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Main Bearing Temperature Report

1. INTRODUCTION

The gas transmission industry operates more than 4,000 reciprocating compressors;  oil

and gas production and the process industries also operate a significant number.

Various trends make reliable early warning of failure increasingly important:

• Reduced personnel time available for attention to individual units.

• Increased need for flexible dispatch of compressor units in transmission service.

• Increased criticality of compressors in process applications.

• Reduced funds available for routine, time-based, overhaul and maintenance.

On average, four reciprocating compressors per thousand experience a disabling

crankshaft event each year.  This event may range from scoring to bending to fracture.

The consequential cost may reach several million dollars in repair and lost capacity.

Eutectic melt-out devices represent the most widely used protection for reciprocating

compressors.  They shut down the engine when a bearing temperature reaches a set

point, but provide no early warning; by the time they react the crankshaft has often

suffered disabling damage.  An increasing number of companies have started to install

thermocouple temperature monitoring in the shell of each bearing, both for new units

and to upgrade protection of old units.  When wired into the control system,

thermocouple temperature monitoring provides an alarm and frequently a shutdown

function.

Discussions with industry representatives indicate that the configuration and set points

for such monitoring varies widely, as does the level of trending, data storage, and the

perceived value of such devices.  The purpose of this project was to explore industry

practice and experience more extensively, with a view to enhance the perceived value of

temperature monitoring, confidence in its output, and the consistency and level of

protection it offers.

The project sought to gather information initially by an informal survey, involving

telephone contact with knowledgeable individuals in operating companies to determine

each companyís practice and experience.  The project expanded on this information by

gathering data on specific events, including false alarms, saves, and failures to protect.

The project also sought access to electronic records of historical temperature variation

in operating compressors both in normal operation and with some evidence of a

problem.  By data analysis, the project has worked to characterize temperature variation,
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to identify influential factors, and to evolve a strategy for main bearing temperature

monitoring which takes account of these characteristics and factors.

This report presents the results of this investigation, including industry practice, typical

data, analysis of data characteristics and variability, identification of requirements for a

monitoring strategy, alternative monitoring approaches, performance simulation for

these alternatives, and the synthesis of a preferred approach, with factors to consider in

selecting limits or alternatives to the preferred approach.  It includes recommendations

for the gathering of data from station logging systems which will help guide and refine

monitoring decisions.
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2. SUMMARY OF CURRENT INDUSTRY PRACTICE

TEMPERATURE MONITORING POPULATION

During the initial phase of the project, an informal survey was performed to determine

the current industry practice of temperature monitoring.  Of the 22 companies contacted,

17 have  implemented thermocouple temperature monitoring in at least one

reciprocating compressor.  Generally, these companies are in the process of evaluating

thermocouple temperature monitoring in several units to determine its effectiveness.  All

17 have plans to instrument more compressors with temperature monitoring.  The

majority of companies have decided, some based on a cost analysis, that it is cost

effective to instrument any compressor with over 1,000 horsepower with thermocouple

temperature monitoring.  Estimates of the number of units instrumented ranged from 17

to 75 percent (40 percent average), making up 28 to 80 percent (65 percent average) of

the total reciprocating compressor horsepower.

The five companies that did not use thermocouple temperature monitoring reported

several reasons.  Two stated that they planned to use thermocouple temperature

monitoring in the near future and were in the process of installing thermocouples and

programming the computer controls, but were still waiting for the installation to be

completed.  One stated that thermocouple temperature monitoring had been used in the

past, but was discontinued due to inactivity.  The companyís representative mentioned

that so few main bearing failures occur, that the operators felt the thermocouple

temperature sensors were useless and stopped replacing the sensor wires during

maintenance.  The remaining two companies have no plans to use temperature

monitoring in the future but offered no specific rationale.

INSTALLATION AND CONFIGURATION

Thermocouple temperature monitoring is being implemented by either upgrading

eutectic melt-out devices to thermocouples on existing reciprocating compressors or by

having the thermocouples installed as original equipment by the manufacturer of

recently installed reciprocating compressors.  There are a number of companies well

known in the compressor protective systems business that will upgrade eutectic melt-out

devices to thermocouple sensors.  The thermocouples are environmentally sealed,

corrosion resistant, spring loaded to maintain contact to the monitored surface, and may

also be purchased with Resistance Temperature Detectors (RTD) transducers as an

option rather than thermocouples.
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In response to the question of how many thermocouples are mounted on each bearing,

fifteen companies provided definite answers;  with ten companies using one sensor per

bearing and five companies using two sensors per bearing.  The purpose of using two

sensors per bearing is to determine if thermocouple signals are legitimate.  For example,

one companyís protocol was to ignore the readings if both of the thermocouples on a

single bearing did not provide temperatures within 5 •F of each other.  Another

company used a voting system:  if both thermocouples read high temperatures, the unit

would shutdown immediately;  however, if only one of the two thermocouples read a

high temperature, it would require that thermocouple to read a high temperature for

several samples before the unit was shut down.

In response to the question of how deep the thermocouples are mounted on the main

bearings, fifteen companies provided definite answers.  Twelve set the thermocouples to

touch the back of the bearing shell, whereas three companies actually drilled into the

bearing shells to embed the thermocouples.  While the embedment depth varied, the

deepest in the survey was halfway through the bearing shell.

ALARMS AND SHUTDOWNS

Thermocouple temperature monitoring is usually configured for two events, an alarm

and a shutdown, whereas the eutectic melt-out devices only provide a single event,

shutdown.  In addition, a thermocouple continues to monitor temperature even after an

alarm or shutdown is triggered, whereas the eutectic devices require a replacement fuse

rod assembly if they are ever triggered.

Present industry standard (for all companies surveyed) is to use absolute temperature

limits for the alarm and shutdown set-points.  The actual temperature limits vary from

compressor to compressor because each compressor tends to behave uniquely.

Routinely, the absolute temperature limits are set by studying the behavior of a

reciprocating compressor and determining that particular compressorís average bearing

temperature.  Once the average bearing temperature is established, the alarm

temperature limit is set 5 to 10 •F hotter than the average temperature and the shutdown

temperature limit is set 10 to 25 •F hotter than the average temperature.  In some

replacement situations, the thermocouple shutdown limit is set to the previously used

temperature limit of the eutectic device that was replaced.

While recognizing the possible dependence of main bearing temperatures on operating

parameters (e.g. torque and speed) no surveyed companies use an algorithm with limits

dependent on operating parameters.
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Two companies surveyed did not feel secure removing the eutectic melt-out devices and

thus, used them in conjunction with thermocouple temperature sensors.

TREND DATA

An advantage of thermocouple temperature monitoring is the ability to record the actual

main bearing temperatures, which can be presented graphically as a historical record.

After an alarm or shutdown this history can be reviewed to guide further action.  In the

event of a main bearing failure, both the short term and long term trend data can be

analyzed in an effort to determine the root cause.  Fourteen companies (out of

17 companies that use thermocouple temperature monitoring) provided information on

their abilities to record trend data.  Of those fourteen, eleven (79†percent) had the

capability to trend data, but only six (55†percent) actually performed data trending.

The disadvantage to recording trend data is the need to allocate storage space for the

archived data and the need to manage the data.  Temperatures can change quickly and

require a high sample rate in order to detect changes, leading to large volumes of raw

data.  Therefore, companies usually reduce the data sets that are stored.  The methods to

reduce the data vary from company to company, and even from site to site.  One

companyís site only stored data taken every ten minutes, while another companyís site

only stored the average temperature for every hour of data.  Some commercial

monitoring software increases the time between data points as the saved data becomes

older.  Some data obtained for this study has one data point every second for 60

seconds, another data point every 30 seconds for one hour, another data point every 15

minutes for one day, and another data point every four hours for one month.  While

none of the companies surveyed are currently doing this, the present study suggests

means of accumulating statistical data which will reduce large storage requirements but

preserve the information which can guide future monitoring practices.

Appendix A contains the profile sheet for each of the operating companies surveyed.

To maintain confidentiality, all companies are referred by a code.  Appendix A also

contains a spreadsheet summarizing the results of the survey.
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3. INCIDENT REPORTS

A goal of this project was to gather data on significant events experienced by companies

using main bearing temperature monitoring.  The significant events targeted were false

alarms caused by the temperature monitoring system, crankshafts that have been saved

as a result of the temperature monitoring system detecting a main bearing failure, and

crankshafts that have not been saved even though a temperature monitoring system was

used.

FALSE ALARMS

Most information provided on false alarms is anecdotal:

• Seven companies reported that they have not experienced any false alarms.

• One company reported several false alarms.

• One company stated they did not experience any false alarms; however,
thermocouples malfunction periodically, and the thermocouple is turned off to
prevent false alarms.

• One company reported numerous false alarms, but these tend to occur
immediately after the thermocouples are installed.  The false alarms are a result
of calibration error, confusion with thermocouple types (e.g., J vs. K), and
thermocouples going bad and giving high readings.

• One company reported two false alarms:  one attributed to a set-point being set
too low and the other attributed to an oil cooler malfunction.

• One company reported only one false alarm due to a bad thermocouple.  It has
been the only bad thermocouple the company has experienced and was defective
from the manufacturer.

SAVES

Again, the information on saves is anecdotal:

• Four companies reported that there have not been any saves attributed to the
thermocouple temperature monitoring system.

• One company reported a bearing failure was caught and recorded. The
temperature sensor prevented a crankshaft failure.

• One company reported several saves which have limited damage to bearing
failures and prevented crankshaft failure.  The company representative stated
that the thermocouple temperature monitoring system has definitely paid for
itself.

• One company reported several saves.
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• One company reported that packing material was blown out of a seal and
obstructed the oil path into one of the main bearings.  Starved of lube oil, the
main bearing temperature increased and the unit was shut down by the
thermocouple temperature monitoring system.

FAILURES

The documentation on failures is more extensive, since failures are more likely to be

remembered and are definitely documented.  Most of the events documented in the

survey describe a failure that prompted the company to install a thermocouple

temperature monitoring system.  The following items are the failures that were reported

in the survey.

• Six companies reported that they have had no failures since the installation of the
thermocouple temperature sensors.

• One company reported several failures, but did not know if thermocouple
temperature monitoring was active on the compressors at the time of failure.

• One company reported that one of their compressors failed twice and required the
crankshaft to be replaced both times.  Upon installing the third crankshaft, a
thermocouple temperature monitoring system was retrofit into the bearings.

• One company reported they had experienced one failure since implementing
thermocouple temperature monitoring.  A piece of the crankshaft broke off.  This
piece started to rub against a bearing and raised the bearing temperature.  The
increase in bearing temperature was detected by the thermocouple temperature
monitoring system and triggered an alarm.  The crankshaft did fail;  however, the
thermocouple temperature sensors were able to shutdown the unit before the
crankshaft failed catastrophically.

• One company reported they performed foundation work on a compressor in 1992.
Soon after, there was a main bearing failure which cracked the crankshaft.  Once
fixed, the compressor ran for one year.  In 1993, the compressor failed again.  In
the course of the repairs, two thermocouples were installed in each of the
compressorís six bearings.  This was a temporary thermocouple temperature
monitoring system and was used for six months.  At the end of six months, an
extensive thermocouple temperature monitoring system was installed.

• One company reported a crankshaft failure on a compressor that had a
thermocouple temperature monitoring system installed.  The thermocouple
temperature monitoring system sounded an alarm and shutdown the unit due to
high temperatures on Bearing 7.  The operators believed that the alarm was due to
a bad thermocouple, thus they disabled the shutdown trigger, replaced the
thermocouple, and started the unit again.  The thermocouple temperature
monitoring system showed that Bearing 7 got hot once again and the unit was
shutdown.  Bearing 7 was replaced;  however, in the process of replacing the
bearing, the bearing saddle was damaged.  At that point, the company had the
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crankshaft straightened and magnafluxed.  The unit was then started again and the
thermocouple temperature monitoring system showed that Bearing 7 was running
10 •F hotter than the average temperature of the other bearings.  The company
continued to run the unit in this condition until the thermocouple temperature
monitoring system shutdown the unit.  When the unit was opened, it was apparent
that babbit was coming out of the bearing and when the bearing was removed it
was discovered that the crankshaft had fractured.

The last bulleted item is particularly interesting because the companyís thermocouple

temperature monitoring system recorded the bearing temperatures when Bearing 7

failed.  Figures 3.1 and 3.2 present temperature data from the compressor during early

July, 1997 and on July 10, 1997, respectively.  Figure 3.1 shows the compressor running

from July 1 to 4, 1997, and shows that Bearing 7 is running about 15 to 20 •F hotter

than the other bearings.  After July 4, 1997, the compressor was shut down and restarted

on July 10, 1997.  Figure 3.2 shows the bearing temperatures during the failure on July

10, 1997.  As shown in Figure 3.2, the unit shuts down approximately 50 minutes after

the start-up when Bearing 7 reaches 193 •F and the other ten bearings have an average

temperature of 147 •F.   
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Figure 3.1  Bearing Temperatures Prior to Failure
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Figure 3.2  Bearing Temperatures During Failure
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4. TREND DATA

Another primary goal of this project was to gather trend data from companies using

thermocouple temperature monitoring.  Three companies provided data in electronic

format (see Table 4.1);  two others provided hard copy graphics.  A database of the

trend data was compiled and analyzed to understand the behavior of main bearing

temperatures. In addition, the trend data was used to assess alternative methods of

detecting significant temperature changes.  In Table 4.1, the electronic data for unit A3

is the data which captured the main bearing failure.  Appendix B contains two screen

printouts from one of the companies that furnished hard copy graphics of their bearing

temperatures.

TREND DATA STATISTICS

The trend data collected from the three companies proved to be extremely useful in

understanding the behavior of main bearing temperatures.  The first step in examining

the data was to compute the statistical variations in each of the units.  Table 4.2 contains

seven statistical values calculated from each of the units listed in Table 4.1.  For each

individual bearing in a unit, the bearingís mean temperature and standard deviation was

calculated.  These calculations were made while excluding any low temperatures that

are a result of start-ups which would have decreased the mean operating temperatures

and increased the standard deviations.  Therefore, the low temperatures were excluded

to provide a more accurate understanding of the bearing temperature behaviors during

steady state operation.

The second column in Table 4.2 shows the average of the mean bearing temperatures

while the third column shows the highest mean bearing temperature.  Similarly, the

Company Reference Unit Duration
Sampling
Frequency

AI A1 Clark TCVD16 8 Months 10 Minutes
A2 Cooper GMVH10 8 Months 10 Minutes
A3 Worthington MLV20 7 Months-failure 1 Hour

Q B1 Cooper GMVC6 5 Months 1 Hour
B2 Cooper GMVC6 5 Months 1 Hour
B3 Cooper GMVC6 5 Months 1 Hour
B5 Clark TCVD12 12 Months 1 Hour
B5 Cooper GMVH6 32 Months 1 Hour

AE C1 Cooper GMVH10 4 Month 4 Hours



4-2

fourth column in Table 4.2 shows the average of the standard deviations and the fifth

column shows the highest standard deviation.  The sixth column shows the highest

temperature recorded in each unit.  Table 4.2 also contains values for the difference

between the highest temperature recorded and the average temperature recorded as well

as the ratio of this difference to the average standard deviation.  This ratio ranges from 4

to 9 for units with no known bearing anomalies (units A2, B1 to B5).  Appendix C

contains more detailed tables that show the mean, standard deviation, and maximum

temperature for each individual bearing in each unit.  The data for unit C1 was not

included because the majority of the data was spent at ambient temperature and Table

4.2 (and Appendix C) is presented to show the steady state operating conditions of the

units.

Table 4.2 shows there is a significant range of mean operating temperatures.  Because of

this, each individual compressor requires a unique set of temperature limits in order to

control the alarm and shutdown set-points.   In addition, it can be seen in Table 4.2 that

bearing temperatures deviate differently on different machines.  This also affects the

temperature limits that are set for each individual compressor.  Reciprocating

compressors with low standard deviations can operate with tight bearing temperature

limits, whereas, reciprocating compressors with high standard deviations require looser

temperature limits to operate effectively.

INFLUENCING PARAMETERS

In studying the electronic trend data, it became apparent that a number of parameters

affect the main bearing temperatures.  Because of their effect on bearing temperatures,

these parameters were recognized as factors that must be considered when deciding

upon a thermocouple monitoring program.  An attempt has been made to identify the

Unit
Avg.
Mean

Highest
Mean

Avg. Std.
Deviation

Highest Std.
Deviation

Highest
Temperature

Highest
Difference

Highest
Diff./Std.Dev

A1 151.6 161.4 2.9 5.0 183 31.4 10.8
A2 157.9 164.7 1.4 1.7 170 12.1 8.6
A3 161.0 175.4 1.6 4.4 193 32.0 20.0
B1 155.7 160.6 1.5 1.8 164 8.3 5.5
B2 156.5 160.6 1.6 1.8 164 7.5 4.7
B3 154.7 158.1 1.4 1.6 161 6.3 4.5
B4 159.2 169.0 3.7 5.9 174 14.8 4.0
B5 169.2 172.6 3.7 5.2 188 18.8 5.1

Table 4.2  Steady State Operating Conditions of Units
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most influential parameters and provide examples of their effects upon bearing

temperatures.

START-UPS

Obviously, the most drastic temperature change occurs during a start-up, where the main

bearing temperatures ramp up from ambient temperature to normal operating

temperature.  As an example, Figure 4.1 shows the start-up of unit A1 on February 26,

1997, for two end bearings (bearings 1 and 9) and the middle bearing (bearing 5).  The

thermocouple temperature monitoring system shows that the reciprocating compressor is

initially inactive (shown as 0 •F) then ramps up to a steady state temperature which is

approximately 155 •F after a duration of 1.5 hours.

BEARING POSITION

Review of the data indicates that the temperature profiles across the crankshaft tend to

stay fairly constant.  In other words, certain bearings are normally hotter than the other

bearings while other bearings are usually cooler than the others.  In addition, these

temperature profiles establish themselves early in a start-up. Figure 4.2 shows the

temperature profiles during the first hour of the start-up for unit A1 on February 26.

Bearings 1, 3, 7, and 9 quickly become hotter than the other bearings and remain that

way throughout the start-up and into the steady state running condition.  Figure 4.3

shows a different set of temperature profiles, which are obtained from unit A3, which

failed.  Figure 4.3 presents nine different instantaneous temperature profiles (three

presenting data during start-ups) from seven different months of data.  The final

temperature profile on Figure 4.3 is the temperature profile when Bearing 7 failed.  As

the data illustrates, Bearing 7 always establishes itself as the hottest bearing, even in the

temperature profiles taken during start-ups.

DAY/NIGHT VARIATION

The main bearing temperatures also rise and fall as ambient temperatures rise and fall.

Figure 4.4 shows how main bearing temperatures can fluctuate on a 24-hour period due

to the hot and cold differences between day and night.  Figure 4.4 shows a seven day

span on unit A2, and as expected, there are seven temperature ìcyclesî with the peak

temperatures occurring near noon of every day and a total temperature range

(amplitude) of 4 •F for the least varying to 7 •F for the greatest varying bearing.  In

addition, it can be noted from Figure 4.4 that the temperature profile across the bearings

remains consistent over the 24-hour cycle.  It is expected that the degree to which this
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parameter affects the main bearing temperatures depends on the geographic location of

the reciprocating compressor as well as the housing (e.g., indoors or outdoors) of the

compressor.
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Unit A1, February 26
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Unit A1, February 26
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Bearing Profiles at Various Times Throughout 1/97 - 7/97 
Last Profile Shows Failure  -  Unit A3
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Daily Temperature Variations 
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SEASONAL VARIATION

As with the daily temperature fluctuations discussed above, main bearing temperatures

may experience temperature fluctuations that coincide with seasonal temperature

variations.  Several company representatives stated during the survey that they have

noticed seasonal variations;  however, none of these were evidenced in the electronic

data received.  This is not meant to say that the seasonal variations do not exist, but that

they simply were not present in the data available to the project.  Once again, the

geographic location of the reciprocating compressor as well as the housing (e.g., indoors

or outdoors) of the compressor is expected to influence the significance of this

parameterís impact.

COMPRESSOR

As shown previously in Table 4.2, the main bearing temperatures will vary from

compressor to compressor.  The factors which define a compressor’s configuration can

be expected to contribute to this variation;  including age, maintenance history, location,

bearings, bearing clearance, oil, cylinders, engine, and application.

TORQUE AND SPEED

The compressorís operating condition, particularly speed and torque, can also be

expected to affect main bearing temperatures.  Unit A1 (Clark TCVD16) underwent

some emission testing that required the unitís speed and torque to be varied.  During the

emission testing, with the host companyís assistance, SwRI recorded the main bearing

temperatures as well as the speed and torque of the unit.  It can be shown that during

this test, the speed and torque both affected the main bearing temperatures;  however, it

can also be shown that the speed had a more significant effect upon the bearing

temperatures.

The first day of testing occurred on October 22, 1997, and is shown in Figure 4.5.  The

majority of the day (1:00 to 15:00) was spent with the unit operating at 340 rpm and

98 percent torque.  During this time, the average bearing temperature was 150 •F;

however, Bearing 7 was operating hotter (165 •F) than the other eight bearings.

At approximately 15:00, the speed of the unit was reduced to 300 rpm (-12 percent

change), while the torque dropped to 82 percent (-16 percent change).  The effects upon

the main bearing temperatures are significant, as shown in Figure 4.5.  After changing

the operating conditions, the average bearing temperature dropped slightly to 146 •F;
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however, the largest change occurred to the temperature of Bearing 7 which dropped to

150 •F. The result of decreasing speed and torque was to slightly lower the operating

bearing temperatures and converge the Bearing 7 temperature to the temperature of the

other bearings.

The second day of testing occurred on October 23, 1997, and is shown in Figure 4.6.

The first test condition of the day occurred from 12:30 to 16:00 with the unit operating

at 345 rpm and 113†percent torque.  During this time, the average bearing temperature

was 155 •F and Bearing 7ís temperature was 170 •F.

At approximately 16:00, the speed of the unit was reduced to 300 rpm (-13 percent

change), while the torque slightly dropped to 108 percent (-4 percent change).  Once

again, the main bearing temperatures are significantly affected by altering the operating

condition.  Resembling the effects from the first day of testing, the average bearing

temperature dropped slightly to 149 •F and Bearing 7 dropped drastically to 152 •F. The

result of decreasing the speed and torque was to lower the operating bearing

temperatures slightly and converge Bearing 7ís temperature to the other bearing

temperatures.  This time the torque was not reduced as much as it was the first day, yet

the results remained similar suggesting that the bearing temperatures were influenced

more by the speed.

At approximately 21:30 the operating conditions were changed again.  This time, the

speed was maintained at 300 rpm (0 percent change) and the torque was decreased to 71

percent (-34 percent change).  With this variation in operating parameters the average

bearing temperature decreased slightly to 146 •F and Bearing 7 remained at 152 •F.

The second day of testing has shown, once again, that the results of decreasing speed

and torque was to lower the bearing temperatures.  However, the second day of testing

has shown that decreasing the speed converges the temperatures as shown in the 16:00

test, while lowering the torque does not cause the temperatures to converge.  In fact,

Figure 4.6 shows that decreasing the torque at 21:30 has caused the bearing

temperatures to spread.

The third and last day of testing was performed on October 24, 1997, and is shown in

Figure 4.7.  Continuing from the second day of testing, the speed was increased to

345 rpm (15 percent change) and the torque was increased slightly to 75 percent

(6 percent change).  The results were to increase the average bearing temperature from

146 to 151 •F and Bearing 7 increased from 152 to 168 •F.  In this particular test, it is

important to note that Bearing 7 is included in the average bearing temperature.
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Therefore, the 5 •F increase in average bearing temperature is mostly attributed to the 16

•F increase in Bearing†7ís operating temperature.  This operating condition was held

until 3:00 and then the compressor was shutdown.  At 6:30 the same operating

conditions were set and the results were reproduced, as shown in Figure 4.7.
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Bearing Temperatures
October 22, 1997  Unit A1
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Figure 4.5  Torque and Speed Effects on Bearing Temperatures. Day 1
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Bearing Temperatures 
October 23, 1997   Unit A1
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 Figure 4.6  Torque and Speed Effects on Bearing Temperatures. Day 2
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Bearing Temperatures 
October 24, 1997   Unit A1
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Figure 4.7  Torque and speed Effects on Bearing Temperatures. Day 3
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At 8:00, the operating conditions were changed so that the speed was reduced to 300

rpm and the torque was dropped to 63 percent.  As expected, the average bearing

temperature dropped to 148 •F and Bearing 7ís temperature dropped to 158 •F.

The three days of testing, summarized in Table 4.3, has shown that both speed and

torque affect the bearing temperatures.  However, rearranging the data as shown in

Table 4.4, it can be seen that speed has a more significant effect than torque upon

bearing temperatures.  The average temperature varies 3 to 5 •F over a 40 percent

change in torque at 300 rpm and 345 rpm.  However, for only a 15 percent increase in

speed, the average temperature increases 4 to 7 •F and Bearing 7ís average temperature

increases close to 15 •F.

LOSS OF FILM

Probably the most critical parameter which influences bearing temperatures is a loss of

film within the main bearings.  Once a loss of film occurs, metal-to-metal contact occurs

between the crankshaft and the bearing material.  At this point, bearing temperatures

will rapidly increase signaling a bearing failure.  This is when a reliable, responsive

shutdown based on temperature becomes crucial in order to prevent a crankshaft failure.

A number of incidents can cause a loss of film;  including misalignment, oil pump

failure, interruption of oil flow, improper bearing clearance, vibrations, and crankshaft

irregularities.
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Condition Day Time Speed
(rpm)

Torque
(%)

Avg. Bearing
Temp. (•F)

Bearing 7
Temp. (•F)

Bearing 7
Deviation (•F)

1 10/22/9
7

100 340 98 150 165 15

2 10/22/9
7

1500 300 82 146 150 4

3 10/23/9
7

1230 345 113 155 170 15

4 10/23/9
7

1600 300 108 149 152 3

5 10/23/9
7

2130 300 71 146 152 6

6 10/24/9
7

000 345 75 151 168 17

7 10/24/9
7

800 300 63 148 158 10

Table 4.3  Summary of Speed and Torque Tests

At 300 RPM At 345 RPM

Torque Average
Temperature

Bearing 7
Temperature

Torque Average
Temperature

Bearing 7
Temperature

63 148 158 75 151 168
71 146 152 98 150 165
82 146 150 113 155 170
108 149 152

Average 147.3 153.0 Average 152.0 167.7

Table 4.4  Speed and Torque Influences Upon Bearing Temperature
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5.  Implementation Of Main Bearing Temperature Monitoring

Up to this point, the report has focused on the experiences of companies which already

use thermocouple temperature monitoring.  The rest of the report will concentrate on the

items that companies contemplating temperature monitoring should consider.  In

addition, new and old monitoring algorithms will be introduced and compared.  Future

users of temperature monitoring can choose which algorithms are best suited for their

needs and capabilities and current users may want to modify their current algorithms.

REQUIREMENTS AND CHALLENGES

Once a decision has been made to implement thermocouple temperature monitoring,

several factors should be considered in order to pursue the monitoring system best

suited for each unitís application.  Each monitoring system will have a number of

requirements that need to be met;  however, each of these requirements will pose a

challenge to satisfy and may even hinder other requirements.

FAILURE DETECTION BEFORE CRANKSHAFT DAMAGE

An important purpose of a temperature monitoring system (eutectic or thermocouple) is

to prevent crankcase explosions.  A purpose of growing importance is to provide an

early warning (alarm) of potential main bearing failure and to shut down the

reciprocating compressor before the crankshaft is damaged.  Therefore, the temperature

monitoring system should have a fast reaction time and a high sampling rate.  The

challenge is to avoid overloading the computer controller with all of the data that the

temperature monitoring system is collecting.

EFFECTIVE TEMPERATURE LIMITS

Setting the temperature limit at which the compressor is shut down represents an

important decision.  The goal is to set a temperature limit that will shut down the

compressor before the crankshaft is damaged.  If the temperature limit is set too high the

crankshaft may be damaged before the temperature monitors trigger a shutdown, and if

the temperature limit is set too low the temperature monitors may trigger unnecessary

shutdowns (false alarms).

MINIMIZE FALSE ALARMS

One of the problems with temperature monitoring is false alarms.  False alarms can be

caused by (1) setting the temperature limits too low, in which case the bearings actually
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reach the temperature limit but no damage has been sustained, and (2) by erroneous

signals, which can be caused by a failed thermocouple, noise, or the wrong

thermocouple settings (e.g., mistaking J thermocouples for K thermocouples).  In either

case the temperature monitoring system triggers an alarm or shutdown without the

presence of a failed bearing.  A false alarm shutdown will cause undesirable lost

capacity and can cause operators to lose faith in the monitoring system if false alarms

occur too often.  Once operators lose confidence in the monitoring system, they may

overlook a bearing failure when it actually occurs.  Therefore, the challenge is to install

a temperature monitoring system which is sensitive enough to detect bearing failures

early, yet allows for the normal variations in the main bearing temperatures.  In

addition, it is important to install reliable transducers to provide authentic readings.

MINIMIZE COMPLEXITY

The algorithms used in the detection of bearing failures should be effective, yet simple

to the point that the computer controller is not slowed down processing data and so the

operators can understand the alarm when it occurs.  There are numerous algorithms that

can be programmed into the computer, and these algorithms may become complex in

their attempts to become more intelligent.  This complexity should be balanced against

possible advantages in helping to meet the needs listed above.

MONITOR START-UP AND STEADY STATE OPERATIONS

Consideration should be given to monitoring the main bearing temperatures during

start-ups.  It is expected that numerous failures occur during start-ups, thus a monitoring

algorithm that can detect bearing failures during start-ups is beneficial.  It is challenging

to obtain an algorithm that can do this due to the nature of start-ups, which cause all the

bearing temperatures to increase rapidly.  However, evidence has been presented that a

defective bearing will become hotter than the other bearings early in the start-up.

Therefore, comparing each bearingís temperature to the other bearing temperatures will

allow a monitoring algorithm to detect defective bearings during a start-up.

In addition, it is important to monitor the bearing temperatures during steady state

operation.  The challenge is to accommodate normal variability in bearing temperatures,

yet be sensitive enough to detect a bearing failure.
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MONITORING ALGORITHMS

A vital component of a thermocouple temperature monitoring system is the algorithm

used to detect bearing failures.  The algorithms define the logic the computer controller

uses to separate normal operating temperatures from bearing temperatures indicative of

a failure.  Therefore, careful thought should be put into choosing an algorithm which

enforces a temperature limit criterion.

ABSOLUTE TEMPERATURE LIMITS

The most common algorithm is already in use by most companies using temperature

monitoring and consists of a single temperature limit that sets the absolute highest

temperature that the main bearings are allowed to reach without triggering an alarm or

shutting down the compressor.  For example, a compressor whose main bearings usually

operate at 150 •F may have an alarm limit at 160 •F and a shutdown limit at 165 •F.  If a

bearing begins to fail, an alarm will trigger when the bearing reaches 160 •F alerting the

operators of a potential problem.  If the bearingís temperature continues to increase, the

computer controller will shutdown the compressor when the temperature reaches 165 •F.

This protection criterion is hereinafter referred to as the ìabsolute criterionî and is

implemented using the following algorithm:

INDIVIDUAL BEARING TEMPERATURE LIMITS

The next algorithm improves the ìabsolute criterionî by defining absolute temperature

limits for each individual bearing.  As discussed earlier in this report, temperature

profiles are established across the bearings which remain fairly constant.  Therefore,

instead of defining an absolute temperature limit and treating all of the bearings as

identical, an absolute temperature limit is set for each bearing and is customized for the

average operating temperature of each bearing.  Individual bearing temperature limits

are advantageous in compressors where there are large temperature gradients across the

bearings.  For example, a compressor with an average bearing temperature of 150 •F

Alarm Temperature Limit: TALARM

Shutdown Temperature Limit: TSHUTDOWN

Bearing Temperature: T1 , T2 ,Ö, TN

If any Ti > TALARM  (for i=1 to N), then sound alarm.

If any Ti > TSHUTDOWN (for i=1 to N), then shut down compressor.
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may have a bearing which normally operates at 155 •F and another bearing which

normally operates at 145 •F.  An ìabsolute criterionî at 160 •F (10 •F above the

compressor average) will provide a tight tolerance on the 155 •F bearing and a loose

tolerance on the 145 •F bearing.  The 155 •F bearing can only rise 5 •F before reaching

the limit and may result in frequent false alarms, whereas the 145 •F bearing needs to

rise 15 •F before reaching the same limit.  By setting individual bearing temperature

limits, the 145 •F bearing can be set up with a temperature limit at 155 •F and the 155 •F

bearing can be set up with a temperature limit at 165 •F.  This way, both bearings will

need to increase 10 •F above their normal operating temperature before they reach a

temperature limit.

This protection criterion is hereinafter referred to as the ìindividual bearing criterionî

and is implemented using the following algorithm:

TEMPERATURE DEVIATION LIMITS

The third algorithm continuously calculates the instantaneous average of all the bearings

in the compressor.  If any of the main bearing temperatures exceed a deviation limit

above the instantaneous average of all the bearings, then an alarm or a shutdown is

triggered.  For example, a compressor with nine main bearings may have a deviation

alarm limit of 10 •F and a deviation shutdown limit of 15 •F.  If the instantaneously

averaged main bearing temperature is 150 •F, then the alarm would be triggered if any

of the main bearings reach 160 •F and the compressor would be shutdown if any of the

main bearings reach 165 •F.

The strongest attribute of the temperature deviation limit is that it would still be

effective during start-ups.  During a start-up, the ìabsolute criterionî and the ìindividual

bearing criterionî are ineffective because the main bearing temperatures are far from the

absolute temperature limits and the individual bearing temperature limits.  However, it

has been observed that main bearing temperature profiles are established early during a

start-up.  Therefore, if a particular main bearing is going to fail, it will usually become

Alarm Temperature Limits: TALARM, 1 , TALARM, 2 ,Ö, TALARM, N

Shutdown Temperature Limits: TSHUTDOWN, 1 , TSHUTDOWN, 2 ,Ö, TSHUTDOWN, N

Bearing Temperatures: T1 , T2 ,Ö, TN

If any Ti > TALARM, i  (for i=1 to N), then sound alarm.

If any Ti > TSHUTDOWN, i (for i=1 to N), then shut down compressor.
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hotter than the other main bearings soon after start-up.  It is in this situation that the

temperature deviation limit becomes valuable because it can detect an imminent main

bearing failure during the start-up and shut down the compressor before significant

damage occurs to the crankshaft.  For example, the compressor from the previous

example had a normal operating temperature of 150 •F, a deviation alarm limit of 10 •F,

and a deviation shutdown limit of 15 •F.  During a start-up, the average main bearing

temperature may only be at 120 •F an hour into the start-up, in which case the alarm

would be triggered if any of the main bearings reach 130 •F and the compressor would

be shut down if any of the bearings reach 135 •F.  The deviation temperature limits can

be triggered far below the absolute alarm and shutdown limits which would normally be

set near 160 •F / 165 •F for this particular compressor.

Even though the temperature deviation limit is quicker to detect main bearing failures

during start-up, it is important to continue the use of the ìabsolute criterion.î  In case all

of the main bearings become hot simultaneously, possibly due to loss of lube oil, then

the temperature deviation limit would be ineffective and the ìabsolute criterionî would

provide the alarm/shutdown trigger.

This protection criterion is hereinafter referred to as the ìdeviation criterionî and is

implemented using the following algorithm:

In addition, it should be noted that the number of bearings within a compressor will

affect the sensitivity of the temperature deviation limit.  As illustrated in Figure 5.1,  the

lower the number of bearings, the greater the effect a hot bearing will have upon the

bearing average.  Figure 5.1 was composed by using an average bearing temperature of

150 •F and then increasing the temperature of a single bearing by 5, 10, 15, 20, 25, and

30 •F and calculating the new bearing average.  This was done using 2 through 16

bearings.  Therefore, operators should consider using larger deviation limits for

Instantaneous Temperature Average of all the Bearings: TAVG

Alarm Deviation Limit: ∆TALARM

Shutdown Deviation Limit: ∆TSHUTDOWN

Bearing Temperature: T1 , T2 ,Ö, TN

If any Ti > TAVG  + ∆TALARM  (for i=1 to N), then sound alarm.

If any Ti > TAVG  + ∆TSHUTDOWN (for i=1 to N), then shut down compressor.



5-6

compressors with a low number of bearings and lower deviation limits for compressors

with a large number of bearings.
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Effect of Number of Bearings Upon Average Temperature
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Figure 5.1  Effect of a Single Hot Bearing Upon Average Bearing Temperature
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ALGORITHM SIMULATIONS

To compare the sensitivity of each algorithm, models were implemented using the data

from each of the eight units which have been focused on in this report (units A1 through

A3 and units B1 through B5).  To compare the algorithm, the electronic data from each

unit was put through each model using different criteria limits.  For each simulation, the

total number of alarm and shutdown triggers were counted to show how the criterion

influences the number of trigger events.

The ìabsolute criterionî was run three times for each set of data.  The alarm and

shutdown limits were set at temperatures relative to each compressorís average

operating temperature.  For each compressor, the alarm/shutdown limits were set at 5/10

•F, 10/15 •F, and 15/20 •F above the average operating temperature for that compressor.

The average operating temperature for each compressor can be seen in Table 4.2 under

the Average Mean Temperature Column.

The ìindividual bearing criterionî was also run three times for each set of electronic data

with the alarm and shutdown limits set to temperatures relative to each bearingís

average operating temperature.  Like the ìabsolute criterionî the individual bearingís

alarm/ shutdown limits were set at 5/10 •F, 10/15 •F, and 15/20 •F above the average

operating temperature for each bearing in a compressor.  The average operating

temperature for each bearing in the compressors can be seen in Appendix C:

Compressor Statistics.

Similarly, the ìdeviation criterionî was run three times with alarm/shutdown limits set to

5/10 •F, 10/15 •F, and 15/20 •F above the instantaneous average of all bearing

temperatures.

The results of the simulations can be seen in Table 5.1.  The first row of data in Table

5.1 shows the total number of time records that exist for each unit and the successive

rows show the results of the various criteria settings.  The values provided by the

simulation show the percentage of time records which triggered an alarm or shutdown.

For example, unit A1 had a total of 34,847 time records.  When the ìabsolute criterionî

was used on this unit using an alarm 5 •F above the average bearing temperature (which

was 152 •F for unit A1) 48 percent of the time records triggered an alarm.  As expected,

the lower the criterion limits the higher the alarm and shutdown counts.  It should be

noted that unit A1 had a bearing which averaged 10 •F hotter than the other bearings

and that unit A3 was the unit that failed due to a bearing which was averaging 15 •F
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hotter than the other bearings.  Thus, it was desirable for these two units to have high

alarm and shutdown percentages. As shown in Table 5.1, different criteria limits are

better suited for different compressors.
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A1 A2 A3 B1 B2 B3 B4 B5
Total Data Points 34,847 34847 2,477 920 1,031 684 2,355 13,736

Average Temperature 152 158 161 156 157 155 159 169

Absolute Criterion
absolute alarm Avg + 5 48% 37% 99% 53% 30% 17% 97% 82%

absolute shutdown Avg + 10 36% 0% 79% 0% 0% 0% 72% 2%

absolute alarm Avg + 10 36% 0% 79% 0% 0% 0% 72% 2%
absolute shutdown Avg + 15 10% 0% 55% 0% 0% 0% 1% 0%

absolute alarm Avg + 15 10% 0% 55% 0% 0% 0% 1% 0%
absolute shutdown Avg + 20 2% 0% 11% 0% 0% 0% 0% 0%

Individual Bearing Criterion
ind.brng.alarm Brng.Avg + 5 12% 0% 11% 0% 0% 0% 0% 51%

ind.brng. shutdown Brng.Avg + 10 2% 0% 1% 0% 0% 0% 0% 2%

ind.brng.alarm Brng.Avg + 10 2% 0% 1% 0% 0% 0% 0% 2%
ind.brng. shutdown Brng.Avg + 15 0% 0% 0% 0% 0% 0% 0% 0%

ind.brng.alarm Brng.Avg + 15 0% 0% 0% 0% 0% 0% 0% 0%
ind.brng. shutdown Brng.Avg + 20 0% 0% 0% 0% 0% 0% 0% 0%

Deviation Criterion
deviation alarm Profile Avg + 5 63% 39% 100% 44% 7% 1% 100% 55%

deviation shutdown Profile Avg+ 10 38% 0% 75% 0% 0% 0% 37% 0%

deviation alarm Profile Avg + 10 38% 0% 75% 0% 0% 0% 37% 0%
deviation shutdown Profile Avg+ 15 1% 0% 53% 0% 0% 0% 9% 0%

deviation alarm Profile Avg + 15 1% 0% 53% 0% 0% 0% 9% 0%
deviation shutdown Profile Avg+ 20 0% 0% 9% 0% 0% 0% 0% 0%

Table 5.1  Simulation Results
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For example, units B1 through B3 only experienced alarms and not shutdowns for alarm

/ shutdown criteria limits which were set as low as 5/10 •F.  On the other hand, unit B5,

would have experienced numerous shutdowns using criteria limits as low as 5/10 •F.

ESTABLISHING AVERAGES

Each of the detection methods described above use a different type of average in their

algorithm.  The only algorithm which requires a continuously updated average is the

ìdeviation criterion.î  However, the ìabsolute criterionî requires a temperature limit

which is usually set relative to the average bearing temperature and the ìindividual

bearing criterionî uses several temperature limits which are set relative to each bearingís

average temperature.

One method of determining average temperatures is to run a compressor and record the

operating temperatures.  After a certain duration of time has passed which has exhibited

bearing temperatures representative of normal behavior, the bearing temperatures are

averaged.  It is important to allow enough time to pass in order to factor natural

variability into the average.  It is also important to exclude any non-operating time in

which ambient temperatures would lower the results of the average.

Another method is to use a rolling average, which uses the average bearing temperatures

over a given amount of time that has just passed (e.g., the last two hours).  This method

will provide an average that is constantly updated and can incorporate any natural

variation into the average.  However, one disadvantage of a rolling average occurs when

the bearing temperatures are slowly climbing.  For example, assume an ìindividual

bearing criterionî is being used on a compressor and the criterion limits are set 10/15 •F

above each bearingís average temperature and a rolling average is used which is

calculated over the last 24 hours.  If a bearingís temperature slowly increases over three

months, the rolling average will also increase and the ìindividual bearing criterionî will

not be able to detect the defective bearing due to the criterion operating relative to the

rolling average.

PROBABILITY OF FALSE ALARMS

The likely number of false alarms can be estimated based upon the difference between a

criterion level and the average bearing temperature, provided the sample rate and the

standard deviation of the bearing temperatures are known.  Assuming that the bearing

temperatures vary about their average with a Gaussian distribution, a bearing

temperature has a 99.73 percent probability per sample that it will remain within three
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standard deviations of its average.  Therefore, there is a 0.27 percent probability per

sample that the temperature will vary farther than three standard deviations away from

the mean;  however, since only the temperatures above the mean are significant there is

actually a 0.135 percent probability per sample of experiencing a false alarm if the

criterion level is set three standard deviations above the average.  Since several bearings

are sampled simultaneously and each bearing has a probability of experiencing a false

alarm, the actual probability of a false alarm for any given time record is higher than the

probability for a single bearing.  Given a 0.135 percent probability of a false alarm for

each sample, ten bearings will require ten simultaneous samples that result in an 1.34

percent probability of a false alarm. This  1.34 percent probability of a false alarm, with

a sample rate of one sample per second per bearing, would result in 420,000 false

alarms a year.  Table 5.2 presents an extension of these calculations to show the

probability of a false alarm using criterion levels of three to seven standard deviations

above the mean temperature.  The second column shows the probability of a single

sample exceeding a given number of standard deviations.  The third column presents the

probability of a single sample from any one of ten bearings exceeding a given number

of standard deviations.  In addition, the fourth column in Table 5.2 extends the results of

the third column to present the estimated number of false alarms every year if the

sample rate is 1 sample per second (per bearing) on a compressor with ten bearings.

As noted, these probabilities assume that the bearing temperatures vary about their

average with a Gaussian distribution.  This assumption is reasonable, as determined by

viewing the temperature histograms of the bearings in each unit.  Figure 5.2 shows the

histogram for a single bearing in unit A1 which resembles a Gaussian distribution.

Figure 5.2 makes clear that the probability of a false alarm decreases as the shutdown

temperature is increased.

False alarms can be reduced significantly by using a voting system for the temperature

monitoring system.  In a voting system, an alarm or shutdown is only triggered if the

temperature above the alarm or shutdown limit is obtained for a predetermined number

of sample cycles.  As an example, a compressor with two thermocouples per bearing

may have  a  voting  system that  requires four consecutive  or simultaneous strikes to

trigger  an alarm.  With this voting system the alarm can be triggered if both

thermocouples on a bearing register two consecutive strikes each, or if only one of the

thermocouples on a bearing registers four consecutive strikes.  Table 5.3 compares the

probabilities of a false alarm occurring on a unit (with ten bearings) requiring one strike

versus a unit requiring two consecutive strikes as well as the probable number of false
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alarms occurring on the two units over the course of a year while sampling at 1

sample/second.  As seen in Table 5.3, a two strike voting system used in conjunction

with an alarm limit set at least five standard deviations from the average bearing

temperature is very beneficial in reducing the number of false alarms predicted by this

analysis to a tolerable level of less than one false alarm per year.

Standard
Deviation

Probability (per sample)
of False Alarm

Probability per time
record (10 bearings) of

False Alarm

Estimated False Alarms per Year
(1 sample/second per bearing, 10

bearings)

3 0.135 percent 1.34 percent 420,000

4 0.00317 percent 0.0317 percent 10,000

5 2.87 x 10-5 percent 2.87 x 10-4 percent 90

6 9.9 x 10-8 percent 9.9 x 10-7 percent 0.31

7 1.0 x 10-10 percent 1.0 x 10-9 percent 0.00031

Table 5.2  False Alarm Probabilities

Standard
Deviation

One Strike Required to
Trigger Alarm

Estimated False
Alarms per Year

(One Hit
Required)

Two Strikes Required
to Trigger Alarm

Estimated False
Alarms per Year

(Two Hits
Required)

3 1.3 percent 420,000 0.018 percent 5,700

4 0.032 percent 10,000 1.0 x 10-5 percent 3.1

5 2.9 x 10-4 percent 90 8.4 x 10-10 percent 0.00026

6 9.9 x 10-7 percent 0.31 9.8 x 10-15 percent 3.1 x 10-9

7 1.0 x 10-9 percent 0.00031 1.0 x 10-20 percent 3.1 x 10-15

Table 5.3  False Alarm Probabilities When Using a Voting System



5-14

Histogram of unit A1's #1 Bearing

0

1000

2000

3000

4000

5000

6000
14

0

14
2

14
4

14
6

14
8

15
0

15
2

15
4

15
6

15
8

16
0

16
2

16
4

16
6

16
8

Temperature

Figure 5.2  Temperature Histogram of a Single Bearing in Unit A1
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6. DEVELOPING AN APPROACH

This report has reviewed the advantages and disadvantages of implementing a

thermocouple temperature monitoring system.  In addition, this report has also

introduced many of the issues and decisions that should be addressed when determining

the best temperature monitoring configuration for a given application.  While

temperature monitoring programs will vary from compressor to compressor, there are

several recommendations that can be used to produce a baseline.  The baseline

monitoring program can then be altered to meet the requirements of each individual

compressor.

The analysis of various simulations and histograms in the preceding pages illustrate

typical analyses which can help guide the development of a monitoring strategy and the

setting of limits for system wide and unit specific consideration.  As previously

discussed, essential goals are to provide reliable early warning with the alarm settings,

to ensure minimum damage when a shutdown occurs due to the violation of a shutdown

criterion, and to avoid any shutdowns which are not indicative of a problem requiring

immediate attention.

First, it is recommended to implement a thermocouple temperature monitoring system

on all reciprocating compressors with over 1,000 horsepower as well as any

compressors that are considered critical.  It is also recommended that two sensors, rather

than just one sensor, be installed on each bearing to provide failure backup.  The two

sensors can be configured as two thermocouples, or one thermocouple and one eutectic

temperature monitor.  If two thermocouples are installed, then each thermocouple can be

used to verify the otherís temperature.  If one thermocouple and one eutectic monitor are

installed, then there is the possibility of the thermocouple going bad;  however, the

eutectic monitor would be present to shutdown the compressor if any temperature limits

are exceeded.  Clearly an effective program can be based on one thermocouple per

bearing.  In fact, the majority of companies currently use one thermocouple per bearing.

The benefit of using a second sensor is to enhance system reliability and operator

confidence.

Once the hardware for the temperature monitoring system has been installed, the next

step is to implement a monitoring algorithm.  While individual companies need to

balance their monitoring and operating requirements, a reasonable starting point appears

to be:



6-2

1. Use both the ìabsolute criterionî and the ìdeviation criterionî in the detection

algorithm.  The ìdeviation criterionî will act as the first line of detection if a single

bearing fails, while the ìabsolute criterionî will act as a backup in the case that all of

the bearing temperatures increase simultaneously.  In addition, the ìdeviation

criterionî will help detect bearing failures during start-ups.

2. Establish a historical unit average.  The absolute alarm and shutdown limits will be

based upon this historical average.  It is important that the historical unit average

only include normal operating temperatures in the calculation of the average.  While

a historical unit average is being determined, the absolute shutdown limit can be set

to the same temperature limit of a eutectic melt-out device, but this limit should be

updated as soon as historical data is available.  Historical unit averages should be re-

validated after bearing change out, crankshaft realignment, or other maintenance

actions that could affect the bearings/crankshaft system.

3. Set the ìabsolute criterionî alarm at 15 •F above the historical average and the

ìabsolute criterionî shutdown at 20 •F above the historical average.

4. Set the ìdeviation criterionî alarm at 15 •F above the instantaneous average and the

ìdeviation criterionî shutdown at 20 •F above the instantaneous average.

5. Implement logging to record sufficient data for a statistical analysis of each unit to

provide:

• Unit Average

• Unit Standard Deviation

• Individual Bearing Average

• Individual Bearing Standard Deviation

• Individual Bearing Histograms (e.g., cumulative number of temperatures falling
into 1 or 2 •F temperature bins for all operating time beyond two hours from start-
up)

• Number of Alarms

• Number of Shutdowns due to temperature

While requiring some specific data-recording logic on the logging system, the volume

of data accumulated for these purposes is fixed and uses less storage space than a

comprehensive long-term historical record.

Once the monitoring algorithm has been initialized, it can be tailored over time to a

condition that best suits the unit.  This especially applies to the alarm and shutdown set-
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points that were defined in steps 3 and 4.  These set-points should be compared to the

statistical information derived from step 5 to determine their optimal settings.  The

averages and standard deviations obtained from step 5 should provide sufficient

information to determine if the alarm and shutdown set-points should be increased or

decreased in order to obtain an acceptable balance between shutdown sensitivity and the

number of false alarms per year.
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Company

Thermocouple 
Temperature 
Monitoring?

Control 
Company

Sensors 
per 

Bearing

Depth of 
Sensors into 

Bearing
Trending 
Possible?

Trending 
Performed? Failures?

False 
Alarms?

Alarm 
Setpoint

Shutdown 
Setpoint

Variable 
Setpoints

% of 
Machines 
Monitored

% of HP 
Monitored

T yes OEM 1 Back of Shell Yes No Unknown Unknown Unknown NA No Unknown Unknown
BA yes Alnor 1 Back of Shell Yes Yes Yes Yes 5 10 No 75% >75%
BA yes OEM 1 Within Bearing Ca Unknown No No No Unknown Unknown No 33% Unknown
Q yes MOT/EX-LIN 1 Back of Shell Yes Yes No No Unknown Unknown Yes Very Low Very Low
W yes Unknown 1 Within Bearing She Unknown No No No Unknown Unknown Unknown Unknown Unknown
M no NA NA NA NA NA NA NA NA NA NA 0% 0%
U yes AMOT 2 Back of Shell No No No No Unknown Unknown No 17% 28%

AM yes In-House 2 Within Bearing She Yes No Yes No 5 15 No 20% 60%
BB yes OEM 1 Back of Shell Yes No No No 10 25 No 30% 85%
F yes Murphy 1 Back of Shell Yes Yes No No Unknown Unknown Unknown Unknown Unknown
AI yes Unknown 2 Back of Shell Yes Yes Yes Unknown Unknown 20 Unknown Unknown Unknown
AA yes MOT/EX-LIN 2 Back of Shell Yes Yes Yes Yes Unknown Unknown No 60% 80%
B no NA NA NA NA NA NA NA NA NA NA 0% 0%
B yes EX-LINE 1 Back of Shell Yes No Unknown Unknown Unknown Unknown Unknown Unknown Unknown

AZ no NA NA NA NA NA NA NA NA NA NA 0% 0%
AB yes Unknown 1 Back of Shell No No No No Unknown Unknown Unknown Unknown Unknown
AC no NA NA NA NA NA NA NA NA NA NA 0% 0%
H yes AMOT 2 Back of Shell Yes No Yes Unknown Unknown Unknown Unknown Unknown Unknown
K no NA NA NA NA NA NA NA NA NA NA 0% 0%

AP yes Unknown Unknown Unknown Unknown Unknown yes Unknown Unknown Unknown Unknown Unknown Unknown
AE yes Unknown 1 Back of Shell No No No No Unknown Unknown Unknown Unknown Unknown
AN yes Aces Unknown Unknown Yes Yes No Unknown Unknown Unknown No Unknown Unknown
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Company: T

Several KVSRís and several GMVRís are temperature monitored.
Presently, no trending is performed, but trending is possible.
There are 20 temperature inputs in their control system, we may use 8 of these for

trending.  However, there are more than 8 bearings per engine.  This means we
cannot monitor every bearing.

Temperature sensors are OEM, and are probably RTD.
There is only one sensor per bearing.  Representative feels that only one sensor is

needed per bearing because if the sensor reads a signal way off the other sensors,
then there is something wrong with that sensor.

Sensors provide an alarm trigger, but do not provide a shutdown trigger.
Shutdown triggers are controlled by eutectic pop-outs.
The sensor set-points are held constant and are not variable.  Thus set-points are not

correlated to any other machine parameters.
The sensors touch the back of the shell.
All temperature monitors were installed as a general upgrade.
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Company: BA

Five or six reciprocating compressors that are temperature monitored.
Waukeshas, 2000hp Coopers, and 4000hp Coopers.
The Coopers are integral (low-speed).
The Waukeshas are separable (high speed).
The compressors are located out in the Gulf of Mexico.
The temperature monitored compressors make up about 75 percent of all the

compressors.
The temperature monitored compressors make up more than 75 percent of the total

horsepower.  In other words, the higher horsepower compressors are monitored.
Trending is performed on all temperature sensors.
Trending data goes back for 3-4 years.
The 4000hp Coopers use two thermocouples per bearing.
The 2000hp Coopers use one thermocouple per bearing.  This is due to space limitations

on the bearings.
The sensors are used for alarm and shutdown triggers.
Alarm set-points are 5 •F above average.
Shutdown set-points are 10 •F above average.
The sensor set-points are held constant and are not variable.  Thus set-points are not

correlated to any other machine parameters.  The set-points are set wide enough to
compensate for temperature variations caused by running conditions.

The thermocouples touch the back of the bearing shell, but do not penetrate into the
shell.

The sensors are hooked up to SOI monitors, which are connected to PLC, which is
connected to Scada computer.

Liberty Beta Group performs data trending.
Temperature monitoring was implemented after a cost analysis to determine the cost of

fixing a compressor versus implementing temperature monitoring.  As a result,
company uses temperature monitoring on any reciprocating compressor with 1000hp
or above.  They feel one failure will pay for the temperature monitoring of 15
machines.

There have been no crankshaft failures since monitoring has begun.
There have been several saves.
There have been several false alarms.
A bearing failure was caught and recorded.  The temperature sensor prevented a

crankshaft failure.
Seasonal changes are definitely evident.
Seasonal effects are even evident on eutectic pop-outs.  In the summer, when there is a

smaller difference between the operating temperature and the melting temperature,
the eutectics work very well and prevent damage to the crankshaft.  In the winter,
when there is a larger difference between the operating temperature and the melting
temperature, the eutectics work but they do not prevent crankshaft damage.
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Claim to be able to predict grout/foundation failure by observing temperature monitors.
As areas of foundation settles, bearings on top of areas exhibit higher temperatures.
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Company: BA

Four Ingersoll-Rands and two Worthingtons.
These compressors are low speed.
Out of 50 mainframes, the monitored compressors make up 33 percent of the total

compressors.
These monitored compressors are approximately 3000 to 5000 horsepower units.
The sensors provide alarm and shutdown triggers.
The alarm and shutdown triggers are set at a particular percentage of the engines

average temperature, but Representative did not know what this percentage was.
Only one sensor per bearing is used.
The sensors were already installed on the machines when they were bought.  OEM

products.
The sensor set-points are held constant and are not variable.  Thus set-points are not

correlated to any other machine parameters.
No trending is performed on the machines and Representative is unsure whether

trending is possible.  They use a Dynalco system on two of the machines.
The sensors do not extend all the way to the bearing shell.  Instead the sensors reside

within the bearing cap.
There have been no false alarms, no ìsavesî, and no failures reported.
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Company: Q

Several units use continuous temperature monitoring.
These units are low speed compressors.
The monitored compressors make up a real low percentage of the total compressors.
One sensor per bearing.
The majority of the sensors touch the back of the bearing shell.  However, there are

other configurations that depend on the type of thermocouple that is being used.
The sensors are purchased from AMOT and EX-LINE.
The sensors were installed as soon as the compressors came from the factory.
Did not know what the limit settings were; however, the set-points were set as a

deviation from an instantaneous average.  Using deviation from instantaneous
average allows the set-points to be active during start ups and shut downs.

Trending is possible and is performed.
There have been no ìsavesî
There have been no ìfailuresî on the machines with thermocouple monitoring.
There have been no ìfalse alarmsî on the machines with thermocouple monitoring.
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Company: W

Very few reciprocating compressors are temperature monitored.
They use eutectic melt-outs on almost all machines.
Only one station comes to mind, two 4000hp units.
The sensor set-points are held constant and are not variable.  Thus set-points are not

correlated to any other machine parameters.
Thermistors are used for sensors.
Only one sensor per bearing.
Sensor is drilled into the bearing shell.
Data is displayed with Dynalco system, but no trending data is recorded.
No failures have occurred.
No false alarms have occurred.
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Company: M

No temperature monitoring performed.
The reason for this decision was not known.
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Company: U

One Cooper W330 (8 cylinder) (4000hp)
This reciprocating compressor makes up one out of six compressors.
The other compressors include four 2000hp and one 2250hp.
Trending has not worked on this machine for the last year.
There have been no failures.
The units have not been run at 100%.
The sensors can be used to look at the temperatures, but no trending can be obtained.
Two AMOT thermocouples are used per bearing cap.
The sensors touch the back of the bearing shell.
One AMOT eutectic is used per bearing cap in addition.
The sensors were installed at the factory.
It was requested that the sensors be installed on this machine because of concerns about

main bearings at the time of purchase.
The sensor set-points are held constant and are not variable.  Thus set-points are not

correlated to any other machine parameters.
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Company: AM

Three Worthington BDC-1 compressors (8000hp)
The monitored compressors make up 3 out of 15 total reciprocating compressors.
The other twelve compressors vary from 100 to 2500 hp.
Each bearing has two thermocouples installed.
Average temperature:  145 •F
Alarm temperature:  150 •F
Shutdown temperature:  160 •F
Two out of two bearings must trigger in order to create a response.
The sensor set-points are held constant and are not variable.  Thus set-points are not

correlated to any other machine parameters.
Representative felt that the machine temperature did not vary more than 5 degrees from

extreme to extreme when changing machine operating conditions (i.e. load), and that
any large variations in bearing temperatures are caused be a problem with the
machine.

The thermocouple is drilled halfway through the bearing shell.
The bearing shell is 0.75-inches thick, thus the thermocouple is 0.375-inches from shell

surface.
The sensors systems were made and installed by company.
TDC3000 computerized control system.
Data trending is possible, but is not currently practiced.

History:
Foundation work performed on a compressor in 1992.
Soon after, they had a main bearing failure which cracked the crankshaft.
Once fixed, the compressor ran 1 year.
In 1993, the compressor failed again.
In the course of the repairs, two thermocouples were installed in each of the six

bearings.
This was a temporary thermocouple monitoring system designed by Bently Nevada, and

was used for six months.
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Company: BB

Fifteen to twenty units have temperature monitoring
Each bearing has one thermocouple.
The thermocouples touch the back of the shell, but do not penetrate into the shell.
The sensors are OEM
No trend data is collected.  Trending is possible; however, the data began to use up too

much disk space and nothing was being done with the data.  Therefore, trending was
discontinued and the sensors merely serve to trigger alarms and shutdowns.

No false alarms. However, thermocouples go bad periodically, and that sensor is turned
off.

Alarm and shutdown set-points vary from machine to machine.  One example was alarm
10 degrees above average, and shutdown 25 degrees above average.

The sensor set-points are held constant and are not variable.  Thus set-points are not
correlated to any other machine parameters.  However, they are pushing hard to
develop variable set-points.

30 percent of machines are monitored.
85 percent of horsepower is monitored.
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Company: F

Several AJAX reciprocating compressors with temperature monitoring.
They use Murphy type temperature sensors.
One sensor per unit.
The sensors touch the back of the bearing shell.

They are capable and do keep trend data.
The trend data dates back for about 7 years, but each time a new company installs

hardware they purge the system.  Therefore, they probably have only about 2 years
worth of data on some machines, and less on the rest.

There have been no saves.  The sensors were installed after a failure 7 years ago.
There have been no failures since the installation of the sensors.
No false alarms (that are known of).
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Company: AI

Two Worthington MLV20ís.
Alarm temperature:  200 •F
Shutdown temperature:  220•F
One Cooper GMWC12.
Alarm temperature:  200 •F
Shutdown temperature:  220 •F
One Cooper GMVH10.
Alarm temperature:  205 •F
Shutdown temperature:  228 •F
One Worthington MLV14.
Alarm temperature:  180 •F
Shutdown temperature:  190 •F
All of these units are panel/computer accessible.
The shutdown temperatures were set 20 •F below the melt-out settings.
Two thermocouples per bearing.  They feel that two thermocouples per bearing adds to

credibility and reliability.
The thermocouples touch the back of the shell, but do not penetrate into the shell.
The thermocouple devices were from AMOT or EX-LINE.
They do perform data trending, and presently have data stored.
The data is stored every 20-minutes.
They also have a 1-second rule.  Any sensor readings must last longer than 1-second for

it to trigger any alarms or shutdowns.

Event:
Crankshaft failure.
Temperature monitoring had been installed on the unit.
The temperature monitors sounded an alarm and shutdown the unit.
The operators believed that the alarm was due to a bad thermocouple, thus they disabled

the shutdown, replaced the thermocouple, and started the unit again.
The temperature monitor showed that the bearing got hot once again and the unit was

shut down.
The bearing was replaced;  however, in the process of replacing the bearing the bearing

saddle was damaged.
Washington Ironworks straightened and magnafluxed the crankshaft.
When the unit was started again, that particular bearing ran 10 •F hotter than average.
After several weeks, the temperature monitors shut the unit down again.
When the unit was opened, it was apparent that babbit was coming out of the bearing.
When the bearing was removed, it was discovered that the crankshaft had fractured.
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Company:  BB

They plan on installing temperature monitoring an all of their units.
Presently they have about 30 machines with temperature monitoring.
The monitored machines make up 30 out of a total of 50 reciprocating compressors.
They use both AMOT and EX-LINE temperature sensors.
Two sensors per bearing.
They only require one out of two sensors to trigger or if there is a large differential

between two sensors.
The sensors touch the back of the bearing shell.
The sensors provide alarm and shutdown triggers.
The sensor set-points are held constant and are not variable.  Thus set-points are not

correlated to any other machine parameters.

They are capable of keeping trend data.
They do not keep trend data.
There have been several ìsavesî which have limited damage to bearing failures and

prevented crankshaft failure.  System has definitely paid for itself.
There has only been one failure.  A piece of the crankshaft broke off.  This piece started

to rub against a bearing enough to raise the bearing temperature and set off an alarm.
The crankshaft did fail, however, the bearing temperature sensors were able to stop
the system before the crankshaft catastrophically failed.

There have been numerous false alarms, but these tend to occur immediately after the
bearing temperature sensors are installed.  The false alarms are a result of calibration
error, confusion with thermocouple types (i.e. J vs. K), and thermocouples going bad
and giving high readings.
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Company: B

Temperature monitoring is performed, but on very few units.
One sensor per bearing.
He thought the sensors were set to touch the back of the bearing shell, however, he was

unsure.
The sensors are purchased from EX-LINE
Did not know what the limit settings were

Trending is possible, but is not performed.
Representative was unsure about ìfailuresî, ìsavesî, and ìfalse-alarmsî
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Company: B

No reciprocating compressors use continuous temperature monitoring.
Only sensors used are the eutectic pop-out monitors.
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Company:  AZ

Very little temperature monitoring is performed.  All they use are the eutectic ìturkey
poppersî.

So few failures occur, that the operators feel the sensors are useless and stop replacing
the sensor wires during maintenance.  At this point the monitoring is made useless
by the operators.
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Company:  AB

Fifteen units.
Each bearing has one thermocouple per bearing.
Average temperature:  155 •F
Alarm temperature:  160 •F
Shutdown temperature:  165• F
The thermocouples touch the back of the shell, but do not penetrate into the shell.
No trending is performed.
Biggest drawback is that the unit is not running and is unknown when it will be run in

the future.

There have been two false alarms.
The alarm set-point was set too low.
Oil cooler malfunctioned.



A-20

Company:  AC

No temperature monitoring performed.
Only eutectic devices are used on approximately 90% of their machines.
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Company: H

One Cooper 16V250 compressor.
Each bearing has two thermocouples located 90-degrees apart.
The thermocouples touch the back of the shell, but do not penetrate into the shell.
The sensor system was purchased from AMOT.
They use a Bristol for their computer control system.
Presently, only data from the last 12 days are archived.  It may be possible to extend this

to 30 days.

History:  This compressor failed twice and required the crankshaft to be replaced both
times.

Upon installing the third crankshaft, the temperature monitoring system was retrofit into
the bearings.
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Company:  K

No reciprocating compressors use continuous temperature monitoring.
Only sensors used are the eutectic pop-out monitors.
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Company:  AP

Temperature monitoring is used on several machines.
Not much information was given due to the fact that no more reporting is practiced.
All the reciprocating compressor stations will be closed within 3 years.
There have been several ìsavesî and a couple of ìfailuresî
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Company: AE

Three machines use temperature monitoring.
They plan on implementing temperature monitoring on all their machines in the future.
One sensor per unit.
The sensors touch the back of the bearing shell.

Trending is not possible or performed yet.
Trending abilities are being installed now and will be functional within 1.5-2 years.
There have been no ìsavesî
There have been no ìfailuresî
There have been no ìfalse alarmsî
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Company:  AN

Company is currently installing a SCADA system within their A line.  The SCADA
system will include thermocouple monitoring.

There are eight stations in the A line.  Within the A line, there are:  2machines at B
facility, 1machine at C facility, 1machine at D facility, 1machine at E facility,
1machine at F facility, 1machine at G facility, 1machine at H facility, 1machine at I
facility, and incomplete at J facility (8machines at J facility, but it is undecided
which ones will get monitoring).

Twelve engines are being monitored.  Three of these are trending, and the other nine
will begin trending within one month.  Ten are GMVH (9 are H12, 1 is H10), one is
GMVA10, and one is White Superior.

The temperature monitoring systems were installed by Aces, Inc. in Houston.  The
thermocouples are from EX-LINE.

One sensor per bearing.
Sensor touches the back of the bearing shell.
The alarm and shutdown set-points depend on the type of machine.
The shutdown set-point is set at the melt-out temperature of eutectic melt-outs.
The alarm set-point is 15 degrees below the shutdown temperature.
There is an additional alarm which will trigger if the max-min spread exceeds 25

degrees.
The sensor set-points are held constant and are not variable.  Thus set-points are not

correlated to any other machine parameters.
There have been no failures on the machines which have had temperature monitoring

installed.
There have been no false alarms.  They have only had one bad thermocouple, and the

thermocouple was defective from the manufacturer.
Twelve out of seventy (17.1%) machines are monitored.
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APPENDIX B  REPRESENTATIVE TREND DATA PRINT-OUT
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APPENDIX C  COMPRESSOR STATISTICS



C-2

Compressor Statistics

Unit bearing 1 bearing 2 bearing 3 bearing 4 bearing 5 bearing 6 bearing 7 bearing 8 bearing 9 bearing 10 bearing 11
A1 mean 153.7 145.4 154.4 149.6 152.5 147.8 161.4 147.3 152.7

standard deviation 2.0 3.0 2.4 2.4 2.5 2.2 5.0 3.9 2.6
high 167.0 163.0 167.0 163.0 165.0 163.0 183.0 160.0 168.0

A2 mean 155.8 164.7 159.2 156.4 155.9 159.2 155.5 160.9 156.3 157.8 154.9
standard deviation 1.3 1.7 1.4 1.4 1.4 1.4 1.4 1.6 1.3 1.5 1.7
high 161.0 170.0 165.0 162.0 161.0 165.0 161.0 166.0 161.0 163.0 159.0

A3 mean 157.3 159.1 161.1 158.8 160.7 159.7 175.4 162.7 161.5 159.5 155.6
standard deviation 1.3 1.2 1.1 1.4 1.4 1.5 4.4 1.4 1.2 1.3 1.6
high 163.0 164.0 166.0 164.0 167.0 165.0 193.0 167.0 167.0 165.0 163.0

B1 mean 151.9 155.7 154.9 160.6 155.7 158.2 153.3
standard deviation 1.2 1.5 1.4 1.6 1.5 1.8 1.6
high 155.0 159.0 157.0 164.0 159.0 162.0 156.0

B2 mean 155.4 157.4 156.9 160.6 151.2 159.6 154.4
standard deviation 1.7 1.8 1.6 1.6 1.5 1.7 1.7
high 159.0 161.0 160.0 164.0 155.0 163.0 158.0

B3 mean 152.3 155.2 155.0 157.1 154.7 158.1 150.6
standard deviation 1.3 1.4 1.2 1.4 1.4 1.5 1.6
high 155.0 158.0 157.0 160.0 158.0 161.0 153.0

B4 mean 162.2 164.7 168.9 169.0 163.9 162.7 160.1 122.45
standard deviation 1.9 2.2 2.6 2.3 5.9 5.7 4.5 4.86
high 166.0 168.0 174.0 172.0 172.0 169.0 166.0 134

brng1a brng1b brng2a brng2b brng3a brng3b brng4a brng4b brng5a brng5b brng6a brng6b
B5 mean 166.6 169.5 168.4 167.4 169.6 171.3 169.1 166.3 168.3 170.1 172.0 172.6

standard deviation 4.2 3.6 3.2 3.2 3.7 4.0 5.2 4.1 3.9 3.5 3.2 2.7
high 178.0 179.0 178.0 185.0 185.0 181.0 181.0 186.0 188.0 183.0 180.0 183.0
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