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Abstract

Although overall vibration trending is an excelléool for monitoring the health of
rotating machinery, it is not generally effective fnonitoring reciprocating
machinery. There are several reciprocating machifaits that do not significantly
increase a machine’s overall vibration level usgiVere damage has occurred. This
paper describes improved shock monitoring technolbgt is very sensitive to these
faults in their early-stages of development anghigicularly effective in monitoring
reciprocating compressors. These fault conditisagpamarily characterized by
mechanical looseness that results in impactingimvitie machine and include: loose
rod nuts, loose bolts, worn pins, broken partsiidign the cylinder, and cylinder
scoring. It also introduces the Reciprocating Maehy Protector that implements
these techniques.

I ntroduction

Typical vibration monitoring techniques that aratmely used on rotating machinery
have been unsuccessfully applied to reciprocatiygnes and compressors for many
years. The reason is that many typical faults eiprecating machinery are
characterized by mechanical looseness, which eesulinpacting or shock events in
the machine. Since impacts generally have litdeotfon the overall vibration level,
these faults are not detected at an early staga.r@sult, abnormalities are not
diagnosed until damage has occurred and it isai@otd take simple corrective
measures. Figure 1 shows vibration data takenfatfgmod and bad compressor.
Even though there are significant differences enghak amplitudes due to the
impacts, the overall vibration level does not creaagough to detect it.
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Figure 1 — Time waveforms of good and bad compresso



The monitoring technology presented here is baped the detection of mechanical
shock events that occur in or near the machindisdr assembly. This technology
is not new and has been successfully used on oeafing compressors for many
years; however, the techniques presented here w@proon the existing methods.
The amplitude of each shock event that occurs wihpreset sample time is
measured and is then compared with two preset shoe&hold levels. Based on
improved exceedance criteria, a Reciprocating Hadix (RFI) is calculated that
indicates the health of the machine. This indexidies a better indication of
machine health than is provided by conventionalaotpransmitters.

The main purpose of any monitoring system is tagmomachinery. It also provides
critical data that operators and engineers camiauasses equipment condition,
determine machinery availability, and make informealno run decisions. In some
cases, this data may also be used to maximize topgedficiency. It should be noted
that shock monitoring will not replace the needdompressor performance analysis.
An increasing trend in the RFI could provide thsibdor performing an analysis.

The techniques presented are very effective inctlatefaults involving mechanical
looseness or other impact mechanisms at an eadg sif their development. These
faults include the following.

* Loose or broken bolts

* Loose or cracked rod nuts

» Cracked connecting or piston rod

» Excessive crosshead/slipper clearance
» Excessive clearance in connecting pins
» Liquid or debris in the cylinder

* Scoring in the cylinder

» Other broken parts

It should be noted that while overall vibrationééis still a concern, mechanical
looseness detected using this method is of greafertance due to the significant
damage potential if the faults go undetected. Tiheation data reviewed in this paper
compares conventional vibration trending with shocknpact measurements made
on a reciprocating gas compressor. The resultsigldastrate the advantages of
shock monitoring in reciprocating machinery.



Shock Monitoring

As stated above, shock monitoring utilizing emgiliiz determined criteria has been
successfully used to detect mechanical faults @eleeciprocating compressors for
many years. This paper describes shock moniteeicignology that is incorporated
into the Reciprocating Machinery Protector (RMRjttimproves upon existing
methods in the following ways.

1. The peak amplitude of routine data that does no¢eat a shock threshold
level is measured and can be trended.

2. Peaks are evaluated relative to two shock thredbutds rather than one.
This allows more flexibility in setting thresholdssulting in earlier warning
of faults.

3. The peak counts are weighted based on their l¢éwdislp better quantify
vibration severity.

4. A “dead time” is used to eliminate false peak ceuhie to mechanical
ringing of lightly damped structures that are causg the impacts.

5. The monitoring parameters are programmable sortheeps can be optimized
for particular machines.

6. The monitor has a higher frequency response thestirex units.

Impacts caused by mechanical looseness produceskieryduration, high amplitude
“spikes” that can be accurately measured using@zogiectric accelerometer. These
high amplitude spikes, however, are masked byttoadil vibration signal processing
techniques because they add very little energlygoribration signal. Thus, the
overall vibration amplitude is relatively unaffedtand provides little warning of
serious faults. To accurately measure impacts,iapseak detection circuitry is
required that has a very fast response time.

Figures 2 and 3 show examples of vibration signedasured using an accelerometer
on a compressor cylinder assembly. To illustdagegroblem, the signals were
acquired using the transient capture mode on arsjpe@nalyzer. The sample
window (Ts) is typically selected to include several cyclésnachine operation to

get a representative data sample.
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Figure 2- Compressor cylinder assembly time wawvafor
with insignificant impacts

Au

Ts

A
\ 4

Figure 3 - Compressor cylinder assembly time wawefo
showing significant impacts

In Figure 2, there are no significant impact eveniét exceed either the lower or
upper shock threshold levels (Ar Ay) indicating a normal time waveform for a
compressor. Figure 3 includes several short duratimh amplitude spikes that
exceed both the lower and upper shock thresho&dewhich are a direct result of
mechanical looseness. The circles on the plot ipeaks that exceed/and the
triangles those that exceed.A he technique used puts a greater weight onghks
that exceed the upper shock threshold level.

By using two shock threshold levels, impact evanésdetected that are lower in
magnitude than events detected by traditional imfgatinology. These lower
magnitude events provide extremely useful infororatvith respect to the onset of
malfunctions in reciprocating machinery. With tmgrmation, minor problems may
be detected and fixed before they become majoigmubor catastrophic failures.
One must take care, however, not to set it toodowhat it starts counting normal
pulses.



Since data is collected over several cycles ofaijmer, no synchronization pulse is
required. For compressor protection, it is onlyassary to know the amplitude of the
shock pulses; it is not necessary to know theisphalative to piston position or
crankshaft angle. In order to do more detailedmbagjc analysis, however, it would
be necessary to synchronize the data with maclusgign.

Data Collection

Shock and vibration data is measured using an iriduaccelerometer which
operates over a wide frequency range and thusmdspaccurately to impact events.
The Reciprocating Machinery Protector (RMP) corgain integral accelerometer for
ease of installation. It is generally mounted #® ¢hosshead or crosshead slipper with
its sensing axis perpendicular to the piston rotianpsee Figure 4. If the
compressor does not have a crosshead, it is motmtadnkshaft side of the

cylinder.

RMP

N

Figure 4 - Diagram of compressor cross section sShglRMP mounting

In conventional vibration monitoring, data is cotied with the machine in a
consistent steady state condition (constant spegdbad) whenever possible. The
analyzer averages the data to produce a repeatadyiall vibration level that is
suitable for trending. The circuits used for tlyige of measurement are typically true
RMS detectors and thus average the signal. Theurezasnt objective is to produce
a consistent, non-time varying signal to be trendéesplayed on a meter, or to output
(4-20 mA) to a PLC, DCS, or other control systeimpact signals, like those in
Figures 1 and 3, are not accurately detected in awgrcuit. If the data is further
altered by filtering or integration (e.g., to gefacity units) then additional
“smoothing” of the data occurs and it becomes ewere difficult to detect impact
signals. For rotating machinery monitoring applimas, average vibration
measurements work well but they are ineffectiverémiprocating machinery.



In order to accurately measure short duration, higiplitude shock signals, a special
peak detector circuit with a fast response timedgiired. Due to the variability of
individual shock pulse amplitudes, a simple congmariof amplitude against an
alarm would not be reliable. Since signal smootluagnot be used, another method
must be employed to assure repeatable resultsvandi false indications of machine
problems. This is accomplished by sampling the da& many machine cycles,
counting the peaks that exceed the preset shoekhbid levels, applying weighting
factors based on amplitude, and summing them detiermine a Reciprocating Fault
Index (RFI) that relates directly to machine healthis process assures consistency
and reliability of the data.

The difference between monitoring overall vibratiewel and RFI is shown in Figure
5. This is a trend graph, over a sixty minute gubrthat shows both measurements on
the same compressor. (Note: Time runs from righeftaon this plot.) The RFI trace
appears as a “cityscape” and shows a significaméase in amplitude over the one
hour period. The overall vibration trend, on thieesthand, shows little change in
amplitude and, in this case, did not trip an ala®eame level of mechanical looseness
is evident and the RFI trend shows a worseningitiondas time progresses. The
short interruption in the data is a period wheedbmpressor was stopped and then
restarted. It is important to notice that whenR#kd was at the highest values, the
overall vibration level changes were extremely migii. This clearly shows that
overall vibration level alone cannot be reliablgdss an indicator for mechanical
looseness.
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Figure 5- Trend graph of an overall vibration le\azid RFI

Accur ate Peak Counts

As stated earlier, the basis of the analysis @etect and count mechanical shock
events that exceed the shock threshold levels., Thissextremely important to get
accurate counts. Unfortunately, a single impactgezmerate a response signal that
appears to contain more than one impact event.igppens because an impact
imparts a broadband force into the machine straattirich causes a response at its
natural frequencies. If the structure is lightlyngzed (as are most steel structures) the
resultant vibration does not die out quickly anicds” like a bell.



Figure 6 shows an expanded view of the data inrBiguDue to the low damping,

the response acceleration takes several millisectindie down. If something is not
done to exclude the peaks of the response sigabéKteed the shock threshold
levels, the detector circuit will incorrectly couhese as multiple impacts. To combat
this problem, the RMP incorporates a dead timg fdr several milliseconds after the
initial impact where it does not count peaks thaeed the shock threshold levels.
This allows time for the response to die down dm thot produce false counts.
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Figure 6 — Expanded view of vibration time waveform
showing ringing as a result of the impact

Parameters

There are seven key parameters that must be setingtalling the RMP on a
machine. Their values are based primarily on th&ticmal speed of the compressor
and other empirically determined criteria. The pagters are the sample time, two
shock threshold levels, two weighting factors, amd alarm levels. The sample time
(Ty) is typically set between 12 and 16 machine cyiatiration to allow sufficient
data collection. It is determined by the followiaguation where N is machinery
RPM and N is the number of machine cycles desired.

60
TS = |:W:| X NC

The lower shock threshold level is typically seftto 4 times the baseline
acceleration level measured in g's peak. This &tan empirical results. This



assumes a normally operating machine with no ingpaicthe time of setup. Care
should be taken not to set this level too low tsdalarms could occur. The upper
shock threshold level is generally set to 1.5 6otimes the lower shock threshold
level. When impacts occur in the machine, the @eadeleration will rise well above
the baseline.

The weighting factors are used to determine thehasip to be placed on peaks that
exceed the lower and upper shock threshold le@siously, higher peaks should be
of more concern than lower ones and thus havelehigeighting factor. As the fault
characteristics and failure modes of the particolachinery being monitored are
better understood, the combination of shock thrigslevels and weighting factors
can be adjusted. Proper selection of these paresneiiélead to earlier warning of
developing faults and better protection of the nraeh

The parameters in the RMP can be either factorgrsptogrammed in the field. If
the default settings are desired, the user onlgsa®enter machine RPM into the
program. If operating experience provides data stipm a variance from the default
values, the parameters can be adjusted. Througiepselection of the parameters,
the unit can be set to optimally protect the corsgpoe or mimic most existing impact
monitors currently on the market. The program tisedollowing equations (Table 1)
to compute the default parameters and download theire RMP.

Table 1-RPM default parameters

Parameter Name Equation
Sample Tim T =%)sec(for N. =16)
Lower Shock Threshold Lev N
A= 309
Upper Shock Threshold Lev N
===9
50
Weighting Factor Increme AWE = %) mA

Weighting Factor Lowe

WF, =0.1%AWF mA

Weighting Factor Uppe

WE, =0.9+AWF m/

Maximum Peak Trending Curre

|, =8+ 6AWF mA




Theory of Operation

The basic theory of operation is fairly simple. Hystem looks for and counts peaks
that exceed shock threshold levels within a samwphelow and assesses the condition
of the machine based on those results.

A(t) = acceleration time waveform [acceleration yg)sus time (sec)]
Apk = highest peak acceleration (g) occurring in thetwindow Ts
A, = lower shock threshold level (g)

Ay = upper shock threshold level ()

N_. = number of acceleration peaks that excegdifcludes those that also exceed
An)

Ny = number of acceleration peaks that excegd A

RFI = Reciprocating Fault Index

AWF = Weighting Factor Increment

WF_ = Weighting Factor for peaks exceeding A

WFy = Weighting Factor for peaks exceeding A

Ts = Sample time or window

When the peak acceleration occurring in the sampidow is less than the lower
shock threshold level, then the RFI is simply eqadhe peak acceleration.

If A, <A, then RFI= A,

When the peak acceleration occurring in the sampldow is greater than the lower
or upper shock threshold level, then the RFI igideined by the following equation.

If A, > A, then RFI=(WF x N_+WF, x N, )+ A

If the RFI is less than warning alarm level (RFklsy), then the machine is
operating normally and the value can be trended.

If the RFI is greater than the warning alarm ldwatl less than the critical alarm level
(Ly < RFI £ L.), then the machine has developed faults and stmutdonitored

closely.

If the RFI is greater than the critical alarm le¢BIFI = L. ), then the machine has
developed serious faults and should be shut downepmaired.
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Actual Operation

The Reciprocating Machine Protector operation &cdbed below. Since the actual
unit works in voltages and currents, the parametersedefined in those terms.

V(t) = analog voltage output from the accelerometer

Vpk = highest peak voltage occurring in the time windis

V. = lower shock threshold reference voltage

Vy = upper shock threshold reference voltage

N = number of acceleration peaks exceedindiNcludes those that also exceeg) V
Nn = number of acceleration peaks exceeding V

RFI = Reciprocating Fault Index

WF_ = Weighting Factor for peaks exceeding V

WFy = Weighting Factor for peaks exceeding V

Iw = Warning Alarm Level (mA)

Ic = Critical Alarm Level (mA)

lout = 4-20 mA current output proportion to the RFI

[ = Maximum Peak Trending Current (mA) is an arbilysselected maximum
current for trending peak acceleratioskA

The RMP (Figure 7) is a two-wire device that opesatff of standard 24V loop
power and has a 4-20 mA output signal that is prtapoto the RFI. Its output can

be connected to a PLC, DCS, or SCADA system asagethany other standard
instruments that accept a 4-20 mA signal. The aysteed should have either dual
relays or display functions and is set to providéfication when the RFI exceeds
either the warning or critical alarm level. It malgo be set to shut the machine down
when the critical alarm level if reached.

Figure 7 — IMI Model 649A01 ReciprocatiMachinery Protector
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When disconnected from a power source, the sameitvgathat are used in operation
are used to communicate to the unit's microproae@BU) through a digital
interface. The optional USB programmer designedHisrcommunication is shown

in Figure 8. Setup is achieved by passing setuanpaters to the CPU using this
interface. The CPU in turn sets the shock thresheddtages in the comparators,
controls data processing, including, peak countilegd time, RFI calculation, and
outputs it to the digital-to-analog converter.

Figure 8 — IMI Model 070A82 USB Programmer

A simplified block diagram of the Reciprocating Miery Protector is shown in
Figure 9.

12
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Figure 9 - Simplified block diagram of the Recipatiog Machinery Protector operation
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The RMP includes an embedded accelerometer (sethsbryenerates a voltage
output that is proportional to the shock and vilmrasensed on the machine. The
output of the sensor is passed through a bandpi@sg%0 Hz to 10 kHz) and
coupled through an amplifier to a high speed pesigalor and both comparators.

The peak detector monitors the continuous vibragignal and holds the highest
amplitude seen within the sample window. If thene rro impacts that are greater
then either shock threshold level during this santiphe (see Figure 2) then the peak
value, \b, is passed through the analog-to-digital convdAéD) to the CPU. The
CPU computes the RFI and then outputs the valtigetdigital-to-analog converter
(D/A) and then to the voltage-to-current conve(iéit). The system outputpl, is a

4 to 20 mA current that is proportional to the RRU given by following equation.

lour :[Vﬂj(l _—4)+4mA
VL
At the end of this process, a reset signal is &etlite peak detector to start over.
The comparators are used when there are impactsethent exceed either shock
threshold level. Each comparator has two inputsctimtinuous vibration signal,
V(t), and a shock threshold reference voltagedWVy). The output of a comparator
is zero if the amplitude of V() is less than tle&erence voltage and TTL level if it is
above. The CPU counts the number of times each amtgy output goes positive
during the sample window (less any peaks that oatthin the dead time). The CPU
computes the RFI and then outputs the value t®h€ and then to the V/I
converter. In this case, the system outpiy,lis given by following equation.

IOUT :(WFLXNL+WFHX l\l—|)+ IL

Figure 10 shows a time trend example of RMP ouaised on the above equations.
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Figure 10 — Time trend example of RMP output
CaseHistory

A rebuilt six cylinder compressor was put into segvas part of an expansion project
in a gas plant. This compressor is driven wittQ@®BHP electric motor and runs at
300 RPM. This plant routinely monitored and trengtetibcity vibration
measurements on most of their equipment, includdegprocating compressors. They
decided to install an impact monitor on each comsgue cylinder on this machine.

At start-up, the transmitter alarm relay tripped &mok the compressor off line.

While attempting to restart the machine, the impaastsmitter again tripped and took
them off line. Upon investigation, it was foundftthize retaining bolts on the high
pressure packing case had not been tightenedt daught, the looseness would have
gotten worse and probably lead to catastrophiarkil
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