration signal in a time 

vs. magnitude format.  In this form, many statistical parameters can be calculated in order 

to estimate the presence of a system fault.  Parameters that can and are frequently calculated 

for time-domain signals are the RMS, crest factor, mean value, kurtosis, standard deviation, 

and peak to peak value.  The aforementioned statistical parameters can be calculated from 

a data set with the following equations (Alvarado, 2012): 
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In which 𝑥𝑖 is a data point, N is the number of data points, �̅� is the mean value, and 

𝜎 is the standard deviation.   

The simplest time-domain measurements, the root mean square (RMS), gives an 

indication of the overall vibration intensity experienced by the machine (Heng et al., 1998).  

A general trending of the RMS values can be correlated to machine condition according to 

ISO10816 (WAGO 750, 2015).  The RMS can be further be implemented as a first check 

for machine status.  If a developed threshold is passed, additional frequency-based analyses 

can be conducted.  One can correlate a statistical threshold for the RMS vibration of a 

machine depending on its rotational speed (Alvarado, 2012).  An example of this can be 

seen in Figure 3-10 where the average RMS for different speeds is used as the first 

indication that a tapered roller bearing is experiencing a localized defect. 
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Figure 3-10 Analysis of various RMS vs. Speed correlations for tapered roller bearings 

(Alvarado, 2012) 

 

 A correlation can then be chosen such that the number of defective bearings which 

do not trigger an alarm and the number of defect-free bearings that do trigger an alarm are 

both minimized (Table 3-1). 

 

Table 3-1 Percentage of tested bearings with and without defects that are above or below 

linear correlation thresholds (Alvarado, 2012) 
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Although it is not the most sophisticated vibration indication, the RMS proves that 

it can be of use if applied to a system correctly.  Other measurements such as the peak to 

peak and crest factor also provide quick indications concerning the condition of a machine.  

It is not unreasonable to correlate crest factor values in a similar fashion as has been 

conducted using the RMS.  Trending of simple statistical measurements proves to be a 

simple way to check or trend vibration signal characteristics over time without diving into 

any sort of spectral analysis. 

One measurement statistic that is often used for time-domain calculations is the 

kurtosis.  The kurtosis of a signal is a measure of whether data are peaked or flat relative 

to a normal distribution.  Said another way, the kurtosis is able to recognize regions that 

exhibit distinct impulsive peaks followed by rapid decline (Li, 2006).  Due to its ability to 

pick up on impulses, the kurtosis has been implemented as means to indicate bearing 

failures.  An undamaged bearing has a kurtosis value approximately equal to 3 which is 

also the same as a value obtained for a Gaussian distribution.  It is proposed that kurtosis 

values larger than 3 are a sign of a localized defect on a bearing (Dyer et al., 1978).  One 

benefit to using such a method is that it does not require detailed knowledge of the system 

being analyzed and it can be implemented without prior knowledge of normal or baseline 

operating conditions.  An original study on kurtosis through continued use of a bearing can 

be seen in Figure 3-11. 
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Figure 3-11 Kurtosis and RMS acceleration (between 3 and 5 kHz) for a modified 

bearing test machine (Dyer et al., 1978) 

 

As can be seen from the bearing test (Figure 3-11), the kurtosis value remains at 

approximately 3 until at about 9𝐿𝐵10 at which point it experiences a quick rise up to a value 

of about 7.  Inspection of the bearing at this point shows that there is in fact a crack along 

the inner race of the bearing.  With continued operation, the kurtosis once again increases 

in response to the impulses from the localized bearing defect.  Towards the end of the test, 

impacts due to the striking of the inner race defect began to become less and less distinctive 

and pronounced which is believed to cause a decrease in kurtosis.  This decrease in kurtosis 

has happened in other tests and is pointed to as a disadvantage to trend monitoring.  It 

should also be pointed out the RMS of the acceleration signal remained relatively constant 

throughout the analysis, only rising exponentially near the end of the test timeframe once 

the bearing and machine had already suffered from extensive damages.  The kurtosis on 
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the other hand, was able to identify changes in the signal at an earlier period when the fault 

initially developing.  

Methods have also been proposed which integrate different statistical parameters 

in an attempt to classify and diagnose defects (Heng et al., 1998).  In the case of bearing 

vibration analysis, success has been found in classifying different types of defects using a 

plot of crest factor vs. kurtosis (Figure 3-12).  This plotting technique is cable of separating 

roller defects, outer race defects, inner race defects, and defect-free bearings.  Such an 

example shows that there may be even further power in combining different statistical 

measurements for vibration analysis (Heng et al., 1998). 

  

 

Figure 3-12 Classification of cylindrical roller bearing defects using a plot of crest factor 

vs. kurtosis (Heng et al., 1998) 

 

A great advantage when using time-domain analysis techniques is the ability to 

simultaneously and quickly compute a number of different statistical quantities and to 

correlate such quantities to behaviors exhibited by a machine (Alvarado, 2012).  Analysis 

of processed measurements do not require much knowledge about the system and are 

relatively simple to implement once they are developed. 
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3.3.2 Frequency-Domain Analysis 

Another common analysis applied to the vibration signals is frequency-domain 

analysis.  This type of analysis involves taking the raw time-varying vibration signal 

recorded from a vibration sensor and transforming it into frequency components.  This 

transformation of domains is often accomplished by using the Fast Fourier Transform 

(FFT) algorithm.  The resulting spectral plot of magnitude vs. frequency for the sample can 

subsequently be monitored at expected vibration frequencies along with their harmonics 

and sidebands.  The FFT of a sampled signal can be calculated with the following equation 

(Li, 2006): 

 

𝐹𝐹𝑇 = 𝑋(𝑘) =  ∑ 𝑥(𝑛)𝑒−𝑗2𝜋𝑘𝑛/𝑁

𝑁−1

𝑛−0

 

 

Where there are N total measurement points.  An example of this can be better 

understood when discussing its application to the analysis rolling element bearings. 

 

3.3.2.1 Application to Rolling Element Bearings 

Rolling element bearings (as are found in top drives) rely on a set of rollers 

(spherical, cylindrical, tapered, ball, etc.) to permit the relative rotation between two races.  

Rolling element bearings typically consist of four to five parts: an inner race, an outer race, 

a number of rolling elements, a cage, and sometimes a seal to help keep contaminants out 

(Figure 3-13).  As the races move relative to one another, the rolling elements inside roll 

as they would along any surface. 



 111 

 

 

Figure 3-13 Ball bearing and its components (What is a Ball Bearing?, 2014) 

 

Rolling element bearings naturally vibrate at distinct frequencies while running.  

Vibrations in a bearing can be attributed to three different sources: structural compliance, 

external disturbances, and internal excitations (Alvarado, 2012).  When looking for defects 

in a bearing, the vibrational components due to internal excitations are most critical.   

Special internal excitation frequencies, now called defect frequencies, are present at all 

times but become heightened in magnitude when a defect is present.  The defect frequency 

corresponds to the frequency with which a local defect such as a surface spall or crack is 

struck as the bearing rotates.  Depending on the location of a local defect in a bearing, the 

resulting defect frequency is different (Figure 3-14).  Previous studies have shown that 

there are four distinct bearing defect frequencies at which a bearing fault can occur: the 

ball spin frequency (BSF), the ball pass frequency of the inner ring (BPFI), the ball pass 

frequency of the outer ring (BPFO), and the frequency of the rotating cage- also called the 
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fundamental train frequency (FTF) (Figure 3-14).  Equations for each of the bearing defect 

frequencies are well developed and rely on the geometry of the bearing being analyzed: 
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Figure 3-14 Bearing defect frequencies (Randall et al., 2011) 



 113 

 

Where 𝑛 is the number of rolling elements, 𝑓𝑟 is the speed of the rotating shaft, 𝑑 

is the diameter of the rotating element, 𝐷 is the pitch diameter, and 𝜑 is the contact angle 

measuring the angle between the load and the radial plane (Randall et al., 2011). 

Fundamental to the calculation of such frequencies is the assumption that there is no slip 

and that the bearing is developed within manufacturing tolerances (Alvarado, 2012). 

In today’s day and age, it may be difficult or impossible to obtain knowledge of the 

exact geometry of a bearing that is being analyzed thereby making it impossible to calculate 

the defect frequencies using the prescribed equations.  In such cases, it is recommended to 

follow up with the manufacturer as they should have some means to present their customers 

with this information.  The bearing manufacturer Timken for instance has an online applet 

that provides the bearing defect frequencies associated with a specified bearing running at 

a known speed (Figure 3-15).  Calculated defect frequencies may not be exactly as 

measured due to slipping, but are often found to be very close (McFadden et al., 1984).   
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Figure 3-15 Timken applet to calculate bearing defect frequencies (Bearings Periodic 

Frequencies, 2015) 

 

Once the bearing defect frequencies have been calculated, the FFT spectrum of the 

resulting vibration signal can be studied.  By trending or comparing the spectra of a healthy 

bearing to a bearing with a localized defect, corresponding defect frequencies and their 

associated harmonics should be found to increase in magnitude.  Depending on the 

dominant frequencies in the FFT spectrum, an analyst can then ascertain the location of the 

localized defect in the bearing.  A comparison between a healthy and defective tapered 

roller bearing spectrum can be seen in Figure 3-16 and Figure 3-17 respectively.  Analysis 

of both spectrums shows that the defective bearing has greater frequency magnitude 

content throughout the plotted spectrum than the healthy bearing.  More importantly, the 

peaks of the defective bearing align with the expected outer ring defect frequency (BPFO) 

and its subsequent harmonics.  This alignment of peaks with the BPFO keys the analyst 
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that the bearing is experiencing a localized defect on its outer race.  A similar approach can 

be used for each of the bearing defect frequencies. 

 

 

Figure 3-16 Defect free tapered roller bearing spectrum at 66mph (Alvarado, 2012) 

 

 

Figure 3-17 Tapered roller bearing with outer race defect spectrum at 66mph (Alvarado, 

2012) 
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Identification of faulting frequencies is not always so simple and straightforward.  

Examining a localized defect on the inner ring, one can see that the resulting frequency 

spectrum is much more complex than an outer ring defect (Figure 3-18).  The spectrum 

does line up with the plotted inner ring defect frequency and its harmonics, but the spectrum 

has far more relative peaks.  Many of these additional peaks are called sidebands and can 

be explained as the amplitude modulation of the defect frequency.  A defect on the inner 

race is amplitude modulated because as the bearing rotates, the defect inside the inner race 

rotates as well.  Each time a rolling element strikes the defect, the relative location of the 

inner race defect is in a different location which moves into and out of the load zone of the 

bearing.  When the defect is struck in the load zone, it produces a larger impact and 

vibration signal than it does when it is not in the load zone.  This results in the amplitude 

modulation effect which in turn creates sidebands among the defect frequency and its 

harmonics. 

 

 

Figure 3-18 Tapered roller bearing with inner race defect spectrum at 66mph (Alvarado, 

2012) 
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3.3.2.2 Sideband Analysis of Gears 

Some researchers have inferred the presence of degradation in a component based 

on the relative magnitude of sidebands vs. defect frequencies.  In the frequency spectra of 

a wind turbine gearbox, the gear mesh frequency is found to be amplitude modulated at the 

shaft speed of the output (Siegel et al., 2014).  A measurement called the sideband ratio is 

extracted from the gearbox FFT to quantify gear degradation.  The equations for this 

calculation are as follows: 

 

𝑆𝐵𝐿𝑎 = 𝑆𝐵𝑎1 + 𝑆𝐵𝑎2 

 

𝑆𝐵𝑅𝑎 =
𝑆𝐵𝑎1 + 𝑆𝐵𝑎2

𝐺𝑀𝐹𝑝𝑒𝑎𝑘
 

 

Where 𝑆𝐵𝐿𝑎1 is the magnitude of the sideband frequency to the lower side, 𝑆𝐵𝐿𝑎2 

is the magnitude of the sideband frequency on the higher side, 𝑆𝐵𝐿𝑎 is the sideband level, 

𝐺𝑀𝐹𝑝𝑒𝑎𝑘 is the magnitude of the defect frequency for the gear mesh frequency, and 𝑆𝐵𝑅𝑎 

is the sideband ratio (Siegel et al., 2014).  The sideband ratio (𝑆𝐵𝑅𝑎) can be calculated for 

each sample (both healthy and degraded) and trended over time in order to use as a 

degradation indicator (Figure 3-19).  The trends indicate that there is degradation in the 

intermediate speed shaft (ISS) pinion which is identified in the failure report.  The trends 

do not indicate a problem with the high speed shaft (HSS) gear which did in fact exhibit a 

high degree of scuffing on both gears.   
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Figure 3-19 Sideband ratio trends for the pinion of an intermediate speed shaft (ISS), a 

gear on the high speed shaft (HSS), and a pinion on the high speed shaft 

(HSS) (Siegel et al., 2014) 

 

3.3.2.3 Envelope Analysis (High Frequency Resonance Technique) 

Envelope analysis (also known as demodulated resonance analysis or the high 

frequency resonance technique) is a method that is frequently used to analyze bearing 

faults.  This technique is often selected due to the fact that vibrations emitted from bearing 

vibrations can be separated from other machine vibrations thus simplifying defect 

frequency analysis.  Figure 3-20 shows the corresponding frequency spectrum for both the 

raw vibration signal and the envelope signal for bearings modeled with and without bearing 

slip.  In the case with bearing slip, which is assumed to occur in real systems, the resonance 

frequencies in the raw frequency spectrum are severely dampened in magnitude.  This 
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difference in the raw frequency spectrum, however, does not affect the envelope spectrum 

with shows distinct peaks at defect frequencies for bearings with and without slip. 

 

 

Figure 3-20 Time, raw spectrum, and envelope signal spectrum for vibrations signals 

with (d, e, and f) and without (a, b, and c) slip (Randall et al., 2011) 

 

Envelope analysis relies on the fact that localized defects in a rolling element 

bearing impart short-duration impulses each time the defect is struck.  The energy of these 

impulses is subsequently dispersed across a broad band of frequency ranges.  Certain 

(higher) natural frequencies in the structure experience resonance corresponding to natural 

modes between the interactions between the machine, bearing, and instrumentation.  

Bearing impacts in particular often excite one or more resonances at frequencies much 

higher than the frequency of vibrations emitted from typical running machine components.  

Critical to envelope analysis is the assumption that one or more of excited high resonance 
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frequencies are amplitude modulated at the frequency of the bearing defect.  This 

assumption allows an analyst to later detect and identify faults in different bearings by 

relating the demodulated frequency spectra to calculated bearing defect frequencies 

without interference from other vibrating components such as shafts, gears, or motors 

(McFadden et al., 1984). 

 

 

Figure 3-21 Flow chart procedure for envelope analysis (Siegel et al., 2014) 
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Envelope analysis isolates bearing vibrations by passing the raw vibration data 

through a band pass filter centered across a high resonant frequency excited by the bearing 

impacts (Figure 3-21).  To implement such a filter, the analyst (or algorithm) must identify 

which resonant frequency to filter as well as the width of the filter.  Selection of a resonant 

peak and bandwidth can be done through visual inspection of a wide frequency spectra and 

selection of a resonance in 10-50 kHz range.  Figure 3-22 shows raw vibration data from a 

bearing in which analysts implemented a band pass filter between 11 kHz and 13 kHz based 

on visual inspection of the resonant peak at 12 kHz (McFadden et al., 1984).  The filtered 

bandwidth should be at least two times as high as the expected fundamental defect 

frequency so that it incorporates at least the carrier resonant frequency along with one set 

of sidebands due to amplitude modulation.  The greater the bandwidth, the more sidebands 

that can be subsequently analyzed but also the greater the likelihood that filtered data could 

be affected by other machine components.  Some researches choose a bandwidth based on 

visual inspection while other may select a bandwidth as a percentage (McFadden et al., 

1984).  In recent years a novel method based on the spectral kurtosis called the kurtogram 

has been used to determine the optimal bandpass filter parameters according to impulsive 

type frequency characteristics (Antoni et al., 2006). 
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Figure 3-22 Raw bearing vibration spectrum with resonance at about 12kHz (McFadden 

et al., 1984) 

 

After passing the raw vibration data through a band pass filter, the next step is to 

extract the envelope of the remaining high frequency signal using demodulation 

techniques.  Demodulation has historically been done with the use of a half or full wave 

signal rectifier followed by a peak-hold smoothing circuit but in modern times can be 

calculated digitally using the Hilbert Transform (Brandt, 2011).  The peak-hold circuit 

relies on a capacitor that discharges through a known resistance while the Hilbert transform 

is strictly a digital computation.  If implementing a peak-hold circuit, it is critical to ensure 

the designed time constant is capable of smoothing the high frequency data without missing 

minima in the envelope signal.  Figure 3-23 gives a visual interpretation of the envelope 

extraction process. 
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Figure 3-23 Envelope signal extraction and analysis (Tandon et al., 1999)) 

 

Once the high carrier frequency is eliminated and the envelope signal is determined, 

data can finally be analyzed.  Once again an FFT is calculated this time on the filtered 

envelope signal.  Peak frequencies in the envelope spectra which reflect the amplitude 

modulation of the resonance can then be related and compared to known defect frequencies 

for the bearing.  An analyst can trend the changes of the envelope spectra over time in order 

to ascertain machine health.  Caution must be taken since severely damaged bearings can 

actually reduce the relative amplitude at the defect frequency due to masking of impact 

signals (McFadden et al., 1984).  

Before implementing envelope analysis into a vibration program it is important to 

understand some of its drawbacks as well.  Although one of the benefits to envelope 
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analysis is that it has the potential to separate signals due to bearing defects from other 

machine components, the analyst must keep in mind that this may not always be the case.  

In complex systems, gear mesh frequencies or shaft frequencies may be picked up in the 

envelope spectrum which indicates modulation from other components.  Other machine 

components may enter the envelope spectrum following the implementation of a band pass 

filter that is too wide and captures other nearby resonance frequency of the system.  Finally, 

as noted in the analysis section above, the analyst must take care when trending frequency 

amplitudes for the envelope spectra.  Continued degradation may result in a 

counterintuitive decrease in amplitude as impact signals interfere with one another (Figure 

3-24). 

 

 

Figure 3-24 Amplitude trending of the shaft frequency (McFadden et al., 1984) 
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All things considered, envelope analysis continues to prove itself as an effective 

means to monitor bearing vibration signals and is frequently recommended.   

There are numerous other vibration analysis methods that can be applied in both 

the time, frequency, and time-frequency domains.  The highlighted analysis methods that 

have been reviewed are common to implement for first-time analysis before moving onto 

more complex methodologies. 

 

3.4 FIELD TOP DRIVE VIBRATION MONITORING SYSTEM 

In order to implement preliminary vibration monitoring in the field, a single 

Tandem-Piezo 750-925 accelerometer has been attached onto to a GDS International top 

drive.  The accelerometer is hooked up to a WAGO 750-645 vibration module which 

subsequently takes two different measurements: RMS and shock pulse.   

The RMS value provides an overall vibration indication for a machine in a range of 

frequencies (between 2-1000 Hz or 10-1000 Hz) depending on the speed that the machine 

is operating at.  Output RMS values from the sensor can then be compared to a standard 

table as outlined in ISO10816 to infer overall machine condition (Figure 3-25). 
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Figure 3-25 ISO 10816 RMS vibration classifications for rotating machines (WAGO 750, 

2015) 

 

The letters A, B, C, and D, in Figure 3-25, represent the amount of wear that the 

monitored machine has incurred as well as the amount of time that the machine can further 

be operated where: 

 A is a new machine that can continue to operate a long time 

 B is a used machine that can continue to operate a long time 

 C is a used machine that can continue to operate a short time 

 D is a used machine that should no longer operate 
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RMS velocity alone is not a very sophisticated method of vibration monitoring but 

it does have the ability to prevent catastrophic failures.  If vibration levels suddenly grow 

out of control, an alarm threshold established using an RMS measurement could 

automatically trigger a machine shut down or alarm.  If a component is on the verge of 

catastrophic failure, then it is necessary to get the machine shut down as soon as possible 

so as to avoid further damage to the rest of the machine.  RMS monitoring is also limiting 

in that it cannot pinpoint the source of vibration.  In order to understand if there is an actual 

fault in the system, operations would have to halt, and a technicians would have to examine 

the inside of the machine.  Other analysis techniques must be added in order to pinpoint 

vibration sources. 

The other measurement that is calculated by the WAGO vibration module are shock 

impulses.  Impulses produced by bearing defects excite the natural resonance frequency of 

the accelerometer at 30 kHz.  To detect impulse amplitudes, the vibration module passes 

raw acceleration data through a band pass filter at 30 kHz.  Evaluation of recorded pulse 

amplitudes (specifically the lowest or carpet value and the highest or peak values) can 

provide information about the condition of an operating bearing.  Generally speaking, the 

amplitude of the carpet value is representative of the average operating condition whereas 

the magnitude of peak pulses give insight into localized defects (spalls and cracks).  Pulse 

monitoring is beneficial in that it hones in on detecting bearing defects and provides data 

that can be trended in time.  Gradual increases in both carpet and peak impulse magnitudes 

indicates normal wear but an increase in the difference between the two suggest developing 

localized faults.  The difference between a good condition bearing and one with a local 

defect can be seen in Figure 3-26. 
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Figure 3-26 Representative impulse measurements for a healthy bearing (left) and a 

bearing with increasing wear (right) (WAGO 750, 2015) 

 

Data from the mounted accelerometer and vibration module has not yet been 

collected.  It is desired to incorporate oncoming data into a subsequent paper concerning 

top drive condition monitoring.  Looking into the future, additional components can be 

added to further develop a more sophisticated and intelligent vibration monitoring system. 

 

3.5 PROPOSED TOP DRIVE MONITORING SYSTEM  

In order to pinpoint a variety of faulty vibration signal, a new system is proposed 

to enable the recording and analysis of vibrations on a top drive.  Three top drive 

components that are prime candidates for vibration analysis are: 

 

1. AC Induction Motor (Shaft and Bearings) 

2. Gearbox (Pinion and Bull Gears) 

3. Primary Thrust Bearing 
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3.5.1 Comprehensive Top Drive Vibration Monitoring System 

Working with vibration specialists from SKF, nine locations are selected around 

the top drive housing for continued vibration analysis (Figure 3-27).    Each accelerometer 

has a standard sensitivity of 100mV/g and is magnetically mounted to the top drive casing. 

 

 

Figure 3-27 Proposed accelerometer mounting locations SKF (profile view) 
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The purpose of the nine accelerometer locations is to ensure that at least one sensor 

is mounted near each critical component throughout the mechanical transmission system.  

Although this sensor setup might provide the most information about the entire system, it 

is likely that some sensors are to provide redundant information.  In addition, the relative 

cost and demand to simultaneously collect high frequency burst data increases according 

to the number of vibration sensors implemented.  This realization motivates the design of 

a revised monitoring system that would prove to be more cost effective.   

 

3.5.2 Cost Effective Top Drive Vibration Monitoring System 

The updated proposed monitoring system only requires four accelerometers.   

Mounting locations focus efforts on monitoring the pinion gear, bull gear, and primary 

thrust bearing (Figure 3-28).  It is recommended to stud mount accelerometers into each 

identified location on the housing of the top drive.  Sensors 2, 3, and 4 are to each have a 

sensitivity of 100mV/g whereas sensor 1 should have a sensitivity of 50 or 10mV/g (Table 

3-2).  The reason for the decreased sensitivity is so that the sensor can quantify high shock 

loads often experienced by the top drive during drilling or jarring operations.  It is suspected 

that these high shock loads in particular impart a great amount of damage and wear to the 

thrust bearing. 

 

Table 3-2 Cost effective vibration monitoring details 

Number Sensor Purpose Sensitivity Monitoring Time 

1 
High Shock 
Measurement 10 or 50 mV/g 

 
Continuous 

2 Thrust Bearing 100mV/g Periodic 

3 Gears (Bull and Pinion) 100mV/g Periodic 

4 Gears (Bull and Pinion) 100mV/g Periodic 
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Figure 3-28 Revised top drive vibration monitoring system (profile view) 

 

3.5.2.1 Data Acquisition 

To accommodate the four outlined accelerometers, it is proposed to use the National 

Instruments (NI) CompactRIO (cRIO) or CompactDAQ (cDAQ) devices with a vibration 

analog input module.  The NI cRIO and cDAQ combined with the NI 9234 vibration 

module are capable of capturing vibration data at up to 51.2 kS/s simultaneously on each 

channel.  The cRIO should be used for permanent installation and automated monitoring 



 132 

and analysis whereas the cDAQ should be used for testing and via a technician or analyst.  

Recorded data can subsequently be analyzed using NI LabView software or a separate 

analysis software.  An added benefit to the cRIO and cDAQ is that they can be configured 

with additional input modules in order to simultaneously capture select data from other 

monitoring domains (oil, temperature, current, voltage, torque, etc.) thus providing a 

singular location for all desired inputs. 

 

 

                   

Figure 3-29 NI 9234 vibration module and NI cDAQ chassis (CompactDAQ Chassis, 

2015) and (NI 9234, 2015) 

 

In total, the cost (2015) of the proposed vibration monitoring system is about 

$5,000, an economical one-time cost that enables vibration analysis for the lifetime of the 

top drive. 

 

3.5.2.2 Data Collection 

During initial measurements with the top drive, frequency burst vibration data 

should be collected for sensors 2, 3, and 4 under the same test conditions (Figure 3-28).  
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For control purposes, the top drive should be temporarily disconnected from the drill pipe 

and operated at a constant speed between 100-200 RPM.  This test condition is not strictly 

ideal (since there is no torque load) but allows for uniform data collection at a constant 

load and speed regardless of the location of the top drive.  It is important to ensure that the 

sampling frequency of the sensors is such that it is at least two times greater than the highest 

frequency content that is going to be captured (gear mesh or resonance bands).  In many 

cases, expected defect frequencies develop harmonics and so the sampling frequency 

should ideally be able to capture some harmonic frequency amplitudes.  If the FFT 

frequency resolution is too large for a sample, then data should be captured again at the 

same frequency for a longer period of time. 

Sensor 1 as stated before is implemented to quantify the severe axial impacts 

experienced by the top drive during drilling and jarring.  By retaining information as to the 

magnitude and number of impacts experienced, the associated level of degradation to the 

bearings, gears, and shafts can further be analyzed.  This can provide information into the 

level of damage caused by such sporadic shocks. 

Reference vibration data should be collected from one or more new top drives 

before they go into the field.  Amplitudes evaluated can then act as a baseline for future 

trending and indication of fault severities. Once defects are identified using the proposed 

setup, the system can be updated to record vibration data while the top drive is drilling at 

variable torque and speed loads. 

 

3.6 SUMMARY 

Among all vibration transducers available today, accelerometers should be the first 

choice when installing any new vibration monitoring system onto a top drive.  They provide 
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the widest range of frequency information and can be converted into velocity and 

displacement units as well if necessary.  Different analysis techniques such as envelope 

and spectral analysis are discussed and have proven to be useful techniques to identify 

bearing and gear faults in other industries.  Examples shown are meant to provide further 

motivation of the potential for vibration monitoring while simultaneously educating the 

reader as to common techniques that can be applied.  Regardless of the system 

implemented, multiple analyses should be conducted so as to increase the confidence that 

any one fault is occurring.  A comprehensive vibration monitoring system is outlined that 

can monitor all critical parts of the top drive.  In order to save money while still 

implementing vibration monitoring, a cost effective vibration monitoring system is 

subsequently recommended for implementation on a top drive.  The proposed system 

narrows its focus onto monitoring of the pinion gear, bull gear, and primary thrust bearing 

within the top drive.   
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Chapter 4: Oil Monitoring and Analysis 

 

4.1 INTRODUCTION 

The oil subsystems (hydraulic and lubrication) within a top drive are good targets 

for CBM.  Similar to vibration analysis, various oil analysis techniques have been studied 

over the past 40-50 years to monitor the condition of oil as well as the machine that uses 

the oil.  The overall goals of oil monitoring are to optimize and extend oil drain intervals, 

forego catastrophic failures, reduce or eliminate unexpected downtime, and extend the 

operating life of machinery.  By accomplishing any or all of these benefits, the machine 

operator is able to save significant amounts of time and money, as well as reduce dangerous 

risks posed to technicians and other workers in the event of catastrophic machine failures.   

This chapter starts with some background information regarding oil, why we use it 

and a little bit about how it works.  Various degradation and failure mechanisms of oil are 

then explored to better understand what can go wrong within an oil subsystem (primarily 

through ageing effects and contamination).  Various methodologies/sensors available today 

are then discussed that can be used to conduct oil analysis. Everything from manual oil 

analysis to real-time sensors will be covered.  Where possible, further references are made 

to studies that have already used certain oil analysis technologies.  The goal of this section 

is to provide a comprehensive overview of the state of oil analysis technology and its 

resulting benefits.  Finally, attention will shift to the selection of oil analysis sensors chosen 

to be implemented onto the GDS top drive.  These sensors are currently being implemented 

on top drives in the field in order to help quantify degradation through online oil 

monitoring. 
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4.2 OIL OVERVIEW 

Oil itself can be applied many times throughout a single machine or process at 

different locations and for different purposes.  For example, oil can be found in places such 

gearboxes where it typically functions as a lubricant and coolant but can also be found 

inside cylinders and tube assemblies where it is relied on as a working fluid to provide 

hydraulic actuation of a component or machine in lieu of pneumatic or electrical power.  

Specific oils are developed for different applications whether its compressors, hydraulic 

systems, gears, pneumatic tools, internal combustion engines, or turbines to name a few.  

Due to the nature of this thesis and its focus on condition monitoring as applied to top drive 

gearboxes, the remainder of this chapter will be geared towards lubrication oils.  Before 

discussing the processes which cause lubricating oils to fail, it is important to understand 

what oil is and how it functions in a system. 

 

4.2.1 Types of Lubrication 

Lubricating oil has a number of roles to play while operating in any machinery.   A 

short list of some of its most critical roles include component lubrication, contamination 

handling, and temperature control.  Lubricants work by creating a layer of fluid or film 

between micro-asperities of rubbing or sliding surfaces thus allowing for a reduction in 

friction and preventing the direct contact of the solid surfaces.  The actual mechanisms for 

this reduction in friction can be categorized into four distinct regions depending on relative 

speed, applied load, and viscosity which are effectively captured in a Stribeck Curve 

(Figure 4-1).  Analysis of the Stribeck curve shows the relationship between the coefficient 

of friction as a function of a lubrication parameter where η is the oil viscosity, V is the 

relative speed between rubbing surfaces, and P is the average pressure (Kadokawa, 2013).  
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Visual illustrations to get a better idea of what the film and surface contact area might look 

like in each region can be seen in Figure 4-2. 

 

 

Figure 4-1 A representative Stribeck curve showing the transition from dry friction to 

hydrodynamic lubrication (Kadokawa, 2013) 
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Figure 4-2 Illustrations reflecting the relative thickness of fluid films for various regions 

of the Stribeck curve (Racing Oil 101, 2010) 

 

4.2.1.1 Hydrodynamic Lubrication 

The hydrodynamic lubrication region located at the far right of the Stribeck curve 

is representative of full film separation.  The relative motion between two surfaces becomes 

sufficient to increase the pressure of the oil to a point where it lifts one surface relative to 

the other.  The thickness of the film is such that the asperities on each surface are no longer 

able to contact one another (Basics of Lubrication, 2008).  Friction in this region is 

dominated completely by the viscous forces of the oil as it is completely supporting the 

loaded components.  Friction is seen to increase at the rightmost end of the curve 
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corresponding to increases in speed and viscosity values which gives way to greater viscous 

forces (Kadokawa, 2013). 

 

4.2.1.2 Elasto-Hydrodynamic Lubrication (EHL) 

The elasto-hydrodynamic region, similar to the hydrodynamic region, is also 

characterized by full film oil separation.  What makes the elasto-hydrodynamic region 

unique is that the film thickness is much thinner.  The decrease in film thickness is due to 

a substantial increase in local pressure that is responsible for elastically deforming the oil 

film (Cash, 2010).  This type of lubrication can typically be found along regions of non-

conformal contacts or rolling elements such as bearing or gears where there are high 

localized stress points (Basics of Lubrication, 2008). 

 

4.2.1.3 Boundary Lubrication 

Boundary lubrication is a condition that occurs when the thickness of the oil film 

is less than or equal to the height of the surface asperities.  In this region, the load between 

the surfaces is being dissipated mostly or entirely by the shearing of the relative surfaces.  

Since the oil cannot completely separate the surfaces, asperity peaks contact each other 

resulting in increased wear and friction.  Additives such as anti-wear and extreme pressure 

(EP) additives can be mixed into lubricants to help form a protective outer layer on rubbing 

surfaces.  This protective layer can then act as a temporary wear barrier before the surface 

itself becomes harmed (Cash, 2010).  Boundary lubrication is known to be the most 

dangerous form of lubrication due to its negative effects and damage.  Although it would 

be ideal to avoid boundary lubrication, it is experienced frequently during machinery 

startup and stops when the speed is not sufficient to provide thick film separation.  
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Boundary lubrication can also result from loading shocks and decreased lubricant viscosity 

(Cash, 2010).  With frequent shocks and engine starts and stops, top drive components can 

be especially susceptible to boundary lubrication and the increased component wear 

associated with it. 

 

4.2.1.4 Mixed Lubrication 

The final lubrication region is known as mixed lubrication.  The fluid film in this 

region is approximately equal to the thickness of the asperities between the two surfaces 

(Kadakawa, 2013).  It is called mixed lubrication because the load between the surfaces is 

partially supported by the lubricant and partially from surface shearing.  It is effectively a 

hybrid region between boundary lubrication and hydrodynamic lubrication.  The friction is 

reduced compared to boundary lubrication due to the increased load bearing component of 

the fluid and decreased area of surface/asperity contact (Kadakawa, 2013). 

 

4.2.2 Oil Types 

It should come as no surprise that there is not a single go-to oil that can be 

implemented in all oil applications.  From a large industrial gearbox on a top drive to a 

high performance gearbox on a helicopter, each oil experiences unique stresses, 

temperatures, and operating environments.  Depending on the use of the lubricant, specific 

properties are enhanced or dampened using different combinations of additives and oil 

bases in order to mitigate expected degradation modes (Rudnick, 2013). 

Two common bases used to form lubricating oils in today’s society are mineral oil 

and synthetic oil (vegetable oils can also be used).  Lubricating oils are typically composed 

of mixtures containing 80-85% or more base oil and up to 20% additives (Mortier et al., 
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2010).  Mineral base oils, as the name implies, are composed of refined crude petroleum 

oil that has been extracted from reserves that have developed over thousands of years and 

are found deep in the earth.  Crude oil is obtained through drilling and production processes 

before being sent to refineries.  Different crude oil reserves have unique hydrocarbon 

makeups that can be combined in different proportions to create a final desired oil with 

further refinement.   

Mineral oil has been used for hundreds of years and is responsible for replacing 

vegetable and animal-derived lubricants in assorted machinery applications throughout the 

19th and 20th centuries (Mortier et al., 2010).   Mineral oils are relatively standard oils that 

are used in many applications and excel in average operating conditions.  The primary 

drawback to mineral oils is that they exhibit a variety of different naturally occurring 

molecule sizes which corresponds to rather large variations in oil characteristics.  In order 

to improve oil performance in extreme environments, research has been conducted in 

developing synthetic oils (Mortier et al., 2010).   

Synthetic oils are created using a known base material such as natural gas (or even 

hydrocarbons) to create different base oils such as polyalphaolefins, alkylated aromatics, 

gas-to-liquid (GTL) base fluids, polybutenes, aliphatic diesters, polyolesters, etc. (Cash, 

2015).  Synthetic oils are typically put to use in more extreme conditions such as very hot 

or cold temperature environments.  This type of oil performaes much better in such extreme 

environments due to an increase in viscosity index (VI).  The VI is a measurement standard 

used to describe an oil’s change in viscosity at different temperatures.  Oils with a higher 

VI have viscosity values that are less dependent on the operating temperature than an oil 

with a low VI (Lubricating Grease Basics, 2012).  As can be seen in Figure 4-3, the blue 

line representing an oil with a high VI appears to be flatter than an oil with a low VI when 

plotted over a range of temperatures.  This means that at very high temperatures, a high VI 
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oil will maintain a higher viscosity which is desirable in many circumstances.  It also means 

that at very low temperatures, an oil with a high VI will not become too thick and will 

remain fluid at even subzero temperatures.  Again, this is ideal in that it allows for a clean 

startup at freezing temperatures without exhibiting extensive waxing. 

 

 

Figure 4-3 Oil viscosity characteristics as a function of temperature for oils with different 

viscosity index (VI) values (Lubricating Grease Basics, 2012).   

In a tribology conference paper comparing the benefits of synthetic to mineral 

lubricant oil, it was found that there are many benefits of choosing to use synthetic oil 

including (Jackson, 1987): 

1. Energy efficiency is improved 

2. Greater range of temperature operation 

3. Is rated to handle more strenuous conditions 

4. Not as much maintenance is required 

5. Overall operation is more reliable and safer 
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While synthetic lubricants are designed to have better properties, longer life 

outlooks, and the ability to work in more extreme conditions, they are also known to be at 

up to fifteen times more expensive than similar mineral oils (Cash, 2015).  

 

4.2.3 Oil Additives 

After a base mineral or synthetic oil is developed, an assortment of additives can 

be mixed in to create a final solution to improve or eliminate certain characteristics of the 

base oil.  Within the past century there has been a significant focus on developing various 

additive packages that can be used with different kinds of base oils.  An example of an 

additive that may be added into some industrial gearbox oils (such as a top drive gearbox 

oil) is an extreme pressure (EP) additive which is meant to decrease the amount of wear 

experienced by an oil under intense pressures (Mortier, 2012).  Other commonly found oil 

additives include antioxidants used to help promote chemical stability, VI improvers to 

enhance viscosity over a broad temperature range, corrosion inhibitors, anti-wear (AW) 

packages, and dispersants (Table 4-1). 
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Table 4-1 Common oil additives for different applications (Noria Corporation, 2012) 

 

 

4.2.4 Oil Selection 

With so many oils available to choose from and develop, selection often comes 

down to the consideration of a cost-benefit analysis.  For further reference, groups like the 

American Gear Manufacturers Associate (AGMA) have created standards of suggested oils 

for specific applications.  For example, AGMA 9005-D94 provides information about 

lubricant classifications for industrial applications along with general application 

suggestions (Mortier, 2012).  No matter the application, choosing the correct oil is of 

critical importance to obtain the longest amount of useful oil life. 

 

4.3 COMMON LUBRICATION SYSTEM WEAR CAUSES AND MECHANISMS 

Regardless of the machinery it is functioning in or its level of quality, oil 

continuously degrades due to a number of different factors.   Even if the oil is perfectly 
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suited to its application, it will still degrade with sufficient time and use. Many wear factors 

can be generalized in terms of their effects and causes but the aggression or rate of any one 

wear mechanism is strongly dependent on the environment, application, and operating 

conditions that the oil is subjected to.  The following wear mechanisms are not an 

exhaustive list of wear mechanisms but rather a selection of commonly understood causes 

that lead to the overall degradation of lubrication oils.  

 

4.3.1 Particle Contamination (Wear Metals and Sand) 

While machines run, contacting lubricated surfaces tend to emit particles from their 

surfaces due to a variety of wear mechanisms.  In addition, dust and other particles from 

the environment can also find their way into lubrication systems through cracks or 

openings.  Contaminant particles, no matter how they get into the system, become a free 

flowing part of the lubrication.  Particles continue to circulate through the system with the 

potential to cause further damage to components through further contact and wear.  

Damaged surfaces, especially certain metals, can also provide an exposed surface and 

potentially accelerate oxidation or other chemical reactions with the oil.  Damages due to 

flow contaminants continue until particles settle out of the lubrication flow or are caught 

in some sort of filtration system.     

From a reliability perspective, wear particles are theoretically produced in bathtub-

shaped curve with respect to time (Figure 4-4).  That is, component wear from within the 

machinery can be split into three separate areas.  When the system is new and being “run-

in,” it exhibits a moderate amount of wear which continues to decline with further use.  At 

a certain point in time, the rate of wear bottoms out to a period of normal wear during 

which wear remains relatively constant.  Towards the end of the normal wear period, wear 
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begins to slowly increase once again until it reaches a time at which wear increases much 

more rapidly.  This final area, called abnormal wear, is characterized by an extreme 

increase in wear rate that is often depicted as being exponential in nature (Vähäoja et al., 

2008).  As the wear rate continues to increase out of control, the machine or subsystem 

abruptly reaches a point of failure where it can either no longer perform its designed 

function or suffers from a complete failure where it can no longer function in any capacity. 

 

 

 

Figure 4-4 Idealized machinery wear rate as a function of time (Vähäoja et al., 2008) 

Metal particles in the oil typically come from components in the machinery itself.  

There are various mechanisms through which components can shed particles into the oil.  

Below are some of the common wear mechanisms by which components can lose particles 

to the oil.  
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4.3.1.1 Adhesion 

When two surfaces come into contact with one another in a lubricated system, their 

respective surface asperities contact one another.  The pressures experienced at the 

asperities can lead to localized bonding between the surfaces forming a joint.  As the 

machine components continue to slide relative to one another, there is a great stress put on 

the formed joint.  Depending on the geometry and material properties of the asperities, the 

surfaces will separate by either breaking along the joint or through either of the asperities 

(Basics of Wear, 2008).  When the surfaces are separated, there is a subsequent transfer of 

material from one surface to the other.  Through the repeated effects of forming and 

breaking joints between asperities, there is a consistent transfer of material not only from 

one surface to the other but also a loss of material into the lubrication system.  Severe 

adhesion is often the result of highly loaded surfaces separated by a low viscosity oil.  

Particles produced by this wear mechanism are typically large and irregularly shaped 

(Basics of Wear, 2008).  Figure 4-5 illustrates the adhesion process. 
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Figure 4-5 Adhesive wear illustration (Scott, 2008) 

 

4.3.1.2 Abrasion 

Abrasion occurs when material along the surface of a sliding component is either 

displaced or cut out as a result of an opposing contact surface or a foreign particle.  In the 

case of two-body abrasion, the two surfaces in contact each have a different hardness rating.  

This disparity in hardness can cause micro-asperities along the harder surface to physically 

push or carve out small amounts of material from the softer surface.  In the case of three 

body abrasion, a hard foreign particle finds its way into the contact zone of two surfaces.  

The hard foreign particle can then proceed to cut or displace material along either mating 

surface (Basics of Wear, 2008).  Both two and three-body abrasion can increase the amount 

of metal particulate in the oil.  Visual images of two and three body abrasion can be seen 
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in Figure 4-6 and Figure 4-7. Surfaces that have been affected by abrasion typically appear 

to be scratched in the direction of relative motion. 

 

 

Figure 4-6 Abrasion between two contacting bodies (Basics of Wear, 2008) 

 

 

Figure 4-7 Abrasion between two contacting bodies and a foreign particle (Basics of 

Wear, 2008) 
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4.3.1.3 (Surface) Fatigue 

As components slide past one another, the contacting surfaces are subjected to time-

varying, cyclic loads.  Even though stresses are below the bulk elastic limits of the 

component materials, the cyclic stress cycles can cause cracks and pits to form on or 

slightly below the contacting surfaces.  These cracks, through further cycling, find their 

way to the surface and result in chipped particles being flung into the oil.  The result is a 

localized hole or pit along the surface of the material and a corresponding large particle 

flowing into the lubricating fluid (Basics of Wear, 2008).  This wear mechanism is common 

along gear teeth and in roller bearings. 

 

4.3.1.4 Corrosion 

Most machine components are prone to suffering from corrosion.  Metallic surfaces 

in particular are common sites for natural elements to chemically react with the 

environment around them.  Chemical attacks can occur on or slightly below a components’ 

surface and often result in small cavities dispersed across the surface (Scott, 2008).  

Corrosion can combine with other wear modes such as abrasion to yield synergistic and 

accelerating effects.   If corrosion results in hard byproducts, wear rates may consequently 

increase as well.  Conversely, byproducts with a smaller hardness can work to inhibit 

further wear (Basics of Wear, 2008).  It is known that the rate of corrosion tends to increase 

with temperature.  A rule of thumb that many people follow is that there is a two-fold 

increase in corrosion rate for every 10 degree Celsius increase in temperature (Scott, 2008).  

See Figure 4-8 to get a visual representation of how corrosion affects surfaces. 
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Figure 4-8 Corrosion wear illustration (Scott, 2008) 

 

4.3.2 Water Contamination 

Water in the lubrication system is another cause for accelerated wear.  Water is 

known to be able to break down lubricants, encourage metal to metal surface shearing by 

displacing oil in load bearing zones, and can result in lubricant oxidation (Mortier, 2012).  

Water can enter the lubrication system in a number of different ways such as through 

coolant leaks, tank vents, cracks, seals, air humidity, or even condensation (Zhu, 2013).  

The effects of water contamination on the lifetime and degradation of bearings is shown in 

Table 4-2.  It has been estimated that the lifetime of a bearing could be decreased by about 

50% in the presence of water contaminants in excess of 400 ppm (Mortier, 2012). 
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Table 4-2 Effect of water concentration on the life of bearings (Mortier, 2012) 

 

 

Water itself can exist in oil in three different states: dissolved in oil, in an emulsion, 

or as free water (Water in Oil Contamination, 2001).  In its dissolved state, water molecules 

are distributed throughout the oil on a molecular level and cannot be physically seen.  

Dissolved water can be thought of as the humidity of the oil.  After the oil reaches the 

saturation point, it begins to appear as small droplets in the oil known as emulsified oil. At 

the saturation point, the oil can no longer hold any more water molecules in a dissolved 

state.  Finally, water has the potential to split from the oil and appear as free water or blobs 

of water.  Depending on the relative density of the oil, free water will have the tendency to 

sink to the bottom of the oil.  Water is known to have the most damaging effects when it is 

in the emulsified or free states (Water in Oil Contamination, 2001).  These states allow 

water to locally displace oil which can be extremely detrimental in high load bearing areas.  

 

4.3.3 Additive Depletion 

As a lubricating oil system is used, its initial additives are used up.  Eventually, 

each additive will reach a point where it can no longer perform its function.  At this point, 

the degradation mechanism that the additive is protecting against begins to dominate.  The 

specific wear mechanism can no longer be inhibited and therefore begin to accelerate.  An 

example of this can be seen in Figure 4-9 where the antioxidants are monitored (diamond 
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and square markers) to be decreasing with use.  Eventually both antioxidants reach a point 

(marked as the critical saturation box) at which the additives can no longer effectively 

retard oil oxidation.  As a result, the oxidation level (triangle markers) is seen to increase 

rapidly at this point from about 0% to 23% (Sasso, 2011).  For this reason it is critical to 

ensure that appropriate additives are available in order to protect the machinery. 

 

 

Figure 4-9 Antioxidant depletion versus oxidation for motor oil (Sasso, 2011) 

 

4.4 OIL MONITORING 

With time and use, various wear mechanisms as described in section 4.3 attack the 

oil until the oil in question reaches a threshold where it can no longer perform its designed 

tasks sufficiently (protecting components from damage, cooling components, or cleaning 

debris).  When this point is reached it is critical to either replace or replenish the oil supply 
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such that it can perform its duties again.  The problem that many operators and 

manufacturers face today is figuring out when exactly the oil reaches this threshold point.   

It is critical to catch oil failure symptoms in their earliest form such that necessary 

corrective actions can be identified and implemented.  Oil that is replaced either too early 

to late can have negative effects on the system.  Oil that is replaced too early results in 

purchasing of more oil than is necessary.  Over time, this increases the operating cost of 

the machine and is not as efficient as it could be.  The longer degradation is either ignored 

or undetected, the more damage is conducted to the system.  Failures initially affect only 

the lubrication itself but after time move on to damage the machinery and its constituents 

as well.  Over time, undetected wear can cause a machine component to fail faster than 

expected.  Unexpected downtime such as this is detrimental to any operator since the 

damaged machine is frequently left idle awaiting new parts to be shipped and installed.  A 

diagram considering the degradation of oil over time along with its associated costs can be 

seen in Figure 4-10. 

 

 

Figure 4-10 Expected fluid and machine related wear as a function of use (Mortier, 2012) 
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In an effort to be conservative and avoid excessive component wear, many 

manufacturers recommend that oil is changed in their machine after a specified amount of 

usage.  A good example of this specified usage is a car oil change where it may be 

recommended that periodic oil changes are performed every 3 months or 3,000 miles 

driven, whichever one comes first.  The problem with this method for determining oil 

changes is that it is unreliable and is not based on the actual condition of the oil.    In reality 

it is unknown whether the oil actually needs to be replaced after such usage or not.  

Conditions such as the ambient environment or the manner in which the car is driven are 

not taken into consideration and may have considerable effects on the lifetime of an oil.  

For example, someone who is driving every day through mountains in the summer is much 

more likely to degrade an oil at much faster rate than someone leisurely commuting to work 

on flat roads in the spring.  For an effective oil change, these factors must be taken into 

account. 

One way to better understand the actual condition of an oil is to take periodic 

measurements of the oil.  Such information can provide an operator with objective data to 

help determine when an oil might be ready to be changed rather than relying solely on 

conservative usage estimates.  Measurements, unlike estimates, have the ability to relay 

direct information to the operator concerning the state of the tested oil.  The idea is that by 

trending the analysis data over time, the operator can monitor the status of the oil and its 

corresponding level of degradation.  Combining trended data with a solid understanding of 

the lubrication system itself can also help to identify which degradation mode(s) is most 

prevalent.  If the root cause of the degradation can be identified, then the operator can work 

to resolve the problem before the oil and/or machinery fails.  Successful repair of a root 

cause can subsequently extend the lifetime of the oil and machinery. 
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Machines and systems that implement measurements on their oil are said to have 

an oil analysis program.  Throughout the past 50 years, various oil analysis methods have 

been developed and tested.  Modern oil analysis focuses on the ability to detect oil 

degradation in real-time using online oil sensors. 

 

4.5 OIL ANALYSIS SYSTEMS 

When it comes to researching and choosing an oil monitoring system today, there 

are certainly no shortage of options.  Machinery operators have a wide selection of sensors 

and monitoring systems to pick from, each capable of measuring different parameters and 

each with their own unique advantages and disadvantages.  Since there is no one-fits-all 

solution when it comes to oil analysis, it is important for an operator to evaluate and 

understand their own specific system such that they can select an oil monitoring system 

that is best suited for their application.  Tradeoffs that should be considered include the 

number of oil measurements to be taken, cost to implement and/or maintain the monitoring 

system, sampling interval between measurements, measurement accuracy, and the 

complexity of the desired measurement(s) among others.  It is recommended that the 

operator ranks each of the aforementioned tradeoffs when evaluating all monitoring 

methodologies so as to help hone in on the best option(s).   

In order to get a better idea of what is available on the oil analysis marketplace 

today, an overview of oil analysis systems are described.  From the older and more 

traditional offline oil analyses to modern real-time oil sensors, there is certainly an option 

out there for everyone. 
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4.5.1 Offline Oil Analysis 

The desire to monitor and understand oils in machines is not a new notion and has 

been implemented for many years (Poley et al, 2007).   In fact, it is very common for 

manufacturers of industrial equipment (engines, compressors, cooling systems, gearboxes, 

hydraulics, turbines, and top drives) today to recommend that operators conduct an offline 

oil analysis program.  For offline oil analysis, a technician takes samples of oil while in use 

so as to run subsequent tests.  Oil tests and measurements can be run either in a standalone 

laboratory (offsite), or locally with mobile equipment and tests (onsite).  Regardless of the 

location and type of tests performed, analysis reports are subsequently generated and sent 

back to the operator. 

 

4.5.1.1 Offsite Oil Analysis 

The offsite oil analysis process begins when an operating company decides they 

want to obtain measurements on a specific oil.  The company orders one or more sample 

kits from an oil analysis laboratory (Figure 4-11) which arrives through the mail.  The 

generic sample kit comes complete with a clean, empty bottle and a shipping envelope to 

return the specimen to the laboratory.  The company then assigns a technician to obtain an 

oil sample from the machine to be tested.  Oil is typically sampled by pumping oil out of a 

reservoir, filter system, or through a sampling valve installed on the machine (Fluid 

Analysis Program, 2015).    In order to obtain accurate analysis results, it is critical that the 

oil is sampled correctly such that it is representative of the operating condition of the oil. 
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Figure 4-11: offline oil analysis sample kit (Oil Analyzers Test Kit, 2015) 

 

There are many best practices that should be followed when obtaining an oil sample 

(Jie, 2010).  To ensure that the oil is sufficiently mixed and that there are no contaminants 

settling out of the oil, it is typically recommended to obtain oil samples while the machine 

is operating or immediately after the machine is shut down (Jie, 2010).    Recommendations 

are made so that the sample oil most accurately reflects the oil’s condition during machine 

operation.  It is possible to take oil samples at multiple locations such as before and after a 

filter or pump to help isolate oil analysis.  For best results, oil should be sampled 

periodically from the same location and in the same manner (Jie, 2010).   

After obtaining an accurate sample of oil, the oil is sealed and sent back to a 

laboratory.  At the lab, a variety of different tests and studies are performed to breakdown 

the composition of the oil’s properties, additives, and contaminants. Tests performed 

depend on the operating condition, type of oil, and expected wear modes.  Common tests 

include viscosity, oxidation rating, water contaminants, wear metal analysis, total acid 

number (TAN), and particle counts (Table 4-3). Associated findings are presented in a 
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comprehensive report and sent back to the operating company with corresponding levels 

of severity for each measurement (Table 4-4).  Severity levels are determined from 

machine knowledge and acceptable measurements limits (Fluid Analysis Program, 2015).  

In addition to the measurements taken, the lab attaches recommended actions as to fix any 

concerning measurement from the reported data.   

 

Table 4-3 Full service testing options for Oil Analyzers, Inc. (Fluid Analysis Program, 

2015) 
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Table 4-4 Section of an oil analysis report (Test Oil, 2015). 
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Oil analysis can be completely carried out for about $25 per sample (Blackstone 

Labs, 2015).  A single oil analysis can provide meaningful data but can be difficult to use 

for degradation analysis.  To get a better picture of what wear modes are in fact occurring 

in the oil system, periodic measurements of the same oil should be taken.  By trending the 

results of two or more oil samples from the same machine, an improved understanding can 

be built to comprehend the mechanisms of oil wear within the tested machinery.  Suggested 

sampling intervals vary depending on oil type and use (Table 4-5). 

 

Table 4-5 Suggested oil sample intervals for offline oil analysis (Fluid Analysis Program 

2015) 

 

 

4.5.1.1 Offsite Oil Analysis Advantages 

With any oil analysis program there are corresponding advantages and 

disadvantages.  Advantages for offline oil analysis (offsite) include the ability to take 
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complex measurements, increased measurement precision and resolution, and the breadth 

of oil tests that can be conducted in one location.  Even though online sensors are capable 

of taking some similar measurements, the controlled conditions of a laboratory combined 

with maintained sensors might result in more accurate and reliable results.  Laboratories 

also inherently can conduct many different oil tests.  If a sample is sent to a laboratory, 

additional testing can be ordered on the same sample without much hassle or worry.   

 

4.5.1.2 Offsite Oil Analysis Disadvantages 

Although the information obtained can be very useful and provide significant 

information, there are a number of limiting factors which contribute to the difficulties of 

implementing an effective offline oil analysis routine.  One inescapable issue is the delay 

of time that occurs between taking a sample and obtaining the corresponding results from 

the lab.  A machine in a critical or near-critical state where time is of the essence may not 

be able to operate effectively within the analysis timeframe.  Since oil analysis in a lab 

takes on the order of days to weeks, no immediate feedback can be provided.   

Additional errors can often be attributed and linked directly to human error.  The 

success and outcomes of offline oil analysis are directly related to the quality of the oil 

sample that is obtained.  If consistent samples are not taken (with the same manner from 

the same location) each time, then analysis results cannot be sufficiently trended.  Sampling 

error could lead to false measurements and subsequent false diagnoses that are not 

representative of the actual system.  For this reason, there must be strict rules regarding oil 

analysis that must be followed regularly.  Since there is no obligation to run an oil analysis 

program, program implementation strongly varies from company to company.  Many 
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companies will not conduct any oil analysis as they might not see it as useful or worth it 

and some will be timely and accurate. 

 

4.5.2 Onsite Oil Analysis 

Noting the disadvantages that are often associated with offsite oil analysis (offline) 

as mentioned in section 4.5.1, measurement technologies and methodologies have since 

been developed for onsite oil testing.  Modern-day offline oil analysis can be used as a 

preliminary test to determine if further analysis is needed or as standalone equipment for 

detailed oil reporting.  Mobile laboratories and onsite test equipment both focus on 

minimizing the time delay and cost associated with sending out oil samples to laboratories 

for detailed offsite oil analysis.  Onsite equipment give companies the freedom to test oils 

where they want rather than having to send samples to a fixed laboratory.   

Onsite monitoring equipment and tests can range in complexity from free or 

disposable tests all the way to high-end tabletop labs. An example of a cheap test is the 

water crackle test.  This test requires that a few drops of oil are put onto a heated surface 

maintained at a temperature of approximately 320 degrees Fahrenheit.  If the water inside 

the oil starts to noticeably bubble, it can be assumed that there is at least a water 

concentration of approximately 500-1000 ppm inside the oil (Mayer, 2007).  A test such 

as the crackle test is very rough but provides some sort of onsite indication of the 

concentration of water inside the oil without the need of any complex equipment (Figure 

4-12).   
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Figure 4-12 Visual water in oil crackle test (Noria Corporation, 2002) 

 

Higher-end equipment such as the OSA MicroLab contain complex sensors such 

as an IR spectrometer to measure the total base number (TBN) and oxidation level, a 

viscometer to measure kinematic viscosity, a particle counter to count and sort particles by 
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size, and an optical emission spectrometer for metal analysis (MicroLab, 2015).  These 

high-tech mobile labs are of capable of producing similar grade and quality results to those 

one would expect from larger offsite laboratories.  Rather than taking on the order of days 

to access an analysis report, information from the MicroLab can be published in minutes.  

Faster awareness of an oil’s condition can directly translate into faster solutions.    

 

 

Figure 4-13 OSA MicroLab onsite oil lab (MicroLab, 2015) 

 

4.5.2.1 Onsite Oil Analysis Advantages 

The greatest benefit obtained from onsite oil analysis is that tests can be conducted 

locally.  This means that the time required to obtain results are minimized to the length of 

time to complete the test.  Advanced onsite labs can be purchased with the capability to 

report similar measurements as traditional laboratories.  Furthermore, companies are free 

to purchase as much onsite equipment as they desire.  If a company only wants to test for 
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metal contaminants, they can find a piece of equipment that is capable of giving just that 

information.  In other words, analysis is very modular. 

 

4.5.2.2 Onsite Oil Analysis Disadvantages 

Two of the greatest issues with using onsite oil analysis is its high cost to accuracy 

ratio and access for human error.   The first problem, the high cost to accuracy ratio, comes 

down to the fact that onsite equipment that are cheap cannot provide laboratory level 

precision and accurately.  On the other hand, if a company purchases a high-tech mobile 

laboratory, the cost will greatly exceed the cost of running the same tests from a traditional 

lab.  In order to make a mobile lab cost effective, a company must run many tests and likely 

have many machines to sample from. 

The second overlying issue is the potential for human error.  Similar to offsite oil 

analysis, onsite tests require that samples of oil be collected from a technician.  Only after 

sampling the oil can subsequent oil analysis take place.  Regardless of the test being 

conducted, if the sample does not represent the bulk oil conditions in the machine, then the 

results will not be representative of the bulk oil either.  Additionally, technicians are 

responsible for conducting and analyzing the tests.  At a lab, professionals are in charge of 

ensuring tests are conducted the right way and that final oil reports are meaningful.  In a 

mobile setting, a technician may be more prone to misinterpreting test results or making an 

error in the testing process.    

 

4.5.3 Online Sensors 

As oil analysis methods have continued to develop, attention has been focused on 

developing oil sensors that are fully integrated into the machine.  Such sensors, henceforth 
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called online oil sensors, automatically report oil measurements periodically while the 

machine is operating.  Installing an online sensor allows there to be a constant flow of data 

that can be trended and analyzed such that oil properties and degradation can be monitored 

more frequently.  Although we have not reached it yet, the holy grail of oil sensor 

development and analysis in this day and age is to create a sensor capable of constantly 

updating the operator about prevalent degradation modes in the system as well as to provide 

a running countdown as to when the next oil change should be conducted to maximize 

efficiency.   

Online oil sensors are certainly a step in the right direction.  Rather than waiting for 

manual tests to be conducted, online sensors report their findings immediately thus 

allowing data to be recorded and trended autonomously.  The difficulty is in figuring out 

which measurement(s) to take and figuring out what the measurement(s) is telling you.  

Similar to offline oil analysis, there is not a do-it-all sensor that is capable of giving you 

the precise condition of an oil.  Instead, various measurements are often taken to obtain a 

holistic view of the oil.  Manufacturers of online oil sensors often suggest that their sensors 

are used as screening method prior to in-depth offsite oil analysis.  Once unfavorable 

conditions are measured, a sample can be further tested in order to validate the online 

sensor measurement(s).   

The following sections are meant to introduce the reader to the various kinds of 

online oil sensors that are available for purchase today.  Although not an exhaustive list, 

sensors discussed include: oil quality sensors, particle count sensors, wear debris sensors, 

moisture and humidity sensors, and oil properties sensors. In some cases, multiple different 

parameters may be measured or calculated by the same sensor in which case the sensor 

would be a combination of the above categories.  One sensor from each category is 

presented to provide a real-world example of sensors on the market today. 
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4.5.3.1 Online Oil Quality Sensors (Oil Condition) 

Oil quality sensors are a broad category of online sensors that attempt to estimate 

the overall condition and quality of the oil at any given time.  Although the condition of oil 

is related to many factors, an oil quality sensor typically takes one or more oil property 

measurements such as the dielectric constant given and runs the measured value(s) through 

a black-box of calculations.  The output from the black-box is an associated estimate of the 

real-time quality of the oil.  Oil quality measurements fluctuate depending on many 

different factors such as glycol contamination, soot contamination, water contamination, 

degree of oxidation etc.  Since the component of degradation from each independent factor 

cannot be estimated with the measurement(s) taken, the oil quality number is an overall 

estimate of the age and wear of the oil.   

Oil quality sensors can be programmed and calibrated for a specific type of oil 

being monitored or they can be developed to track the relative degradation of any oil with 

use.  In the former, real-time oil measurements can be compared with laboratory 

measurements to determine an oil’s quality.  In the latter, the oil quality can be assumed to 

be 100% for new oil which subsequently decreases with use and changes in measurements.  

Since oil quality sensors cannot pinpoint a specific wear mode within the oil, they are 

typically used as a test screen.  When the sensor notes that the oil condition has degraded 

past a programmed value, it is usually recommended that a sample of oil is sent to a lab to 

conduct in-depth offsite oil analysis as described in 4.5.1.1. 

An example of an oil quality sensor is the Kittiwake on-line oil condition sensor 

(Figure 4-14).  The sensor is screwed into the side of the lubrication system along the return 

line.  The sensor acts as a probe allowing all of the oil to flow over its sensing surface  For 

this specific oil quality sensor, measurements of the dielectric loss factor are taken and run 

through algorithms to produce oil quality units that range from 0 (completely used oil) to 
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100 (new oil).  The sensor can be adjusted to have variable reach lengths and can be 

configured to have analog or digital outputs (Oil Condition Sensor, 2015). 

 

 

Figure 4-14 Kittiwake online oil quality sensor and specifications (Oil Condition Sensor, 

2015) 

 

4.5.3.2 Online Particle Count Sensors 

Particle count sensors are a group of sensors that quantify the particulate 

contamination level in oil (any composition).  The sensor does this by counting and sorting 

the number and size distribution of detected particles that flow through the sensor.  A 
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standardized contamination code (such as an ISO code or similar standardized reporting 

measurement for insoluble contaminants) is reported from the particle count sensor which 

indicates the amount of particulates in the oil (Table 4-6).  For ISO codes, each value 

reported represents a range of counted particles for a given size.  For example if an ISO 

code of 19/14/8 is reported it means that there are between 2500 to 5000 particles per 

milliliter that are 4 micrometers in size, between 80 and 160 particles per milliliter that are 

6 micrometers in size, and between 1.3 to 1.5 particles per milliliter that are 14 micrometers 

in size.  This type of sensor is used frequently in hydraulics because many hydraulically 

operated machines specify contamination code ratings (Understanding ISO Codes, 2015).   

These limits are set in order to ensure quality performance and life expectancy for machine 

components.  If contamination is above the suggested level, then the interaction between 

the device and oil may exhibit accelerated wear or result in an undesired performance.   

 

Table 4-6 ISO code contamination chart (Understanding ISO codes, 2015) 
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Particle count sensors can be implemented into lubrication and gearbox 

applications, however, industrial machines vary greatly in clearance ranges and 

compositions.  Reported contamination codes can help to give an idea of the level of 

contamination but without testing it is hard to understand what that contamination level 

means for a specific lubrication system.  Effective use of a particle count sensor in a 

lubrication system requires testing and analyzing degradation and contamination for a 

specific application.  It should be noted that particle count sensors require that oil flows 

completely through it and may require a separate loop with a specified flow rate in order 

to function as designed (TestMate In-Line Counter, 2015). 

An example of an online particle count sensor is the TestMate inline counter (Figure 

4-15).  The sensor is able to output both ISO and SAE contamination codes to multiple 

platforms such as a PLC or a PC.  Particles are categorized according to size as either 4, 6, 

14, or 21 micrometers (Table 4-7).  Although the TestMate is meant to be used with 

hydraulic or phosphate ester oils, a sensor similar to this could be used to monitor overall 

contamination levels in a lubrication system.  After sufficient testing, threshold values for 

contamination can be determined to ensure machine components do not wear too quickly.  

The sensor can also function to indicate if there is any sudden increase in the rate of 

contamination.  Catching a quick rise in contamination level might indicate that the 

machine is operating poorly or that the lubrication is quickly losing its ability to protect 

components. 
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Figure 4-15 TestMate online particle count sensor 

Table 4-7 TestMate technical specifications (TestMate In-Line Counter, 2015) 
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4.5.3.3 Online Wear Debris Sensors 

Wear debris sensors, unlike particle counters, are designed to count and sort the 

number and/or size distribution of (metallic) wear particles.  Some sensors may 

additionally discriminate particles as being either ferrous or nonferrous.  These sensors are 

designed primarily to be implemented in gearboxes and other lubrication systems.  The 

ideology behind wear debris sensors is that the gears and moving metal surfaces in 

machinery will chip, spall, and wear over time and result in different distributions of wear 

particles flowing throughout the machine.  Many of the subsequent wear particles are 

ferrous in nature (Table 4-8).  As the oil degrades or machine operating conditions are 

changed, the presence of metallic debris in the oil also changes (Figure 4-16).   Particle 

wear can also be a precursor to further component degradation indications such as 

vibration. This means that if detected appropriately, metallic wear debris can warn of 

impending machine damage before other sensor domains (Poley, 2015).  

 

 

Figure 4-16 Parker/Kittiwake Metallic Wear Debris Sensor (Metallic Wear Debris 

Sensor, 2015) 
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Table 4-8 Elemental composition of commonly used machine components (Vähäoja et 

al., 2008) 

 

 

An example of a wear debris sensor is the Kittiwake metallic wear debris sensor 

(Figure 4-17).  This inductively based sensor counts the amount of ferrous debris 

circulating in a lubrication system in separates them as either ferrous or nonferrous metals.  

Similar to the particle count sensor, the wear debris sensor requires that the flow rate 

through the sensor is within a specified range in order to make accurate counts.  Other 

technical specifications for the sensor can be found in Table 4-9. 

 

Figure 4-17 Kittiwake metallic wear debris sensor (Metallic Wear Debris Sensor, 2015) 



 175 

Table 4-9 Specifications for the Kittiwake metallic wear debris sensor (Metallic Wear 

Debris Sensor, 2015) 

 

 

4.5.3.4 Online Moisture and Humidity Sensors 

Moisture or humidity sensors probe into an oil flow and measure the amount of 

water in the flowing oil.  As previously mentioned, water can exist in oil in three states: 

dissolved, in an emulsion, or as free water.    Any water that the oil cannot dissolve becomes 

either emulsified or free water (separated) within the oil (Water in Oil Contamination, 

2001).  It is critical to monitor the level of water in the oil it has the potential to prohibit 

oil from protecting machine components and may even accelerate oxidation effects (section 

4.3).  If online moisture sensors indicate that the lubrication system reaches high levels of 

moisture, samples can be sent to a lab where more in-depth water analysis can be conducted 

or can be promptly changed.  Water in oil additionally has the ability to accelerate wear by 

means of faster oxidation rates (Mortier, 2012).   

An example of an online moisture sensor is the Kittiwake online moisture sensor 

(Figure 4-18).  This moisture sensor measures the amount of dissolved water in oil.  The 

sensor reports values for relative humidity between 0-100%. 0% indicates that the oil is 
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completely dry and 100% indicates that the oil is completely saturated with water.  The 

sensor can be used to identify and periods of rapid water ingress and/or to warn that free 

and emulsified water may be forming in the oil (Moisture Sensor, 2015).  Technical 

specifications for the moisture sensor can be found in Table 4-10. 

 

 

Figure 4-18 Kittiwake moisture sensor (Moisture Sensor, 2015) 

Table 4-10 Technical specifications for the Kittiwake moisture sensor (Moisture Sensor, 

2015) 
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4.5.3.5 Fluid Properties Sensors 

The final category of online sensor measurements are fluid property sensors.  These 

sensors do not directly measure contamination or oil quality but rather measure changes or 

absolute values for changing fluid properties.  Some properties that can be measured 

include viscosity, temperature, dielectric constant, density, and conductance.  Oil 

degradation and use inherently affects properties of the oil itself.   In fact, many oil quality 

sensors rely on property measurements in order to ascertain an oil’s ongoing quality output 

measure (Turner et al., 2003).  From a scientific point of view, however, the benefit of a 

fluid property sensor is that it provides raw data before being processed by a black box 

algorithm.  By trending different property measurements over time, the researcher has the 

potential to identify effects that different contaminants have on the system.  For example, 

different properties for a top drive lubrication system may be unique for water 

contamination versus mud contamination.  Differentiating between contaminants and 

delivering an accurate prognosis in such a case is critical to ensure that the right corrective 

measures can be taken and damage is minimized. 

One property sensor that can be found in all sorts of applications is the temperature 

sensor.  The goal of the temperature sensor is straightforward: to measure the local 

temperature of either a solid, liquid, or gas.  There are different types of temperature 

sensors, but those that are frequently used include resistive thermal devices (RTDs), 

thermocouples, and thermistors (Mathas, 2011).  Although each sensor measures the 

temperature, they rely on different sensing mechanisms, each with their own respective 

accuracy, precision, and measurement range.  This allows temperature sensors to be 

customized and tailored to each unique application. 

   More often than not, temperature sensors are used in lubrication systems to ensure 

that measured temperatures never exceed designed limits.  In order to get more use from 
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temperature sensors, current research is being conducted on how temperature 

measurements can be used as an ongoing measurement of lubricant quality (see chapter 4).  

In online oil sensors, temperature sensors are typically packaged other types of sensors 

such as fluid property sensors and moisture sensors in order to compensate for temperature 

related measurement variations.  An example of a more comprehensive fluid property 

sensor is the FPS2800 sensor from Measurement Specialties (Figure 4-19).  The FPS2800 

takes 4 simultaneous property measurements: dynamic viscosity, temperature, density, and 

dielectric constant.  What is critical to note about the FPS2800 sensor is that it has very 

specific measurement ranges for each property.  Before implementing such a sensor, a user 

should consult a material safety data sheet (MSDS) for the oil to be used to ensure that all 

or most of the measurements can be effectively reported for the oil.  Measurement ranges 

for each property can be seen in Table 4-11. 

 

 

Figure 4-19 Measurement Specialties FPS2800 sensor (Fluid Property Sensor Module, 

2015) 
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Table 4-11 Measurement specifications for the FPS2800 sensor (Fluid Property Sensor 

Module, 2015) 

 

 

4.5.3.1 Online Sensor Suite 

Although online oil sensors can be used individually, they can also be purchased as 

a single set.  Various online oil sensors that are combined together can be referred to as an 

online sensor suite. An online sensor suite is essentially a sequential upgrade from a mobile 

oil lab, but, rather than requiring a technician to manually secure an oil sample, the sensor 

suite samples and takes measurements automatically.  A sensor suite combines multiple 

online oil sensors and packages them into a single real-time analysis center to be mounted 

as part of the machinery.  In the sensor suite, a sample of oil is pumped into and distributed 

to each of the sensors throughout the package.  Each sensor then measures its own unique 

oil parameter to be recorded from the same oil sample.     

An example of a sensor suite is the online sensor suite produced by Kittiwake 

(Figure 4-20).  This specific sensor suite contains three separate sensors: an oil condition 

sensor, a moisture sensor, and a ferrous debris sensor.  The oil condition sensor provides 

calculated information for the relative condition of the oil which starts at 100% and 

degrades over time and is provided as oil quality units.  The moisture sensor is able to 

measure the relative humidity of water in the oil between 0-100%.  Finally, the ferrous 

debris sensor outputs a reading between 0-2000ppm of un-combined ferrous debris 
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contaminating the oil (On-Line Sensor Suite, 2015).  Together the sensors each read and 

report measurements from the same oil sample in real-time from the machine being 

measured.  Individual analysis can then be carried out on each measurement.  Typical 

analysis involves setting threshold values as well as monitoring trends such as substantial 

increases in wear debris.  Such measurements may indicate that the oil is degrading and it 

is recommended that further oil analysis is conducted.  System specifications for the 

Kittiwake online sensor suite can be seen in Table 4-12. 

 

 

Figure 4-20: Kittiwake online sensor suite (On-Line Sensor Suite, 2015) 
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Table 4-12 Technical specifications for the Kittiwake online sensor suite (On-Line 

Sensor Suite, 2015) 

 

 

4.5.3.2 Online Oil Sensor Advantages 

There are multiple added benefits to choosing an online oil analysis system.  One 

advantage is the short amount of time it takes to obtain measurement data.  Since sensors 

are integrated into the machine, the time to report oil measurements is greatly reduced.  The 

measurement speed of the sensor enables the sensor to take more measurements if 

necessary.  For example, if periodic measurements show indications of a certain wear 

mechanism, such as water contamination, then specific sensors can be programmed to take 

measurements more frequently so that previous data can be verified.  If an offline oil 

analysis procedure was being used, additional analysis may take days or weeks or in many 

cases may be too cumbersome to even carry out. 

Another great benefit reaped from using online sensors is the elimination of humans 

from the measurement process.  Since humans have the potential to introduce large amount 

of error into the system, a fully autonomous measurement system may provide more 

reliable results.  Online sensors measure from the same spot in the same manner with the 
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same equipment each time a sample is tested.  Humans on the other hand may have a perfect 

set of procedures that they are supposed to follow but may skew from such procedures due 

to poor habits or lack of attention.  Uniform measurement techniques are critical in order 

to effectively trend measured oil data.  Since a technician is no longer required to obtain 

oil samples, his or her time is now free to focus on other more important maintenance or 

operation tasks. 

 

4.5.3.3 Online Oil Sensor Disadvantages 

Even though online oil sensors may seem like the definitive choice for modern oil 

analysis, it is important to realize that they come with some drawbacks as well.  Online oil 

analysis is still being improved with each new sensor development and technology.  Since 

online oil analysis is not completely mature yet, sensors and their associated measurements 

are often taken with a grain of salt.  In order to get a true indication of oil contamination 

and quality, it is still recommended by manufacturers that an offsite laboratory test is 

conducted as well when online sensors show signs of a degrading oil or machine 

component.  This can be summed up by saying that many people do not have confidence 

in the accuracy and measurements reported by online sensors today (Oil Condition Sensor, 

2015). 

A second consequence one might neglect is that online sensors are completely 

integrated into the machinery being analyzed.  This means that the sensor is in fact a 

component in the lubrication or hydraulic system.  Although this can be beneficial, 

operators need to make sure that the chosen sensors are not only appropriate for their 

location (hazardous classifications) but also that they can handle the operating environment 

experienced by the machine.  For top drives, this means that any chosen sensor has to be 
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able to withstand exceptional levels of vibration, shock loads, high operating temperatures, 

and abrasive environments.  While in operation, a top drive can experience significant 

vibration magnitude spikes which can not only potentially disengage the sensor suite but 

also damage the sensors and electronics inside that run everything.  If the sensor cannot 

handle the operating environment, it should not be used. 

 

4.6 TOP DRIVE FIELD TESTING 

Due to the desire to automate condition monitoring the top drive in its entirety, 

online sensors are chosen for further field testing and analysis.  Online sensors as opposed 

to offline analysis techniques rely solely on sensors and instrumentation to take 

measurements.  This effectively eliminates the need for a human to be involved in analysis 

and can simultaneously permit measurements to be reported at much faster rates.   

For preliminary analysis, two sensors are chosen to be implemented onto a new 

GDS top drive for further analysis: the Kittiwake moisture sensor and the Measurement 

Specialties FPS280.  Information about each of the moisture and properties sensors can be 

found in sections 4.5.3.4 and 4.5.3.5 respectively.  These sensors were chosen amongst the 

many that were considered for the reason that they provide a significant amount of raw 

measured data that has not yet been processed through internal algorithms.  The team is 

implementing the sensors to track how properties and measurements change with use and 

wear in the top drive environment.  After preliminary top drive field tests, it is expected 

that a fully autonomous oil monitoring algorithm can begin to be developed that indicates 

when the oil is required to be changed due to excessive wear or use. 
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4.7 SUMMARY 

This chapter reviews the essential functions of lubrication oil within the top drive: 

to lubricate moving parts, handle contaminants, and to cool operating temperatures.  

Common causes of wear within the lubrication system are discussed such as adhesion, 

abrasion, additive depletion, and corrosion.  It is critical to understand that these factors 

are large factors into explaining how oil degrades over time.  Available sensors and 

techniques that can be used to analyze lubrication oil are presented and broken into two 

categories: offline analysis and online analysis.  As the field of oil analysis continues to 

progress, more people are working to develop online oil sensors that can provide the same 

level of precision as offline sensors.  Finally, two online oil sensors are chosen for field 

testing on a GDS International top drive: a moisture sensor and a fluid properties sensors.  

Through further testing of these sensors, a first step can be made to identify oil degradation 

within the top drive lubrication system.  

  As a whole, there are a number of different choices that have to be made when it 

comes to creating an effective oil analysis and monitoring program.  The sensors and 

methods chosen depend on such factors as the cost of machine downtime, the cost of 

machinery, the cost of sensors, accessibility of the oil, the environment, the data acquisition 

system, and the amount of subject knowledge.  By considering as many factors as possible, 

an appropriate number and location of sensors can be selected to try to better understand 

and measure the state and condition of the oil in real-time.  One goal of the thesis is to 

educate the reader as to the critical information for effective oil analysis and to motivate 

them to implement a state of the art oil monitoring system of their own. 
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Chapter 5: Conclusions and Future Work 

 

5.1 CONCLUSIONS 

This thesis explores the possibilities through which CBM can be applied to top 

drives.  Successful implementation has the capability to reduce downtime on oil rigs while 

simultaneously improving drilling efficiency and safety.  CBM has been implemented and 

continues to be studied in many industrial sectors, and are applied to instruments which are 

similar to top drives.  Energy generation through wind turbines, for example, faces many 

of the same challenges as drilling with top drives.  Wind turbines are located in isolated 

locations, operate with variable load and speed due to unpredictable natural conditions, and 

rely on a gearbox, shafts, bearings, lubrication oil, an electric motor, and other similar 

components during operation.  Looking at successes in these fields, analysts can learn how 

to best apply sensors and analyses to top drive monitoring.  With so much knowledge 

already available, the ball is now in the oil industry’s court to capitalize on learning of other 

industries and to implement effective, proven strategies.   

Condition monitoring within this thesis focuses strictly on the application of 

thermal analysis (for the motor and lubrication oil subsystems), vibration analysis, and 

lubrication oil analysis.  It is important to remember that aforementioned monitoring 

domains represent only a small subset of the possibilities within condition monitoring and 

CBM.  A greater array of potential monitoring domains include vibration, torque, 

temperature, oil, acoustic emissions (AE), current, and voltage.  Any monitoring system 

that is chosen has its associated advantages and disadvantages (Table 5-1).  When it comes 

to condition monitoring there is no single out of the box solution, and so a chosen system 

must be catered specifically to the machinery being monitored. 
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Table 5-1 Advantages and disadvantages of different monitoring domains (adopted from 

Lu et al., 2009) 

 

 

 

Chapter one of the thesis answers the question: why should CBM be applied to top 

drives?  For one, top drives are the primary means by which new hole is made on oil rigs, 

and are therefore critical components in the drilling process.  When the top drive fails, no 

additional hole can be created, and the operation is put on hold until a repair can be made.  

Downtime due to failure is costly and is estimated to range from $60,000-$120,000 on 

average for a single unexpected top drive failure on a land rig.  Furthermore, each top drive 

experiences its own unique operational stresses, which leads to a large variety of failure 

modes across different subsystems.  Unpredictable operational stresses complicates the 

successful implementation of time based preventative maintenance, the strategy which is 

typically applied in industry today.  Industry members themselves share a broad interest in 
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reducing downtime due to top drive failures, something which can be accomplished with 

CBM.  Although costs to purchase monitoring systems can be upwards of $50,000, an in-

house solution can be put together for only $10,000-$15,000.  Costs to purchase most 

monitoring systems can pay for themselves with the successful detection and avoidance of 

a single unexpected top drive incident.  In short, there is no shortage of reasons as to why 

CBM should be applied to top drives. 

Chapter two explores thermal analysis.  One type of sensor that can be found 

already installed on top drives are temperature sensors.  The temperature sensors usually 

function as a threshold measurement where, if the temperature gets too high in a certain 

location, the machine is shut down so that it can cool.  In order to extract more information 

from pre-installed temperature sensors, a novel methodology was developed to detect 

system inefficiencies during operation prior to threshold values being tripped.  The 

methodology employs new thermal models for both the motor and lubrication oil 

subsystems.  The developed models are meant to represent the temperature experienced in 

a new healthy system with the provided inputs.  While the top drive is running, an algorithm 

continuously compares differences between measured temperatures and predicted healthy 

temperatures, and uses any observed differences as an indication of degradation.  Once the 

difference between the two values is greater than a preset value, an alarm can be triggered 

to alert the operator of system wear.  Both developed models were tested using historical 

test data for new top drives.  The thermal model of the motor nearly matched the measured 

results with a slight lag.  The lubrication model is in the right operating range but does not 

quite match the dynamics of the measured system.  Both models should continue to be 

refined using temperature data from healthy top drives.  The software code necessary to 

run the developed models was implemented in a programmable logic controller (PLC) and 
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is ready to be tested in the field.  Preliminary data from real-time implementation of the 

methodology is expected to be published in a related paper in the near future. 

Chapter three focuses on vibration analysis.  Vibration analysis dates back to the 

60’s and 70’s and has evolved into its own field of expertise.  The fundamental idea behind 

vibration analysis is that machine faults uniquely change normal operating vibration 

signatures, which can subsequently be picked up using vibration sensors.  There are three 

primary sensors that can be used to detect vibrations, but the most suitable sensor for top 

drives are accelerometers due to their large frequency transmission and reliability in harsh 

environments.  There are a number of different techniques that can be used to analyze any 

single vibration sample.  Common analysis techniques such as kurtosis, spectral analysis, 

and enveloped analysis are explained and recommended for analysis of top drive 

vibrations.  A cost effective vibration monitoring system is proposed and makes use of four 

accelerometers hooked up to a National Instruments cDAQ or cRIO for data acquisition.  

The proposed system only costs about $5,000 and focuses on monitoring the condition of 

the primary thrust bearing, bull gear, and pinion gear within the gearbox.  High magnitude 

shocks due to jarring can and should also be measured as they are believed to play a key 

role in the degradation of the aforementioned components.  Preliminary vibration analysis 

is being conducted through the use of RMS and shock pulse measurements.  Data from 

these tests are expected to be published in a related paper in the near future. 

Chapter four takes a look into the world of oil analysis.  Oil plays a critical role in 

keeping machine components lubricated, cool, and clean of any loose soot or debris.  It is 

no secret that oil degrades over time and loses its ability to complete these primary 

objectives.  When the oil reaches this point, it should be promptly replaced to avoid top 

drive performance deterioration.  There are many different failure modes that can affect 

the rate at which oil degrades, such as through contamination of water or solid particles, 
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corrosion, and additive depletion.  Oil degradation thus varies greatly depending on its 

environment and operating conditions.  The goal of oil analysis is to detect when the oil 

has degraded to a point where it needs to be replaced.  Oil analysis has been implemented 

for many years but has focused on a process which requires a sample of oil to be taken and 

sent to a laboratory for testing offline.  This technique is inconvenient since it is prone to 

human error and also results in a delay to submit reports to the operator.  New 

developments have now shifted to sensors which can take similar or related measurements 

in real-time while a machine is operating.  This effectively eliminates both human error as 

well as the delay of information.  The biggest step now is to ensure that readings on these 

online sensors are sufficiently accurate, and that they are clearly reflecting the degradation 

of oil.  Online sensors today include particle counting sensors, ferrous debris sensors, oil 

quality sensors, oil properties sensors, and moisture sensors.  Both a Kittiwake moisture 

sensor and a Measurement Specialties FPS2800 fluid properties sensor were purchased and 

are set to be installed on top drives in the field.  Data from these tests are expected to be 

published in a related paper in the near future. 

 

5.2 FUTURE WORK 

Although this thesis takes necessary first steps to developing an effective condition 

monitoring system for top drives, there is still significant work to be done.  Continued work 

should focus on vibration and oil analysis, as they are well developed and can have 

immediate benefits to top drives.  Motivated researchers should take the time to further 

educate themselves on strategies that have been implemented on wind turbines due to their 

similar characteristics to top drives.  Further studies with oil analysis should focus on how 

various oil properties and measurements change in response to different contaminants (mud 
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vs. water).  These studies can be verified through laboratory analyses alongside online 

measurements such that accurate condition assessments can be made.  Metal wear debris 

analysis should also be implemented to provide immediate wear information. 

On the thermal analysis end, data needs to be recorded to observe how the model 

functions in real time.  It is assumed that the developed models need to be further refined 

in order to reliably match healthy subsystem operations.  An accurate efficiency map for 

the top drive motor can be developed through tests (rather than through estimation).  

Testing can also be used to develop an efficiency map for the gearbox, and a more accurate 

cooling capacity function for the oil cooling core.  One potential heat source that has not 

been accounted for in the model is the heat from hot mud being pumped through the top 

drive.  Mud temperatures can increase well above operating lubrication oil temperatures, 

thereby inducing a convective heat flow into the oil.  This scenario was not modeled since 

it cannot be reproduced during in-house top drive testing.  This source can be modeled 

using the traditional convection rate equation.  The rate equation relies on a temperature 

difference, and therefore the temperature of the mud must also be measured and recorded. 
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Appendix: 

CTC Accelerometer 
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Kittiwake Moisture Sensor

 
 



 193 

Measurement Specialties Fluid Properties Sensor Probe (FPS2800)
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Hydromatic brake used for FAT testing 
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Disk brake system for FAT tests 
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MATLAB m-file used for model simulations 

 
%an m-file that is used to simulate a top drive.  The simulation 

consists 
%of three periods of drilling.  Simulated inputs are generated for the 
%motor and drill string speeds, motor and drill string torques, ambient 
%temperature, and lubrication flow rate 

  
clear, clc, close all 

  
blankspeed = 1:1:9; 
blanktorque = 1:1:17; 
Espeed = (blankspeed-1).*250; 
Etorque = (blanktorque-1).*500; 
[speedmesh,torquemesh] = meshgrid(Espeed,Etorque); 
efficiency1 = 

[50,50,50,50,50,50,50,50,50;50,87,87,88,88,88,88,87.7000000000000,87;50

,88,89,90,90.1000000000000,90.2000000000000,90.1000000000000,90,90;50,8

9,90,90.5000000000000,90.6600000000000,90.9000000000000,90.900000000000

0,90.8000000000000,90.6000000000000;50,90,90.5000000000000,91,91.300000

0000000,91.5000000000000,91.7000000000000,91.5000000000000,91.300000000

0000;50,90,91,91.5000000000000,91.7500000000000,92,92.3000000000000,92,

92;50,90,91,91.7500000000000,92.2000000000000,92.7500000000000,92.80000

00000000,92.5000000000000,92.4000000000000;50,90,91,92,92.6000000000000

,93.1000000000000,93.3000000000000,92.8000000000000,0;50,89,91,92.20000

00000000,93,93.3000000000000,93.4000000000000,0,0;50,89,91,92.400000000

0000,93.2000000000000,93.6000000000000,0,0,0;50,89,91,92.5000000000000,

93.4000000000000,93.8000000000000,0,0,0;50,88,91,92.5000000000000,93.45

00000000000,0,0,0,0;50,88,91,92.2000000000000,93.4000000000000,0,0,0,0;

50,87,90.7500000000000,92,0,0,0,0,0;50,87,90.5000000000000,91.800000000

0000,0,0,0,0,0;50,88,90,91.7000000000000,0,0,0,0,0;50,86,88.50000000000

00,91.5000000000000,92.5000000000000,0,0,0,0]; 
%GearRatio = 8.7059; %Gear Ratio input for a 500/650 ton GDM top drive 
GearRatio = 7.5; %Gear Ratio input for an 800 ton GDM top drive 

  
efficiencydecrease = 6; %percent value of the amount to change 

efficiency mapping  

  
[m,p] = size(efficiency1); %create variables m and n to represent the 

dimensions of the loaded efficiency 1 mapping 
efficiencydecreasematrix = efficiencydecrease .* rand(m,p); %Scale the 

matrix of efficiency decrease to be a uniform distribution between 0 

and efficiencydecrease 
efficiency3 = efficiency1-efficiencydecreasematrix; %create a variable 

called efficiency 3 which will be the initial estimated efficiency1 

mapping minus a decreasing factor of efficiencydecrease in percent 
efficiency3 = max(efficiency3,0); 
e1max = floor(max(max(efficiency1))); 
e3max = floor(max(max(efficiency3))); 
e1labels = e1max - (0:1:5); 
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e3labels = e3max - (0:2:efficiencydecrease+4); 

  
time = 10; %sample time in hours 
fs = 1; %Sampling frequency in Hertz 

  
dt = 1/fs; %seconds/sample 
ts = 1:dt:(time*60*60)+1; %sample time vector in seconds from 1 to 

total sample time T+1 
n = 1:1:length(ts); %1:1:(ts.*fs); %vector of the number of data points 

to consider (1 to N (the number of data points)) 
sampletime = ts./(60.*60); %convert the total simulated time to hours 

for plotting 

  
%Approximate dimensions of the [motor] cylinder without fins 
D = 0.80518; % Diameter of the motor in meters 
L = 1.14808; % Length of the motor in meters 
SurfaceArea = ((pi*D*L) + (2*pi*(D^2/4))); 
Volume = (pi*((D^2)/4)*L); 

  
%Provide simulated measurements for the estimated torque of the motor 
%in ft-lbs 
v1 = 

[0,3500,3500,0,0,2500,3750,4250,5000,5000,0,0,0,0,0,2500,3000,3000,3300

,0,0]; %enter as many evenly spaced values for torque as desired.  The 

values will be evenly distributed from time equals zero until the total 

simulated time has past 
x1 = linspace(0,length(n),(length(v1))); 
tauftlb = interp1(x1,v1,n,'linear'); 
tauftlbDS = tauftlb.*8.7059; %Convert the output torque of the motor 

(tauftlb) into the scaled output torque of the drill string for a 

500ton GDM top drive 

  
taunm = tauftlb.*(1.35581795); % convert tau from ft-lbs to N-m 

  
%Provide and interpolate simulated measurements for the estimated speed 

of 
%the motor in rpm 
v2 = 

[0,900,900,0,0,1100,1100,1100,1100,1100,0,0,0,0,0,700,700,700,700,0,0]; 

%enter as many evenly spaced values for rpm as desired.  The values 

will be evenly distributed from time equals zero until total time 
x2 = linspace(0,length(n),(length(v2))); 
wmotorrpm = interp1(x2,v2,n,'linear'); %interpolate and create a vector 

representing n simuluated samples of wmotorrpm 
wDSrpm = wmotorrpm./8.7059; %Convert the output speed of the motor 

(wmotorrpm) into the scaled output speed of the drill string for a 500 

ton GDM top drive 

  
wmotorrads = wmotorrpm.*(pi./30); % convert wmotor from rpm to rad/s 

  
%Pertinent heat transfer constants/coefficients 
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emissivity = 0.08; %Assumed from problem 1.3 in heat transfer textbook 
hon = 112; %W/m^2 estimated from example 1.3 from heat transfer 

textbook and also estimated/checked from efficiency analysis excel 

spreadsheet 
hon = hon.*ones(1,length(n)); 
hoff = 15; %convection coefficient if the motor is off and the blower 

is off 
sigma = 5.67e-8; %constant heat transfer coefficient (stephan-boltzmann 

constant) 
rho = 7854; %estimated density in kg/cubic meter based on the density 

in table A.1 from heat transfer textbook for plain carbon steels (page 

930) at 300K 
c = 434; %estimated heat capacitance in (J/kg *K) based on the heat 

capacitance in table A.1 from heat transfer textbook for plain carbon 

steels (page 930) at 300K 

  
%Create a simulated vector of length n for the ambient temperature of 

the 
%motor 
v3 = [10,14,24]; %specify ambient temperature profile evenly 

distributed among total simulated time in degrees celsius 
v3 = v3+273; %convert the ambient temperature values specified above 

from Celsius to Kelvin in order to complete analysis 
x3 = linspace(0,length(n),length(v3)); 
Tamb = interp1(x3,v3,n,'linear'); %Perform a linear interpolation in 

order to create n points between the temperatures specified in Tambient 

vector v3 
TambF = ((((Tamb-273).*1.8))+32); %Convert the ambient temperature from 

kelvin to fahrenheit 
Tsurr = Tamb(1); %specify Tsurrounding to be assumed contant and equal 

to the starting temperature of the ambient air in degrees Celsius. 

  

  
%Create an efficiency mapping etamap for the healthy motor and etamap2 

for 
%the simulated unhealthy motor with decreased efficiencies 
etamap = griddedInterpolant(efficiency1); 
etamap3 = griddedInterpolant(efficiency3); 

  

  
wlookup=zeros(1,length(sampletime)); 
taulookup=zeros(1,length(sampletime)); 
eta=zeros(1,length(sampletime)); 
eta2=zeros(1,length(sampletime)); 
Pout=zeros(1,length(sampletime)); 
Pout2=zeros(1,length(sampletime)); 
Pin=zeros(1,length(sampletime)); 
Pin2=zeros(1,length(sampletime)); 
Ploss=zeros(1,length(sampletime)); 
Ploss2=zeros(1,length(sampletime)); 
Pconv=zeros(1,length(sampletime)); 
Pconv2=zeros(1,length(sampletime)); 
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Prad=zeros(1,length(sampletime)); 
Prad2=zeros(1,length(sampletime)); 
dTdt=zeros(1,length(sampletime)); 
dTdt2=zeros(1,length(sampletime)); 
%} 

  
for i=n; 

     
 %Transform wmotor in rpm and tau in ft-lbs to lookup table indexes to 

use 
 %with etamap 
 wlookup(i) = (wmotorrpm(i)./250) + 1; %rotational speed transformation 

to index 
 taulookup(i) = (tauftlb(i)./500) +1; %torque transformation to index 
 eta(i) = etamap(taulookup(i),wlookup(i))/100; %use etamap (healthy 

motor) to estimate the efficiency value at the current motor speed and 

torque 

     
%Calculate Input and Output Power 
Pout(i) = wmotorrads(i).*taunm(i); %calculate the simulated output 

power in Joules (N-m * rad/s) 
Pin(i) = (Pout(i)/eta(i));  %Using the simulated value of Pout and 

mapped efficiency, calculate the Pin (electrical) input to the motor 
Ploss(i) = (Pin(i) - Pout(i)); %Finally, calculate a Ploss value that 

is the difference between the input electrical power and the output 

motor power.  Assume all of Ploss is converted to heat. 

  
%Set temperature initial condition for the metal cylinder 
T(1)= Tamb(1); %assume that the temperature of the metal enclosure 

starts at the same temperature as the simulated ambient temperature 

around it. 

  
if (wmotorrpm(i)==0); 
    hon(i)=hoff; 
end 

  
Pconv(i) = SurfaceArea.*hon(i).*(T(i)-Tamb(i)); 
Prad(i) = emissivity.*sigma.*SurfaceArea.*(T(i)^4-Tsurr^4); 
Prad(i) = 0; 
dTdt(i) = (Ploss(i)-Pconv(i)-Prad(i))/(rho.*c.*Volume); 
    T(i+1) = T(i) + dt.*dTdt(i); 

  
end 

  
TF = ((((T-273).*1.8))+32); 
temptime = ((1:dt:(length(T)*dt))/(60.*60)); %convert the total time 

calculated for all temperature calculations and convert to hours 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
for i=n; 
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 %Transform wmotor and tau to lookup table indexes 
 wlookup(i) = (wmotorrpm(i)./250) + 1; 
 taulookup(i) = (tauftlb(i)./500) +1; 
 eta2(i) = etamap3(taulookup(i),wlookup(i))./100; 

     
%Calculate Input and Output Power 
Pout2(i) = wmotorrads(i).*taunm(i); 
Pin2(i) = (Pout2(i)/eta2(i)); 
Ploss2(i) = (Pin2(i) - Pout2(i)); 

  
%Set temperature initial condition 
T2(1) = Tamb(1); 

  
%Use differential equation and linear 
Pconv2(i) = SurfaceArea.*hon(i).*(T2(i)-Tamb(i)); 
Prad2(i) = emissivity.*sigma.*SurfaceArea.*(T2(i)^4-Tsurr^4); 
Prad2(i) = 0; 
dTdt2(i) = (Ploss2(i)-Pconv2(i)-Prad2(i))/(rho.*c.*Volume); 
    T2(i+1) = T2(i) + dt.*dTdt2(i); 

     
end 

  
T2F = ((((T2-273).*1.8))+32); %convert T2 for the unhealthy motor in 

kelvin to T2 for an unhealthy motor in fahrenheit 

  

  

  
%Create a plot to show the simulated motor torque in ft-lbs vs. time in 

hours 
figure(1) 
[ax1]= plotyy(sampletime,tauftlb,sampletime,tauftlbDS); 
title('Simulated Motor Output Torque vs. Time') 
xlabel('Time (hours)') 
ylabel(ax1(1),'Simulated Motor Torque (ft-lbs)') 
ylabel(ax1(2),'Simulated Drill String Torque (ft-lbs)') 
axis(ax1(1),[0 time min(tauftlb)-1000 max(tauftlb)+1000]); 
axis(ax1(2),[0 time min(tauftlbDS)-(1000*GearRatio) 

max(tauftlbDS)+(1000*GearRatio)]) 

  
%Create a plot to show the simulated motor speed in rpm vs. time in 

hours 
figure(2) 
clear figure 
ax2 = plotyy(sampletime,wmotorrpm,sampletime,wmotorrpm./8.7059); 
title('Simulated Motor Output Speed vs. Time') 
xlabel('Time (hours)') 
ylabel(ax2(1),'Simulated Motor Speed (rpm)') 
ylabel(ax2(2),'Simulated Drill String Speed (rpm)') 
axis(ax2(1),[0 time min(wmotorrpm)-500 max(wmotorrpm)+500]); 
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axis(ax2(2),[0 time min(wDSrpm)-(500/GearRatio) 

max(wDSrpm)+(500/GearRatio)]); 

  

  
figure (3) 
clear figure 
plot(temptime,TF); 
title('Motor Temperature vs. Time (Healthy Motor)') 
xlabel('Time (hours)') 
ylabel('Motor Temperature (^{oF})') 
axis([0 time min(TF)-21 max(TF)+21]); 

  
figure (4) 
clear figure 
plot(temptime,T2F,'--'); %plot the simulated time in hours vs. the 

temperature of the unhealthy motor in fahrenheit 
title(sprintf('Temperature vs. Time (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
xlabel('Time(hours)') 
ylabel('Motor Temperature (^{o}F)') 
axis([0 time min(T2F)-25 max(T2F)+25]); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%% 

  
figure(5) 
clear figure 
plot(temptime,TF,temptime,T2F,'--') 
title(sprintf('Temperature vs Time (Healthy and %d%% Unhealthy 

Motors)',efficiencydecrease)) 
xlabel('Time (hours)') 
ylabel('Temperature (^{o}F)') 
legend('Healthy Motor',sprintf('%d%% Unhealthy 

Motor',efficiencydecrease)) 
axis([0 time min(TF)-25 max(T2F)+25]); 

  
figure(6) 
clear figure 
deltaT = T2F - TF; 
plot(temptime,deltaT); 
title(sprintf('Temperature Difference between Healthy and %d%% 

Unhealthy Motor vs. Time',efficiencydecrease)) 
xlabel('Time(hours)') 
ylabel('Motor Temperature Difference (^{o}F)') 
axis([0 time -10 max(deltaT)+10]); 

  
figure(7) 
clear figure 
plot(sampletime,TambF) 
title('Ambient Temperature vs. Time') 
xlabel('Time (hours)') 
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ylabel('Ambient Temperature (^{o}F)') 
axis([0 time min(TambF)-30 max(TambF)+30]); 

  
figure(8) 
clear figure 
subplot(3,1,1) 
plot(sampletime,Ploss./1000) 
title('Motor Power Loss vs. Time (Healthy Motor)') 
xlabel('Time(hours)') 
ylabel('Motor Power Loss (KJ)') 
axis([0 time min(Ploss./1000)-20 max(Ploss./1000)+20]); 
subplot(3,1,2) 
plot(sampletime,eta) 
title('Efficiency vs. Time (Healthy Motor)') 
xlabel('Time(hours)') 
ylabel('Motor Efficiency') 
axis([0 time min(eta)-.1 max(eta)+.1]); 
subplot(3,1,3) 
plot(temptime,TF) 
title('Temperature vs. Time (Healthy Motor)') 
xlabel('Time(hours)') 
ylabel('Motor Temperature (^{o}F)') 
axis([0 time min(TF)-51 max(TF)+51]); 

  
figure(9) 
clear figure 
subplot(3,1,1) 
plot(sampletime,Ploss2./1000,'--') 
title(sprintf('Motor Power Loss vs. Time (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
xlabel('Time(hours)') 
ylabel('Motor Power Loss (KJ)') 
axis([0 time min(Ploss2./1000)-20 max(Ploss2./1000)+20]); 
subplot(3,1,2) 
plot(sampletime,eta2,'--') 
title(sprintf('Efficiency vs. Time (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
xlabel('Time(hours)') 
ylabel('Motor Efficiency') 
axis([0 time min(eta2)-.1 max(eta2)+.1]); 
subplot(3,1,3) 
plot(temptime,T2F,'--') 
title(sprintf('Temperature vs. Time (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
xlabel('Time(hours)') 
ylabel('Motor Temperature (^{o}F)') 
axis([0 time min(T2F)-51 max(T2F)+51]); 

  

  
figure(10) 
clear figure 
colormap(bone) 
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[C3,h3] = contourf(speedmesh,torquemesh,efficiency1,e1labels); 
caxis([min(e3labels), e1max]) 
title('Motor Efficiency Map and Load Path (Healthy Motor)') 
xlabel('Motor Speed (rpm)') 
ylabel('Motor Torque (ft-lbs)') 
clabel(C3,h3,'manual','FontSize',14,'FontWeight','bold','Color','b') 
hold on 
plot(wmotorrpm,tauftlb,'y.') 
colorbar('EastOutside') 

  

  
figure(11) 
clear figure 
colormap(bone) 
[C4,h4] = contourf(speedmesh,torquemesh,efficiency3,e3labels); 
caxis([min(e3labels), e1max]) 
title(sprintf('Motor Efficiency Map and Load Path (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
xlabel('Motor Speed (rpm)') 
ylabel('Motor Torque (ft-lbs)') 
clabel(C4,h4,'manual','FontSize',14,'FontWeight','bold','Color','b') 
hold on 
plot(wmotorrpm,tauftlb,'y.'); 
colorbar('EastOutside') 

  
figure(12) 
colormap(bone) 
[C3,h3] = contourf(speedmesh,torquemesh,efficiency1,e1labels); 
caxis([min(e3labels), e1max]) 
title('Motor Efficiency Map (Healthy Motor)') 
xlabel('Motor Speed (rpm)') 
ylabel('Motor Torque (ft-lbs)') 
clabel(C3,h3,'manual','FontSize',14,'FontWeight','bold','Color','b') 
colorbar('EastOutside') 

  
figure(13) 
colormap(bone) 
[C4,h4] = contourf(speedmesh,torquemesh,efficiency3,e3labels); 
caxis([min(e3labels), e1max]) 
title(sprintf('Motor Efficiency Map (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
%title('Motor Efficiency Map (Unhealthy Motor)') 
xlabel('Motor Speed (rpm)') 
ylabel('Motor Torque (ft-lbs)') 
clabel(C4,h4,'manual','FontSize',14,'FontWeight','bold','Color','b') 
colorbar('EastOutside') 

  
figure(14) 
plot(sampletime,dTdt,sampletime,dTdt2,'--') 
title(sprintf('Temperature Rate of Change vs. Time (Healthy vs. %d%% 

Unhealthy Motor)',efficiencydecrease)); 
xlabel('Time (hours)') 
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ylabel('Rate of Motor Temperature Change (^{o}K/sec)') 
legend('Healthy Motor',sprintf('%d%% Unhealthy 

Motor',efficiencydecrease)) 
axis([0 time min(dTdt2)-.01 max(dTdt2)+.01]) 

  
%} 

  
%%%%%%%%% Past this point is information and data related to the 

gearbox and gear lube analysis%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
%Provide simulated measurements for the estimated flow rate of the lube 
%in gallons per minute (gpm) 
v4 = [0,5,5,0,0,5,5,5,5,5,0,0,0,0,0,5,5,5,5,0,0]; %enter as many evenly 

spaced values for torque as desired.  The values will be evenly 

distributed from time equals zero until the total simulated time has 

past 
x4 = linspace(0,length(n),(length(v4))); 
FlowRate = interp1(x4,v4,n,'linear'); 

  
FlowRateMap = 0:5:35; 
CoolerRateMap = [0,350,475,500,520,530,540,545]; 

  
GBefficiency = .97; %provide a value for the estimated constant 

efficiency of the gearbox ***** note that in reality this is most likey 

a function of operating conditons 
Voil = 18.5; %provide the total volume of the oil in  US gallons units 

(between 17 to 20 US gallons) 
Voil = Voil * (.00378541); %convert the volume of the oil from US 

gallons to cubic meters (m^3) 
coil = 2035; %provide a value for the heat capacitance of the oil in 

J/KG * K  **** note that in reality this value is a function of 

temperature 
coilbad = coil* 0.9; %estimate a constant bad oil head capacitance to 

be 15% lower than the healthy oil heat capacitance *** note that in 

reality this is a function of temperature 
rhooil = 865.8; %provide a density for the oil in kg/m^3 **** note that 

this is a function of temperature 

  
houter = 25; %provide 15 W/(m^2 * K) to be the constant convection 

coefficient for the outer wall of the pipe *****is probably a function 

of wind flow regime and speed 
kwall = 59.36; %provide a constant value for the conductivity of the 

pipe- in this case I'm assuming the material is plain carbon steel with 

value from textbook page 930 tables at room temperature 273K   ****is a 

function fo temperature 

  

  

  
%original estimates based on drawings with gearbox region and sump for 

500/650 ton 
Lengthlosses = 55 * (.0254) ; %inches converted to meters 
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Widthlosses = 45 * (.0254) ; %inches converted to meters 
Heightlosses = 15 * (.0254) ; %inches converted to meters 
Alosses = (2*(Lengthlosses*Widthlosses)) + 

(2*(Heightlosses*Widthlosses)) + (2*(Lengthlosses*Heightlosses)); 

%estimate the heat loss area as the perimeter of the gearbox/sump 

region 
wallthickness = 1 * (.0254); %estimate the wall thickness throughout 

the gearbox in inches and immediately convert to meters 

  
Rwall = wallthickness/(kwall*Alosses); 
Routside = 1/(houter*Alosses); 
Rtot = Rwall + Routside; 
%} 

  
ToilF = TambF(1); 
ToilF2 = TambF(1); 
Toil = (ToilF + 459.67) * (5/9); %provide an initial condition for the 

temperature of the oil at t=0 
Toil2 = (ToilF2 + 459.67) * (5/9); %provide an initial condition for 

the temperature of the unhealthy oil at t=0 

  
Poutoil=zeros(1,length(sampletime)); 
Pinoil=zeros(1,length(sampletime)); 
Plossoil=zeros(1,length(sampletime)); 
QoutcoolerconstantBTU=zeros(1,length(sampletime)); 
Qoutcoolerconstant=zeros(1,length(sampletime)); 
Qoutcooler=zeros(1,length(sampletime)); 
Qgearboxlosses=zeros(1,length(sampletime)); 
dTdtoil=zeros(1,length(sampletime)); 
dTdtoil2=zeros(1,length(sampletime)); 
wonder=zeros(1,length(sampletime)); 
%} 

  
for i=n; 

  
Pinoil(i) = wmotorrads(i).*taunm(i); 
Poutoil(i) = Pinoil(i).*GBefficiency; 
Plossoil(i) = Pinoil(i) - Poutoil(i); 

  

     
QoutcoolerconstantBTU(i) = 

interp1(FlowRateMap,CoolerRateMap,FlowRate(i),'cubic'); %provide an 

estimated constant value for the heat transfered in the oil cooler in 

BTU/hr/degree F 
Qoutcoolerconstant(i) = QoutcoolerconstantBTU(i) * (0.29307107); 

%convert the provided heat transfer from BTU/hr to Watts to make 

Watts/degree Fahrenheit 

  
Qoutcooler(i) = Qoutcoolerconstant(i) * (ToilF(i)-TambF(i)); 

  
if (wmotorrpm(i)==0); 
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    Qoutcooler(i)=0; 
end 

  
Qgearboxlosses(i) = (Toil(i) - Tamb(i)) / (Rtot); 

  
dTdtoil(i) = (Plossoil(i)-Qoutcooler(i)-

Qgearboxlosses(i))/(rhooil*Voil*coil); 
Toil(i+1) = Toil(i) + dTdtoil(i) * dt; 
ToilF(i+1) = ((((Toil(i+1)-273).*1.8))+32); 

  

  
dTdtoil2(i) = (Plossoil(i)-Qoutcooler(i)-

Qgearboxlosses(i))/(rhooil*Voil*coilbad); 
Toil2(i+1) = Toil2(i) + dTdtoil2(i) * dt; 
ToilF2(i+1) = ((((Toil2(i+1)-273).*1.8))+32); 

  
end 

  

  
figure(15) 
clear figure 
FlowRatePlot = linspace(min(FlowRateMap),max(FlowRateMap),10000); 
plot(FlowRatePlot,interp1(FlowRateMap,CoolerRateMap,FlowRatePlot,'cubic

')) 
title('Oil Cooler Flow Rate vs. Cooling Rate Curve') 
xlabel('Oil Flow Rate (gpm)') 
ylabel('Cooling Rate (BTU/hr/^{o}F)') 

  
figure(16) 
clear figure 
plot(sampletime,FlowRate) 
title('Lubrication Oil Flow Rate vs. Time') 
xlabel('Time (hours)') 
ylabel('Oil Flow Rate (gpm)') 
axis([0 time 0 max(FlowRate)+2]); 

  
figure(17) 
plot(temptime,ToilF,temptime,ToilF2,'--'); 
title('Temperature vs. Time (Healthy Oil vs. Unhealthy Oil)') 
xlabel('Time(hours)') 
ylabel('Oil Temperature (^{o}F)') 
axis([0 time min(ToilF)-20 max(ToilF)+20]); 
legend('Healthy Oil','Degraded Oil') 

  
figure(18) 
clear figure 
deltaToilF= ToilF-ToilF2; 
plot(temptime,abs(deltaToilF)) 
title('Temperature Difference between Healthy and Unhealthy Oil vs. 

Time') 
xlabel('Time (hours)') 
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ylabel('Oil Temperature Difference (^{o}F)') 
axis([0 time min(abs(deltaToilF))-10 max(abs(deltaToilF))+10]); 

  
figure(19) 
clear figure 
subplot(3,1,1) 
plot(sampletime,Plossoil./1000) 
title('Gear Box Heat Generation vs. Time (Healthy Oil)') 
xlabel('Time(hours)') 
ylabel('Gearbox Power Loss (kJ)') 
axis([0 time (min(Plossoil)/1000)-5 (max(Plossoil)/1000)+5]); 
subplot(3,1,2) 
plot(sampletime,Qoutcooler./1000) 
title('Oil Cooler Heat Transfer vs. Time (Healthy Oil)') 
xlabel('Time(hours)') 
ylabel('Oil Cooler Heat Transfer (kJ)') 
axis([0 time (min(Qoutcooler)/1000)-5 (max(Qoutcooler)/1000)+5]); 
subplot(3,1,3) 
plot(sampletime,Qgearboxlosses./1000) 
title('Gear Box Heat Transfer vs. Time (Healthy Oil)') 
xlabel('Time (hours)') 
ylabel('Gear Box Heat Transfer (kJ)') 
axis([0 time (min(Qgearboxlosses)/1000)-2 

(max(Qgearboxlosses)/1000)+2]); 

  
wonder= Plossoil-Qoutcooler-Qgearboxlosses; 

  
figure(20) 
subplot(2,1,1) 
plot(temptime,ToilF); 
axis([0 time min(ToilF)-10 max(ToilF)+10]); 
title('Temperature vs. Time (Healthy Oil)') 
xlabel('Time(hours)') 
ylabel('Oil Temperature (^{o}F)') 
subplot(2,1,2) 
plot(sampletime,wonder./1000) 
title('Total Instantaneous Energy Transfer into Oil vs. Time (Healthy 

Oil)') 
xlabel('Time (hours)') 
ylabel('Total Instantaneous Energy Transfer (kJ)') 
axis([0 time (min(wonder)/1000)-3 (max(wonder)/1000)+3]); 

  
%} 
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MATLAB m-file used with FAT test data 

 
%%%FAT test vs. Model for engine thermal monitoring 
%GDM 650 AC 
%GDS WO# M15411A 
%Industrias Costa Mesa 
%SN 20 

  
%An m-file used to evaluate the predicted motor and oil temperature run 

for 
%and FAT test and to compare the predicted temperatures to measured 

values 

  
clear, clc, close all 

  
%Assume that the final  data point for FATtime,RTD1,RTD2,RTD3, and 
%LubeOil Temp is the a final measurement, assume that operation stops 

at 
%the same time the final data point is recorded 

  
%parameters that need to be updated from test to test 
time = 6; %sample time in hours 
fs = 1; %1; %Sampling frequency in Hertz 
dt = 1/fs; %seconds/sample 
ts = 0:dt:(time*60*60); %sample time vector in seconds from 1 to total 

sample time T+1 
n = 1:1:length(ts); %1:1:(ts.*fs); %vector of the number of data points 

to consider (1 to N (the number of data points)) 
GearRatio = 8.7059; %Gear Ratio input for a 500/650 ton GDM top drive 
%GearRatio = 7.5; %Gear Ratio input for an 800 ton GDM top drive 
DStorque = [5000, 10000, 15000, 20000, 26000, 26000, 26000, 26000, 

26000, 26000, 26000, 26000, 26000]./GearRatio; %input the torque of 

drill string in ft-lbs and directly convert into the torque at the 

motor output by dividing by the Gear Ratio 
DSspeed = [37, 50, 62, 73, 87, 87, 87, 87, 87, 87, 87, 87, 

87].*GearRatio; %input the speed of drill string in rpm and directly 

convert the values into the speed of the motor output by multiplying by 

the Gear Ratio 
AmbientTemperature=[85 85 85 85 85 85 85 83 83 83 84 84 84]; %Input the 

corresponding ambient temperature profile for the motor in degrees 

fahrenheit 
FATtime = [0 .5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6]; %specify the setpoint 

and measurement times in hours 
RTD1 = [151 144 157 165 181.8 197.1 201 201 202 203 202 201 203]; 

%motor RTD1 in degrees Fahrenheit 
RTD2 = [152 149 150 166 181.8 194.4 197 198 199 199 200 200 200]; 

%motor RTD2 in degrees Fahrenheit 
RTD3 = [148 144 150 158 173 185.4 186 188 188 188 189 189 189]; %motor 

RTD3 in degrees Fahrenheit 
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LubeOilTemp = [90 92.5 94.8 99 105 110 116 119 123 127 130 133 134]; 

%Lube Oil RTD in degrees Fahrenheit (either in gearbox or external 

tank**) 
LubeOilFlow = [4.1 4.2 4.2 4.3 4.3 4.4 4.5 4.5 4.5 4.5 4.5 4.6 4.6]; 

%Lube flow rate in gpm 

  

  
factor = (time/(length(FATtime)-1))*60*60; %number of seconds to write  
tauftlb = zeros(1,length(n)); 
wmotorrpm = zeros(1,length(n)); 
TambF = zeros(1,length(n)); 
FlowRate = zeros(1,length(n)); 

  
tauftlb(length(n))=DStorque(length(FATtime)); 
wmotorrpm(length(n))=DSspeed(length(FATtime)); 
TambF(length(n))=AmbientTemperature(length(FATtime)); 
FlowRate(length(n))=LubeOilFlow(length(FATtime)); 

  
%if using this method then make sure to comment out corresponding 
%interpolated values later on 
for i=1:1:length(FATtime)-1; 
    for k=1:1:factor; 
        tauftlb((i-1)*factor+k)=DStorque(i); 
        wmotorrpm((i-1)*factor+k)=DSspeed(i); 
        TambF((i-1)*factor+k)=AmbientTemperature(i); 
        FlowRate((i-1)*factor+k)=LubeOilFlow(i); 
    end 
end 
%} 

  
wmotorrads = wmotorrpm.*(pi./30); % convert wmotor from rpm to rad/s 

  
RTDavg = (RTD1 + RTD2 + RTD3)./3; 
ambtempscale = 1.00; 
Tinitialscale = 1.00; 

  
blankspeed = 1:1:9; 
blanktorque = 1:1:17; 
Espeed = (blankspeed-1).*250; 
Etorque = (blanktorque-1).*500; 
[speedmesh,torquemesh] = meshgrid(Espeed,Etorque); 
efficiency1 = 

[50,50,50,50,50,50,50,50,50;50,87,87,88,88,88,88,87.7000000000000,87;50

,88,89,90,90.1000000000000,90.2000000000000,90.1000000000000,90,90;50,8

9,90,90.5000000000000,90.6600000000000,90.9000000000000,90.900000000000

0,90.8000000000000,90.6000000000000;50,90,90.5000000000000,91,91.300000

0000000,91.5000000000000,91.7000000000000,91.5000000000000,91.300000000

0000;50,90,91,91.5000000000000,91.7500000000000,92,92.3000000000000,92,

92;50,90,91,91.7500000000000,92.2000000000000,92.7500000000000,92.80000

00000000,92.5000000000000,92.4000000000000;50,90,91,92,92.6000000000000

,93.1000000000000,93.3000000000000,92.8000000000000,0;50,89,91,92.20000
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00000000,93,93.3000000000000,93.4000000000000,0,0;50,89,91,92.400000000

0000,93.2000000000000,93.6000000000000,0,0,0;50,89,91,92.5000000000000,

93.4000000000000,93.8000000000000,0,0,0;50,88,91,92.5000000000000,93.45

00000000000,0,0,0,0;50,88,91,92.2000000000000,93.4000000000000,0,0,0,0;

50,87,90.7500000000000,92,0,0,0,0,0;50,87,90.5000000000000,91.800000000

0000,0,0,0,0,0;50,88,90,91.7000000000000,0,0,0,0,0;50,86,88.50000000000

00,91.5000000000000,92.5000000000000,0,0,0,0]; 

  

  
efficiencydecrease = 6; %percent value of the amount to change 

efficiency mapping  

  
[m,p] = size(efficiency1); %create variables m and n to represent the 

dimensions of the loaded efficiency 1 mapping 
efficiencydecreasematrix = efficiencydecrease .* rand(m,p); %Scale the 

matrix of efficiency decrease to be a uniform distribution between 0 

and efficiencydecrease 
efficiency3 = efficiency1-efficiencydecreasematrix; %create a variable 

called efficiency 3 which will be the initial estimated efficiency1 

mapping minus a decreasing factor of efficiencydecrease in percent 
efficiency3 = max(efficiency3,0); 
e1max = floor(max(max(efficiency1))); 
e3max = floor(max(max(efficiency3))); 
e1labels = e1max - (0:1:5); 
e3labels = e3max - (0:2:efficiencydecrease+4); 

  
dt = 1/fs; %seconds/sample 
ts = 0:dt:(time*60*60); %sample time vector in seconds from 1 to total 

sample time T+1 
n = 1:1:length(ts); %1:1:(ts.*fs); %vector of the number of data points 

to consider (1 to N (the number of data points)) 
sampletime = ts./(60.*60); %convert the total simulated time to hours 

for plotting 

  
%Approximate dimensions of the [motor] cylinder without fins 
D = 0.80518; % Diameter of the motor in meters from catalogue for motor 
L = 1.14808; % Length of the motor in meters from catalogue for motor 
SurfaceArea = ((pi*D*L) + (2*pi*(D^2/4))); 
Volume = (pi*((D^2)/4)*L); 

  
%Provide  measurements for the torque of the drill string in ft-lbs and 
%scale to motor torque in ft-lbs using the gear ratio 
%x1 = linspace(0,length(n),(length(v1))); 
%tauftlb = interp1(x1,v1,n,'linear'); 
tauftlbDS = tauftlb.*GearRatio; %Convert the output torque of the motor 

(tauftlb) into the scaled output torque of the drill string 
taunm = tauftlb.*(1.35581795); % convert tau from ft-lbs to N-m 

  
%Provide simulated measurements for the speed of the drill string in 

rpm and 
%scale to motor speed in rpm using gear ratio 
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wDSrpm = wmotorrpm./GearRatio; %Convert the output speed of the motor 

(wmotorrpm) into the scaled output speed of the drill string 

  
%Pertinent heat transfer constants/coefficients 
emissivity = 0.08; %Assumed from problem 1.3 in heat transfer textbook 
hon = 112; %W/m^2 estimated from example 1.3 from heat transfer 

textbook and also estimated/checked from efficiency analysis excel 

spreadsheet 

hon = hon.*ones(1,length(n)); 
hoff = 15; %convection coefficient if the motor is off and the blower 

is off 
sigma = 5.67e-8; %constant heat transfer coefficient (stephan-boltzmann 

constant) 
rho = 7854; %estimated density in kg/cubic meter based on the density 

in table A.1 from heat transfer textbook for plain carbon steels (page 

930) at 300K 
c = 434; %estimated heat capacitance in (J/kg *K) based on the heat 

capacitance in table A.1 from heat transfer textbook for plain carbon 

steels (page 930) at 300K 

  
%Create a simulated vector of length n for the ambient temperature of 

the 
%motor 
Tamb = ((TambF)+ 459.7) .* (5/9); %Convert the ambient temperature from 

fahrenheit to kelvin 
Tsurr = Tamb(1); 

  
%Create an efficiency mapping etamap for the healthy motor and etamap2 

for 
%the simulated unhealthy motor with decreased efficiencies 
etamap = griddedInterpolant(efficiency1); 
etamap3 = griddedInterpolant(efficiency3); 

  

  
wlookup=zeros(1,length(sampletime)); 
taulookup=zeros(1,length(sampletime)); 
eta=zeros(1,length(sampletime)); 
eta2=zeros(1,length(sampletime)); 
Pout=zeros(1,length(sampletime)); 
Pout2=zeros(1,length(sampletime)); 
Pin=zeros(1,length(sampletime)); 
Pin2=zeros(1,length(sampletime)); 
Ploss=zeros(1,length(sampletime)); 
Ploss2=zeros(1,length(sampletime)); 
Pconv=zeros(1,length(sampletime)); 
Pconv2=zeros(1,length(sampletime)); 
Prad=zeros(1,length(sampletime)); 
Prad2=zeros(1,length(sampletime)); 
dTdt=zeros(1,length(sampletime)); 
dTdt2=zeros(1,length(sampletime)); 
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for i=n; 
 %Transform wmotor in rpm and tau in ft-lbs to lookup table indexes to 

use 
 %with etamap 
 wlookup(i) = (wmotorrpm(i)./250) + 1; %rotational speed transformation 

to index 
 taulookup(i) = (tauftlb(i)./500) +1; %torque transformation to index 
 eta(i) = etamap(taulookup(i),wlookup(i))/100; %use etamap (healthy 

motor) to estimate the efficiency value at the current motor speed and 

torque 

     
%Calculate Input and Output Power 
Pout(i) = wmotorrads(i).*taunm(i); %calculate the simulated output 

power in Joules (N-m * rad/s) 
Pin(i) = (Pout(i)/eta(i));  %Using the simulated value of Pout and 

mapped efficiency, calculate the Pin (electrical) input to the motor 
Ploss(i) = (Pin(i) - Pout(i)); %Finally, calculate a Ploss value that 

is the difference between the input electrical power and the output 

motor power.  Assume all of Ploss is converted to heat. 

  
%Set temperature initial condition for the metal cylinder 
T(1) = RTDavg(1); %Set the initial condition temperature for the metal 

enclosure in degrees fahrenheit 
T(1) = T(1) * Tinitialscale; 
T(1) = ((T(1))+ 459.7) * (5/9); %Convert the initial condition 

temperature of the metal enclosure from fahrenheit to Kelvin 

  
if (wmotorrpm(i)==0); 
    hon(i)=hoff; 
end 

  
Pconv(i) = SurfaceArea.*hon(i).*(T(i)-Tamb(i)); 
Prad(i) = emissivity.*sigma.*SurfaceArea.*(T(i)^4-Tsurr^4); 
Prad(i) = 0; 
dTdt(i) = (Ploss(i)-Pconv(i)-Prad(i))/(rho.*c.*Volume); 
    T(i+1) = T(i) + dt.*dTdt(i); 

  
end 

  
TF = ((((T-273).*1.8))+32); 
temptime = ((0:dt:((length(TF)-1)*dt))/(60.*60)); %convert the total 

time calculated for all temperature calculations and convert to hours 

  

  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  

  
for i=n; 
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 %Transform wmotor and tau to lookup table indexes 
 wlookup(i) = (wmotorrpm(i)./250) + 1; 
 taulookup(i) = (tauftlb(i)./500) +1; 
 eta2(i) = etamap3(taulookup(i),wlookup(i))./100; 

     
%Calculate Input and Output Power 
Pout2(i) = wmotorrads(i).*taunm(i); 
Pin2(i) = (Pout2(i)/eta2(i)); 
Ploss2(i) = (Pin2(i) - Pout2(i)); 

  
%Set temperature initial condition 
T2(1) = T(1); 

  
if (wmotorrpm(i)==0); 
    hon(i)=hoff; 
end 

  
%Use differential equation and linear 
Pconv2(i) = SurfaceArea.*hon(i).*(T2(i)-Tamb(i)); 
Prad2(i) = emissivity.*sigma.*SurfaceArea.*(T2(i)^4-Tsurr^4); 
Prad2(i) = 0; 
dTdt2(i) = (Ploss2(i)-Pconv2(i)-Prad2(i))/(rho.*c.*Volume); 
    T2(i+1) = T2(i) + dt.*dTdt2(i); 

     
end 

  
T2F = ((((T2-273).*1.8))+32); %convert T2 for the unhealthy motor in 

kelvin to T2 for an unhealthy motor in fahrenheit 

  

  

  
%Create a plot to show the simulated motor torque in ft-lbs vs. time in 

hours 
figure(1) 
[ax1]= plotyy(sampletime,tauftlb,sampletime,tauftlbDS); 
title('Motor Output Torque vs. Time') 
xlabel('Time (hours)') 
ylabel(ax1(1),'Motor Torque (ft-lbs)') 
ylabel(ax1(2),'Drill String Torque (ft-lbs)') 
axis(ax1(1),[0 time min(tauftlb)-1000 max(tauftlb)+1000]); 
axis(ax1(2),[0 time min(tauftlbDS)-(1000*GearRatio) 

max(tauftlbDS)+(1000*GearRatio)]) 

  
%Create a plot to show the simulated motor speed in rpm vs. time in 

hours 
figure(2) 
clear figure 
ax2 = plotyy(sampletime,wmotorrpm,sampletime,wmotorrpm./8.7059); 
title('Motor Output Speed vs. Time') 
xlabel('Time (hours)') 
ylabel(ax2(1),'Motor Speed (rpm)') 
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ylabel(ax2(2),'Drill String Speed (rpm)') 
axis(ax2(1),[0 time min(wmotorrpm)-500 max(wmotorrpm)+500]); 
axis(ax2(2),[0 time min(wDSrpm)-(500/GearRatio) 

max(wDSrpm)+(500/GearRatio)]); 

  

  
figure (3) 
clear figure 
plot(temptime,TF,FATtime,RTDavg,'k.',FATtime,RTD1,'b.',FATtime,RTD2,'g.

',FATtime,RTD3,'r.'); 
title('Motor Temperature vs. Time (Healthy Motor)') 
xlabel('Time (hours)') 
ylabel('Motor Temperature (^{oF})') 
axis([0 time min(TF)-15 max(RTD1)+15]); 
legend('Healthy Motor','RTD average','RTD 1','RTD 2','RTD 

3','Location','EastOutside') 

  
figure (4) 
clear figure 
plot(temptime,T2F,'--'); %plot the simulated time in hours vs. the 

temperature of the unhealthy motor in fahrenheit 
title(sprintf('Temperature vs. Time (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
xlabel('Time(hours)') 
ylabel('Motor Temperature (^{o}F)') 
axis([0 time min(T2F)-25 max(T2F)+25]); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%% 

  
figure(5) 
clear figure 
plot(temptime,TF,temptime,T2F,'--

',FATtime,RTDavg,'k.',FATtime,RTD1,'b.',FATtime,RTD2,'g.',FATtime,RTD3,

'r.') 
title(sprintf('Temperature vs Time (Healthy and %d%% Unhealthy 

Motors)',efficiencydecrease)) 
xlabel('Time (hours)') 
ylabel('Temperature (^{o}F)') 
legend('Healthy Motor',sprintf('%d%% Unhealthy 

Motor',efficiencydecrease),'RTD average','RTD 1','RTD 2','RTD 

3','Location','EastOutside') 
axis([0 time min(TF)-25 max(T2F)+50]); 

  
figure(6) 
clear figure 
deltaT = T2F - TF; 
plot(temptime,deltaT); 
title(sprintf('Temperature Difference between Healthy and %d%% 

Unhealthy Motor vs. Time',efficiencydecrease)) 
xlabel('Time(hours)') 
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ylabel('Motor Temperature Difference (^{o}F)') 
axis([0 time -10 max(deltaT)+10]); 

  
figure(7) 
clear figure 
plot(sampletime,TambF) 
title('Ambient Temperature vs. Time') 
xlabel('Time (hours)') 
ylabel('Ambient Temperature (^{o}F)') 
axis([0 time min(TambF)-30 max(TambF)+30]); 

  
figure(8) 
clear figure 
subplot(3,1,1) 
plot(sampletime,Ploss./1000) 
title('Motor Power Loss vs. Time (Healthy Motor)') 
xlabel('Time(hours)') 
ylabel('Motor Power Loss (KJ)') 
axis([0 time min(Ploss./1000)-20 max(Ploss./1000)+20]); 
subplot(3,1,2) 
plot(sampletime,eta) 
title('Efficiency vs. Time (Healthy Motor)') 
xlabel('Time(hours)') 
ylabel('Motor Efficiency') 
axis([0 time min(eta)-.1 max(eta)+.1]); 
subplot(3,1,3) 
plot(temptime,TF) 
title('Temperature vs. Time (Healthy Motor)') 
xlabel('Time(hours)') 
ylabel('Motor Temperature (^{o}F)') 
axis([0 time min(TF)-51 max(TF)+51]); 

  
figure(9) 
clear figure 
subplot(3,1,1) 
plot(sampletime,Ploss2./1000,'--') 
title(sprintf('Motor Power Loss vs. Time (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
xlabel('Time(hours)') 
ylabel('Motor Power Loss (KJ)') 
axis([0 time min(Ploss2./1000)-20 max(Ploss2./1000)+20]); 
subplot(3,1,2) 
plot(sampletime,eta2,'--') 
title(sprintf('Efficiency vs. Time (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
xlabel('Time(hours)') 
ylabel('Motor Efficiency') 
axis([0 time min(eta2)-.1 max(eta2)+.1]); 
subplot(3,1,3) 
plot(temptime,T2F,'--') 
title(sprintf('Temperature vs. Time (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
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xlabel('Time(hours)') 
ylabel('Motor Temperature (^{o}F)') 
axis([0 time min(T2F)-51 max(T2F)+51]); 

  
 figure(10) 
clear figure 
colormap(bone) 
[C3,h3] = contourf(speedmesh,torquemesh,efficiency1,e1labels); 
caxis([min(e3labels), e1max]) 
title('Motor Efficiency Map and Load Path (Healthy Motor)') 
xlabel('Motor Speed (rpm)') 
ylabel('Motor Torque (ft-lbs)') 
clabel(C3,h3,'manual','FontSize',14,'FontWeight','bold','Color','b') 
hold on 
plot(wmotorrpm,tauftlb,'y.') 
colorbar('EastOutside') 

 

  

  
figure(11) 
clear figure 
colormap(bone) 
[C4,h4] = contourf(speedmesh,torquemesh,efficiency3,e3labels); 
caxis([min(e3labels), e1max]) 
title(sprintf('Motor Efficiency Map and Load Path (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
xlabel('Motor Speed (rpm)') 
ylabel('Motor Torque (ft-lbs)') 
clabel(C4,h4,'manual','FontSize',14,'FontWeight','bold','Color','b') 
hold on 
plot(wmotorrpm,tauftlb,'y.'); 
colorbar('EastOutside') 

  
figure(12) 
colormap(bone) 
[C3,h3] = contourf(speedmesh,torquemesh,efficiency1,e1labels); 
caxis([min(e3labels), e1max]) 
title('Motor Efficiency Map (Healthy Motor)') 
xlabel('Motor Speed (rpm)') 
ylabel('Motor Torque (ft-lbs)') 
clabel(C3,h3,'manual','FontSize',14,'FontWeight','bold','Color','b') 
colorbar('EastOutside') 

  
figure(13) 
colormap(bone) 
[C4,h4] = contourf(speedmesh,torquemesh,efficiency3,e3labels); 
caxis([min(e3labels), e1max]) 
title(sprintf('Motor Efficiency Map (%d%% Unhealthy 

Motor)',efficiencydecrease)) 
%title('Motor Efficiency Map (Unhealthy Motor)') 
xlabel('Motor Speed (rpm)') 
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ylabel('Motor Torque (ft-lbs)') 
clabel(C4,h4,'manual','FontSize',14,'FontWeight','bold','Color','b') 
colorbar('EastOutside') 

  
figure(14) 
plot(sampletime,dTdt,sampletime,dTdt2,'--') 
title(sprintf('Temperature Rate of Change vs. Time (Healthy vs. %d%% 

Unhealthy Motor)',efficiencydecrease)); 
xlabel('Time (hours)') 
ylabel('Rate of Motor Temperature Change (^{o}K/sec)') 
legend('Healthy Motor',sprintf('%d%% Unhealthy 

Motor',efficiencydecrease)) 
axis([0 time min(dTdt2)-.01 max(dTdt2)+.01]) 

  
%} 

  

  

  
%%%%%%%%% Past this point is information and data related to the 

gearbox and gear lube analysis%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
FlowRateMap = 0:5:35; 
CoolerRateMap = [0,350,475,500,520,530,540,545]; 

  
GBefficiency = .97; %provide a value for the estimated constant 

efficiency of the gearbox ***** note that in reality this is most likey 

a function of operating conditons 
Voil = 18.5; %provide the total volume of the oil in  US gallons units 

(between 17 to 20 US gallons) 
Voil = Voil * (.00378541); %convert the volume of the oil from US 

gallons to cubic meters (m^3) 
coil = 2035; %provide a value for the heat capacitance of the oil in 

J/KG * K  **** note that in reality this value is a function of 

temperature 
coilbad = coil* 1.15; %estimate a constant bad oil head capacitance to 

be 15% lower than the healthy oil heat capacitance *** note that in 

reality this is a function of temperature 
rhooil = 865.8; %provide a density for the oil in kg/m^3 **** note that 

this is a function of temperature 

  
houter = 25; %provide 15 W/(m^2 * K) to be the constant convection 

coefficient for the outer wall of the pipe *****is probably a function 

of wind flow regime and speed 
kwall = 59.36; %provide a constant value for the conductivity of the 

pipe- in this case I'm assuming the material is plain carbon steel with 

value from textbook page 930 tables at room temperature 273K   ****is a 

function fo temperature 

  

  
%original estimates based on drawings with gearbox region and sump for 

500/650 ton 
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Lengthlosses = 55 * (.0254) ; %inches converted to meters 
Widthlosses = 45 * (.0254) ; %inches converted to meters 
Heightlosses = 15 * (.0254) ; %inches converted to meters 
Alosses = (2*(Lengthlosses*Widthlosses)) + 

(2*(Heightlosses*Widthlosses)) + (2*(Lengthlosses*Heightlosses)); 

%estimate the heat loss area as the perimeter of the gearbox/sump 

region 
wallthickness = 1 * (.0254); %estimate the wall thickness throughout 

the gearbox in inches and immediately convert to meters 

  
Rwall = wallthickness/(kwall*Alosses); 
Routside = 1/(houter*Alosses); 
Rtot = Rwall + Routside; 
%} 

  
ToilF = LubeOilTemp(1); 
ToilF2 = LubeOilTemp(1); 
Toil = (ToilF + 459.67) * (5/9); %provide an initial condition for the 

temperature of the oil at t=0 
Toil2 = (ToilF2 + 459.67) * (5/9); %provide an initial condition for 

the temperature of the unhealthy oil at t=0 

  
% 

  

  
Poutoil=zeros(1,length(sampletime)); 
Pinoil=zeros(1,length(sampletime)); 
Plossoil=zeros(1,length(sampletime)); 
QoutcoolerconstantBTU=zeros(1,length(sampletime)); 
Qoutcoolerconstant=zeros(1,length(sampletime)); 
Qoutcooler=zeros(1,length(sampletime)); 
Qgearboxlosses=zeros(1,length(sampletime)); 
dTdtoil=zeros(1,length(sampletime)); 
dTdtoil2=zeros(1,length(sampletime)); 

  
%} 

  
for i=n; 

 
Pinoil(i) = wmotorrads(i).*taunm(i); 
Poutoil(i) = Pinoil(i).*GBefficiency; 
Plossoil(i) = Pinoil(i) - Poutoil(i); 

  

     
QoutcoolerconstantBTU(i) = 

interp1(FlowRateMap,CoolerRateMap,FlowRate(i),'cubic'); %provide an 

estimated constant value for the heat transfered in the oil cooler in 

BTU/hr/degree F 
Qoutcoolerconstant(i) = QoutcoolerconstantBTU(i) * (0.29307107); 

%convert the provided heat transfer from BTU/hr to Watts to make 

Watts/degree Fahrenheit 
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Qoutcooler(i) = Qoutcoolerconstant(i) * (ToilF(i)-TambF(i)); 

  
if (wmotorrpm(i)==0); 
    Qoutcooler(i)=0; 
end 

  
Qgearboxlosses(i) = (Toil(i) - Tamb(i)) / (Rtot); 

  
dTdtoil(i) = (Plossoil(i)-Qoutcooler(i)-

Qgearboxlosses(i))/(rhooil*Voil*coil); 
Toil(i+1) = Toil(i) + dTdtoil(i) * dt; 
ToilF(i+1) = ((((Toil(i+1)-273).*1.8))+32); 

  

  
dTdtoil2(i) = (Plossoil(i)-Qoutcooler(i)-

Qgearboxlosses(i))/(rhooil*Voil*coilbad); 
Toil2(i+1) = Toil2(i) + dTdtoil2(i) * dt; 
ToilF2(i+1) = ((((Toil2(i+1)-273).*1.8))+32); 

  
end 

  

  
figure(15) 
clear figure 
FlowRatePlot = linspace(min(FlowRateMap),max(FlowRateMap),10000); 
plot(FlowRatePlot,interp1(FlowRateMap,CoolerRateMap,FlowRatePlot,'cubic

')) 
title('Oil Cooler Flow Rate vs. Cooling Rate Curve') 
xlabel('Flow Rate (gpm)') 
ylabel('Cooling Rate (BTU/hr/^{o}F)') 

  
figure(16) 
clear figure 
plot(sampletime,FlowRate) 
title('Lubrication Oil Flow Rate vs. Time') 
xlabel('Time (hours)') 
ylabel('Flow Rate (gpm)') 
axis([0 time 0 max(FlowRate)+2]); 

  
figure(17) 
plot(temptime,ToilF,FATtime,LubeOilTemp,'.k'); 
title('Temperature vs. Time (Healthy Oil Temperature and Measured Oil 

Temperature)') 
xlabel('Time(hours)') 
ylabel('Oil Temperature (^{o}F)') 
axis([0 time min(ToilF)-20 max(ToilF)+20]); 
legend('Simulated Healthy Oil','Measured Healthy Oil') 

  
figure(18) 
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clear figure 
deltaToilF= ToilF-ToilF2; 
plot(temptime,deltaToilF) 
title('Temperature Difference between Healthy and Unhealthy Oil vs. 

Time') 
xlabel('Time (hours)') 
ylabel('Oil Temperature Difference (^{o}F)') 
axis([0 time min(deltaToilF)-10 max(deltaToilF)+10]); 

  
figure(19) 
clear figure 
subplot(3,1,1) 
plot(sampletime,Plossoil./1000) 
title('Gearbox Heat Generation vs. Time (Healthy Oil)') 
xlabel('Time(hours)') 
ylabel('Gearbox Power Loss (kJ)') 
axis([0 time (min(Plossoil)/1000)-5 (max(Plossoil)/1000)+5]); 
subplot(3,1,2) 
plot(sampletime,Qoutcooler./1000) 
title('Oil Cooler Heat Transfer vs. Time (Healthy Oil)') 
xlabel('Time(hours)') 
ylabel('Oil Cooler Heat Transfer (kJ)') 
axis([0 time (min(Qoutcooler)/1000)-5 (max(Qoutcooler)/1000)+5]); 
subplot(3,1,3) 
plot(sampletime,Qgearboxlosses./1000) 
title('Gear Box Heat Transfer vs. Time (Healthy Oil)') 
xlabel('Time (hours)') 
ylabel('Gear Box Heat Transfer (kJ)') 
axis([0 time (min(Qgearboxlosses)/1000)-2 

(max(Qgearboxlosses)/1000)+2]); 

  
wonder= Plossoil-Qoutcooler-Qgearboxlosses; 

  
figure(20) 
subplot(2,1,1) 
plot(temptime,ToilF); 
axis([0 time min(ToilF)-10 max(ToilF)+10]); 
title('Temperature vs. Time (Healthy Oil)') 
xlabel('Time(hours)') 
ylabel('Oil Temperature (^{o}F)') 
subplot(2,1,2) 
plot(sampletime,wonder./1000) 
title('Total Instantaneous Energy Transfer into Oil vs. Time (Healthy 

Oil)') 
xlabel('Time (hours)') 
ylabel('Total Instantaneous Energy Transfer (kJ)') 
axis([0 time (min(wonder)/1000)-3 (max(wonder)/1000)+3]); 
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