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ABSTRACT

A methodology is presented to evaduate and determine the necessary level of rdiability for process
equipment such as large centrifugd compressors and turbines in a refinery environment.

RELIABILITY DEFINITIONS

For repairable equipment: Rdidhility is the probability that an item can perform its intended function for
a specified interva under tated conditions. (MIL-STD-721) Réiability is concerned with avoiding
events cdled falures Rdiability is caculated based on the lack of falures. Rdiability involves
uncertainty as the time of future failures are unknown athough falure probability exist. Reiability isdso
afunction of stress applied to the system and components.

A broader definition exigts for business purposes. Rdiahility is the probability than an item can perform
its intended function for a specified interva under stated conditions and achieve low long term cost of
ownership for the system congdering cost dterndives. In busness, rdiability vaues are not fixed but
they dways change because of competitive issues, business risks, and business conditions. For example:
When plant volume was sold-out last year, demand for reliability was high as the cost for an outage was
very severe; however, snce the plant will be idle a portion of this year, demand for reiability is much

lower asthe cogt for outages is dso much smdler.

For busness, the overriding rdiability issue is co—particularly the cost of unrdiability for exiding
equipment caused by falures. Failure is a deteriorating event which renders equipment and processes
as non-useful for the intended or specified purpose during a designated time interva (Barringer  1995).

Falluresinclude:
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a) Stoppage due to mafunction.

b) Cessation of component function.

c) Cessation of meeting predetermined qudity, quantity, and cost expectations

d) An unexpected occurrence that interrupts routine operation of a system.
Reiability, which is the absence of falures, is discussed but falures and cost impact of failures called
unrdiability are measured. Downtime stopping the production process results in unreliability and defines
a falure—likewise, cutbacks'dow-downs in output because of equipment is dso a falure Should
turnarounds for equipment renewa aso be counted as falures?—yes because these conditions are
failures for equipment investors. (Barringer 1996) The key issue isidentification of failures and handling
the data suspensions for different failure modes.

NEED FOR ASSESSING RELIABILITY
Criticd equipment plays an essentia role in industry because of its lack of redundancy. Failure of

critical equipment results in mgjor economic failure of processes generaing gross margin (approximately
gross profit) for the enterprise. Lack of redundancy for critica equipment occurs because of the high
cost of very rdidble equipment and frequently the lack of space for inddlation of redundant
equipment—even if it could be judtified on the basis of economics.

Critica equipment is both expensve and highly reliable and lacks the opportunity to “crash afew pieces
of equipment” to actudly verify component life. The issue is to avoid the high cost of component
falures. Thisrequiresthe use of engineering projections to determine life estimates for the equipment—
both art and science must be joined through the use of reliability engineering toals.

In short, reliability assessments have amilarities to the testing for professond engineering licenses. The
P.E. fundamentds exam, for engineers in training, has only one acceptable answer for each question.
For the practical examination, after years of experience, each question has a different answer based on
the stated assumptions for the solution. For rdiability assessments, we only want one ansver—

however, we usudly mugt live with a series of assumptions to force an uncertain answer that is
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questioned by everyone. Thus reiability assessments yidd different answers (around a common point
estimate) which are useful for guiding business actions.

For critica turbo machinery, the questions about reliability are:

a) How long will the equipment function before failure occurs?

b) What are chances afalure will occur in a gpecified interva for turnaround?

¢) Wha isthe best turnaround interva?

d) What isthe inherent reigbility of the equipment?

€) What aretherisksfor delaying repair/replacements?

f)  How can assumptions about reliability be verified?

g) Where are numbers found to prepare cdculations for use by work teams?

h) What extenson in turnaround time can be obtained by component improvements?

i) Doesjudtification exist for a spare system or spare components?
These questions will be answered for two turbines and compressors which have been in service for
many years and have never experienced a falure in service.  All numbers used for the following
examples including equipment capital codts, spare parts, downtime, equipment life, and production loss
numbers do not represent actua values for competitive reasons. Fictitious financial numbers are use for

presentation purposes.

Turbine And Compr essor
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Two steam turbines and their interconnected process gas compressors were considered for a study.

One system was ingaled in 1953 and has functioned successfully for 43 years without complete loss of

the system. Likewise a second smilar (not identical)
system has been in operation snce 1985 without
complete loss of the system. Turnarounds have been
performed on the systems at periods between two to
five years to return the important eements of the

gystem to zero time to reverse deterioration. The

taxonomy for the turbo/compressor system is shown

Service & Controls

in Figure 1 with services and controls outsde of the

Figure 1: System Taxonomy taxonomy block.

Compressor Description-

The compressor has five stages and al impellers face awvay from the coupling end of the machine. Gas
enters the compressor vertically upwards is compressed through the five dstages, and exits the
compressor through the vertical discharge flange. Rotation of the compressor is clockwise as viewed
from inlet of the compressor. All impellers are forged from modified 410 stainless stedl, hest treated for
long life in the process gas environment, and contain integra blades. Covers for the compressor whed's
are made from forged materia and dectron beam welded to the whed to form a precison matched set
which is dynamicaly balanced. The compressor is assembled into a fabricated forged barrdl with weld
attached cast nozzles.

Tilting pad radia bearings are force-feed lubricated with oil seepage returned to the il reservoir viaa
drain located in the lower haf of the bearing housing. The outboard end of the compressor has a
Kingsbury type thrust bearing. Redundant lubricating oil pumps, filters, valves, and coolers are
provided for returning 10 micron oil to the compressor and turbine. Eight temperature sensing eements
are provided for monitoring bearing temperatures. Four probes monitor the thrust bearing while four
other probes monitor the two radia bearings.
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Continuous service vibration monitoring probes provide eight channels of radid motion, four channels of

axid motion, and a dngle keyphasor probe. Suitable sgna conditioning equipment is provided.

A continuous base plate isingaled under the compressor and turbine. The compressor is connected to

the turbine by a non-lubricated flexible digphragm coupling.

Turbine description-

The impulse, condensing turbine is rated a 3,000 horsepower. The turbine is designed for operation
over the range of 8,000 to 14,000 rpm with maximum continuous operation a 12,500 rpm and over-
speed set for 13,758 rpm. Steam is supplied at a maximum of 580 psig and 500 °F. The turbine has
four stages. The first stage contains 118 blades, the second and third stage each contain 140 blades,
and the fourth stage contains 86 blades. The mean tip speed of the fina stage is 1289 feet per second.
Blade roots are dovetailed and the shrouds are riveted.

The speed governor is an eectronic, direct acting moddl. The governor is connected to an automatic
vave with separate remote trip equipped with amanua exerciser.

Radid bearings are tilting pad with a 49.75 inch span between the bearings. The thrust bearing is dso
tilting pad with a sngle thrust collar. Four vibration detectors are mounted on the bearings with two
axid movement detectors and one keyphazor sensor.  Eight bearing temperature monitors are provided.
Four devices monitor the two radia bearings and four are mounted on the thrust bearings.

The turbine is aso equipped with a gland condenser.

M aintenance Reports

Maintenance records for two smilar sets of critica equipment were avallable for review. One

turbo/compressor was commissioned in 1953 and the other in 1985 with no records prior to 1986.
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Mog details in the maintenance records reflect filter changes, other PM actions, and numerous minor
repairs while the equipment is operating including governor speed controls. The data thought to exist in
computer records proved to be non-existent and mixed-up—in short, it represents red life conditions
for data retrieva. Only afew mgor issues resulting in loss of production time have been reported by
work order since 1986 as described in Tables 1-4. Of course the accuracy of data analysis is directly
dependent upon accuracy of input data from maintenance records and extremdy important actud failure

Table 1: Turbine#1 Failure Data Table2: Turbine#2 Failure Data

Action Date $Costs | DaysLost Action Date $Costs DaysL ost
Commissioned 1953 Commissioned 1985
Overhaul 5/4/88 120,000 14 Open/inspect 3/18/91 60,000 NA
Overhaul 1/14/92 | 300,000 24 Overhaul 10/23/91 175,000 14

Table 3: Compressor #1 Failure Data Table4: Compressor #2 Failure Data

Action Date $Costs | DaysLost Action Date $ Costs DaysL ost
Commissioned 1953 Commissioned 1985
Overhaul 12/4/89 175,000 14 Open/inspect 3/18/91 150,000 14
Overhaul 1/14/92 200,000 24

data from previous turnaround autopsies is lacking.

No records are available to document down time for each of the reports and the days down are
estimated time out of service. Each day lost is vaued at $100,000 lost gross margin. Of course actud

dollar values are not described for competitive reasons.

Note that Turbine #1 and Compressor #1 were each overhauled on the 1/14/92 date. Also note that
Turbine #2 was opened for ingpection on 3/18/91 while Compressor #2 was out for overhaul thus
downtime is not alocated to Turbine #2. No criteria is available to document specific reasons for
initiating the overhaul activities: No records were maintained during the overhaul and the number of
items actudly found in need of replacement were not identified. In short, the datais highly deficient from
lack of good autopsy reports which could have recorded vauable failure data prior to overhauls a
scheduled turnarounds.
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Basad on the summary tables of maintenance activities which span a 100 month interval:
Turbine #1 has been overhauled two times in a 100 month time interval.
Turbine #2 has been overhauled one time in a 100 month time interval.
Compressor #1 has been overhauled two times during a 100 month time interva.

Compressor #2 has been overhauled one time during a 100 month time interva.

The fird rdigbility indicator is mean time between falures. MTBF is a basic measure of rdiability for
reparable items. MTBF is the mean number of life units during which al parts of the item perform within
their specified limits, during a particular measurement interval under stated conditions (MIL-STD-721).
This definition is most frequently applied to chance falures with a congtant falure rate. However,
overhaul is a response to wear-out failures which show increasing failure rates. Thus MTBF only gives
arough religbility indicator usng metrics found by (s Life)/(s Failures).

Datain Tables 1-4 show no failures. Thus MTBF cannot be caculated accurately. However, a lower
vaue for MTBF can be found by assuming falure would have occurred the next day—this forces a
number. Based on lack of a defined failure criteria, turbines show a mean time between overhaul of
200/3 = 66.7 months. Likewise, compressors have 200/3 = 66.7 months between overhauls. These
metrics are found by (s Life)/(s Overhauls).

For the turbine/compressor system, the demondtrated life between overhauls is. two systems each
operating 100 months or 200 months with 5 outages for overhaul (at one interval both the compressor
and turbine were overhauled a the same time) for a syssem mean time between overhaul of 40 months

or just over three years for each system.

The mean time between mgor maintenance actions for which logt production time was incurred for
turbines are 200/3 = 66.7 months per lost production from a maintenance action. For compressors the

numeric is 200/3 = 66.7 months per lost production time from a maintenance action.
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For the syslem we get a mean time between mgor maintenance numeric of 200/5 = 40 months per
maintenance action. Note the mean time results of the series system for turbine/compressor is dways

gamadler than the worgt performing eement of the system.

These metrics are yardsticks for mean time between overhauls and mean time between mgor
maintenance actions. These numerics represent worst case vadue for MTBF.  Each numeric provides
some guidance for practical matters but since they involve smple arithmetic, they cannot be converted
into micrometers by adding decimd points nor do they provide good forecasting tools—however, some
data is better than no datal Remember these numerics reflect what exidts rather than the intringc
capability of the equipment. Thisissue is highlighted by the need for two compressor overhauls on the
same machine within a 37 month period indicating the qudity of the overhaul did not renew the

equipment to a zero time base,

From the record of Tables 1-4, little evidence suggest chance fallures as the predominant failure mode.
However, Bloch (1996) reports the percent of failure incidents for centrifugal pumps as.
30% for maintenance deficiencies (neglect, procedures), 25% for assembly-ingtallation
defects, 15% for off-design or unintended service conditions, and 12% for improper
operaion—this totals to 82% of the incidents respongble for falures which are in the
category of chance failures.
Bloch's chance failure information may aso apply to turbo-compressors. Clearly the absence of
obvious chance failures for this turbine/compressor equipment spesks well to good maintenance and

operations practices as the few outages recorded were for renewa of wear-out mechanisms.

Commercial Databases-

How do these turbine/compressor results compare to typica data? The OREDA handbook (OREDA-
92) offers guidance with failure rates for gas turbines connected to rotary compressors with a critical

falure rate of 1100 per million hours (including a specia note that 85% of the failures result from the

9
Fifth Internationa Conference on Process Plant Reliability



gear box). The OREDA taxonomy includes many other pieces of hardware in the syssem which are
estimated to account for 60% of the non-gear box outages.

Thus the failure rate of the compressor and gas turbine are about (1-0.85)* (1-0.6)* 1100 = 66 failures
per million hours for the rotating system. Furthermore, assume the gas turbine is responsible for 75% of
the falures in the 66 faluresmillion-hr. Thus (1-0.75)*66 = 16.5 faluresmillion-hr for only the
compressor failure rate or 83 months per failure. The gas turbine falure rate is thus estimated as (66-
16.5) = 49.5 faluresmillion-hr. Assume the failure rate for a sleam turbine is about 1/3 the failure rate
of a gas turbine to give a falure rate of 49.5%0.33 = 14.85 faluresmillion-hr which is about 92
monthgfalure.

So what do these estimates from OREDA datatell? Remember actud timesto falure for the sysemsin
Table 1-4 are not found because the equipment was overhauled before failure. The data does provide
atime between overhauls for turbine and compressor of 66.7 months (which indicates the MTBF would
be longer than the MTBO) are in the same bdl park as obtained from the OREDA estimates of 92
months for turbine and 83 months for compressor. Remember these estimates are yardsticks—not

micrometers.

As another estimate, data from steam turbines will have from 10 (NPRD-95) to 30 (Davidson 1988)
falures per million hours. For practicd purposes, average the fallure rate for the steam turbine to 20

fallures per million hours. Thisresultsin amean timeto fallure of 68.5 months per falure.

Of course, connecting turbine (with falure rate ~14.85E-6) to the compressor (with falure rate
~16.5E-6) the system failure rate becomes (14.85+16.5) = 31.35 failuresmillion-hours which is
equivaent to a sysem mean time between fallure of 43.7 monthsffailure. This estimate compares to the
worst case evaduation of 40 months per falure so in the aggregate the agreement is pretty good

consdering the uncertainties.
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In short, how are the actua results compared to the OREDA estimates and data from other sources?
The actua mean time between falures for turbines and compressors in Tables 1-4 will be longer than
the mean time between overhaul. Thus the life predicted from the data of Tables 1-4 compare
favorably with two sources congdering the uncertainty in the estimates used to condruct the failure
rates. Make comparisons to commercia data sources to judge if equipment performance, based on the

class or grade of equipment, isin the “bal park”.

The information from Tables 1-4 look backward and helps judtify the actions teken. Based on past
actions, the MTBF for the turbine-compressor system is grester than 40 months per failure.

Table5: Actual System Raliability Using the system information from Tables 1-4 and the
Turbine-Compressor System exponentid digribution for rdiability, the following
MTBF >= 40 monthg/failure ) o o )

Tire Between Chances For Survival | auick projections for reliability are shownin Table 5.
Turnarounds, (months) %
12 74.1 . .
24 519 For chance falure modes, a uniform percentage of
36 40.7 failures will occur each period because the equipment
48 30.1
0 53 is renewed before wear-out failure modes become a
2 165 problem. The odds for operating without failure (i.e.,
84 122
ameasure of rdiagbility) for afive year turnaround are
22.3%.

Suppose the equipment has reached the end of afour year period without a failure. What are the odds
for achieving one more year without failure. Thisisan issue of conditiond rdiability (Kececioglu 1991).
The odds (assuming use of the exponentid distribution for chance failures) are 74.1% for operating the
equipment for one more year. This occurs because the arithmetic used for calculating the MTBF used
with the exponentia digtribution has no memory of previous history as dl failures are treeted as chance
fallures and the indtantaneous failure rete is constant.
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Since the congtant fallure rate model does not accurately represent the more likely wear-out failure
mode, then why use it? The answer is amplicity—it's a method for getting a firgt grip on reliability
issues. A reasonable, bal park, answer today is frequently much better than the true answer found ten
years after the need has passed.

If the more likely wear-out mode is hypothes zed then more facts are required and the analysi's becomes
more complicated. One of the better ways to get thisinformation is to use Weibull andyss.

Weibull Analysis-

Weibull andysis is appropriate for components, and from assembly of the components a syslem mode!
can be developed. Detailed age to failure data has not been recorded for any of the components. This
will require making engineering estimates for the turbine and compressor using facts which are avallable
from rdiability experts (Weber 1996) with experience and data in the gas turbine industry. A request

for actua Weibull data from the manufacturer of the turbine-compressor was not fruitful.

Generdly spesking, gas turbine blades have shape factor, b, between 0.9 and 2.7 depending on the
falure mode. The characteridic life, h, varies between 10,000 hours and 160,000 hours depending

upon gress levelsin their very high temperature environment.

Also generdly spesking, gas turbine compressor blades have shape factor, b, between 1.2 and 6.6
depending on the faillure mode. The characteridtic life, h, varies between 10,000 hours and 300,000
hours depending upon sress levelsin their severe flight environment.

For the purpose of this analyss, Table 6 assumes the following Welbull value--recognizing that actua
Weibull failure data would not have the smooth and uniformly stepped failure data shown below:
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Table6: Assumed Raw Weibull Values Table7: Assumed Net Weibull Values
(h values given in months, n = pieces) (hsgivenin months)
tem | b h [ n Item | b | hs

Turbine: Turbine:

Row 1 Blade 2.7 1200 118 Row 1 Blade 27 205
Row 2 Blade 26 1190 140 Row 2 Blade 26 179
Row 3 Blade 25 1180 140 Row 3 Blade 25 163
Row 4 Blade 24 1020 86 Row 4 Blade 24 159
Row 1 Vane 32 1820 118 Row 1Vane 32 410
Row 2 Vane 31 1810 140 Row 2 Vane 31 368
Row 3 Vane 30 1800 140 Row 3 Vane 30 347
Row 4 Vane 29 1790 86 Row 4 Vane 29 385
Blade Disks 45 3000 4 Blade Disks 45 2205
Journal Brgs 1 2000 2 Journal Brgs 1 1000
Thrust Brg 1 1000 1 Thrust Brg 1 1000
Turbine Shaft 1 1000 1 Turbine Shaft 1 1000
Coup.Diaph. 2 400 1 Coup. Diaph. 2 400
Compressor: Compr essor:

Impeller 1 30 200 1 Impeller 1 30 200
Impeller 2 29 180 1 Impeller 2 29 180
Impeller 3 28 160 1 Impeller 3 28 160
Impeller 4 2.7 140 1 Impeller 4 27 140
Impeller 5 26 120 1 Impeller 5 26 120
Journal Brgs 1 2000 2 Journal Brgs 1 1000
Thrust Brg 1 1000 1 Thrust Brg 1 1000
Comp. Shaft 1 1000 1 Comp. Shaft 1 1000

Each stage of the turbine and compressor have multiple components as shown in Table 6 by the term, n
= pieces, dl with the same b vaues (and they could have different h vaues). Using the Wehbull
reproductive property (Smilar to the exponentia distribution property) the characteridtic life of each set
of equipment for each stage (i.e., subassembly) can be caculated using the Welbull closure property,
hs, (Abernethy 1996) for Table 7.
nq, -1
h=(S ) °

i=L h;
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For Welbull component digtributions, beta vaues have some relationship to physicad characteridtics.

Whenb > 1, wear-out, when b » 1, chance failures, and when b < 1, infant mortdity.

The items liged in Table 7 are effectively in series (i.e, if one component in the turbine fails, the entire

sysem falls etc.) so the inherent reliability can be calculated as (with t = misson time):

Rs= P (R) where R = e'(t/hi)bi
i=1

Consgder turbine and coupling as one subsystem, and the compressor as a separate subsystem. The

product of both subsystems will form the overdl system.

Inherent rdiability is shown in Table 8 based on the Welbull estimates shown in Table 7:

Table8: Inherent System Reliability
Turbine-Compressor System
MTBF = » 54 monthg/failure
% Chances For Survival
Time
Between
Turn’'rds Turbine Comp. Total
(months) System System System
12 95.9 9.0 920
24 90.1 90.0 811
36 823 812 66.8
48 724 69.6 50.5
60 61.2 56.0 343
72 49.3 41.9 20.6
84 377 28.7 108

So the actud MTBF is >= 40 months/failure and the
inherent  riability is ~54 monthsfalure which is
found by fitting a Imple Welbull didribution to the
totd system reliability deta versus time. This gives a
rough approximation of: Ry,gen(t) = exp(-(t/58)*).

Then caculaing the MTBF = 58*G(1+1/1.3) = 54

months/falure,

Why the difference between 40 and 54 failures per

month? Some reasons are;

No falures were incurred in the data from Tables 1-4 and thus 40 monthg/fallure is a

consarvative figure,

Errorsin assumptions for the Weibull caculations from lack of design/build input facts.

Many other smilar reasons generdly associated with lack of specific failure data

Optimum Replacement Intervals
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Usng Weibull anayss and codts, the optimum replacement intervals can be cdculated for each

Table9: Optimum Replacement Intervals

Item Planned | Unplan'd | Optimum

Replace | Replace Interval
Cog(® | Cost () (mos)

Turbine:

Row 1 Blade 30,000 | 1,230,000 429

Row 2 Blade 32,000 | 1,232,000 370

Row 3 Blade 32,000 | 1,232,000 321

Row 4 Blade 45,000 | 1,245,000 350

Row 1 Vane 20,000 | 1,220,000 89.0

Row 2 Vane 20,000 | 1,220,000 770

Row 3 Vane 28,000 | 1,228,000 785

Row 4 Vane 36,000 | 1,236,000 920

Blade Disks 28,000 | 1,228,000 7242

Journal Brgs 10,000 | 1,210,000

Thrust Brg 20,000 | 1,220,000

Turbine Shaft 50,000 | 1,250,000

Coup. Diaph. 10,000 35,000 2614

Compressor:

Impeller 1 40,000 | 1,240,000 513

Impeller 2 40,000 | 1,240,000 450

Impeller 3 40,000 | 1,240,000 350

Impeller 4 40,000 | 1,240,000 323

Impeller 5 40,000 | 1,240,000 269

Journal Brgs 10,000 | 1,210,000

Comp. Shaft 50,000 | 1,250,000

Thrust Brg 20,000 | 1,220,000

component as shown in Table 9 usng optimum
replacement caculaions. By use of superposition, a
composite system cost curve can be prepared to
show the interval where system cogts are least. In
Table 9, planned repair costs occur during a normal
process outage when failure is charged to other
equipment, and unplanned repair cost will include
chargesfor failure of the turbo mechinery.

These optimum replacement curves have two generd
shapes when the cost of an unplanned replacement is
much larger than the cost of a planned replacement.
Where b > 1, the curves are roughly parabolic with
open side up. Where b < or = 1, the curves have
downward dope to the right with no minimum.
Where the costs between planned replacements and
unplanned replacements are less than ~3, then the
curves aso sweep downward and to the right as

occurswhen b isequd to or lessthan 1.

For the optimum replacement equation (Glasser 1969), the numerator consist of two terms which are

summed. The firs numerator term is the high cost of an unplanned, on-ling, failure multiplied by the

unreliability and this term increases with time. The second term of the numerator is the lower cost

planned maintenance replacement cost off-line before fallure multiplied by rdigbility, and this term

decreases with time. The denominator of the optimum replacement equation is the mean time to fallure

within the replacement intervd. This rdaionship is vaid up to the age of the characteridic life of the

component and does not reflect the second replacement which often occurs after the characteridtic life

has been reached. The optimum replacement equiation prices-out success and failures.
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Each individua optimum replacement curve for items listed in Table 7 are summed for each subsystem.
The composite curve shows the optimum replacement interval which occurs at least cost.  The curve

a0 tdls the minimum maintenance costs which are useful for life cycle codting.

Figure 2 describes the optimum turbine replacement interva, while Figure 3 describes the optimum

compressor replacement interva. Optimum replacement intervals occur where costs reach a minimum.

Compressor Intervals

TurboCompressor System Interval 12,300

27,500
12,200

27,400+
12,100

27,3004
12,000

11,900 |
|
11,800 46 "
!
40 45
"

27,2004

Replacement Costs ($/month)

27,1001

Replacement Costs ($/month)

11,764 $/mo —

< $27,030 $/mo

27,000 11,700

T T
50 55 60
Compressor Age (months)

40 45 50 55 60
¥ System Age (months)

Figure 4. TurbinegCompressor Renewal Figure 3: Compressor Renewal
Figure 2: Turbine Renewal
Figure 4 describes the optimum replacement cost for performing both turbine renewa and compressor

renewd a the same time as a system. If the system is renewed early, then the high cost of early PM is
found, and if renewd is delayed, then the high cost of ddayed maintenance is incurred. In Figure 4,
notice the cost pendty per month is not very high for action of 8 to 10 months ather sde of the

optimum.

Figures 2-4 are developed by using Weibull data from Table 7 with the cogt data from Table 9.
Replacement costs are found using the optimum replacement data for each component from the
optimum replacement option in WinSMITH™ Welbull probability software (Fulton 1996). Then by
super postion, the individua curves are added together for display as atotd result in VisudSMITH™
software (Fulton 1995).

16
Fifth Internationa Conference on Process Plant Reliability



Suppose the planned replacement cogts for Table 9 are increased (and this aso increases a portion of
the cogt for an unplanned repair). What effect will the increase have on the optimum replacement
interval? Higher costs increase the turnaround time for the next renewa—just as occurs in red life in
mogt refineries and chemicd plants. Depending on the specific Situation, a 10% increase in cost will
extend the turnaround time by much more than 10% depending on the cost and Weibull details.

System Rdliability
System rdiahility is described in Figure 5 and this describes the inherent rdiability of the system.

At the least cost replacement interval of 49 months,
TurboCompressor System Reliability R . L.
107 the system rdiability is 49.1%. Thisis the same as
0. saying the chance for failure is (1-0.491) = 50.9%
z 06 and the specific date of failureis unknown.
02 “9”\ Suppose the optimum renewd interval of 49 months
*°T 1 20 30 40 s & 70 g0 90 has been reached, what are the chances for
System Age (months)
operating another 12 months without fallure? Thisis

a conditiond probability question given the unit has
Figure6: System Reliability aurvived to 49 months and what will be the
conditiond rdiability for completing a new misson of 12 more months at the conclusion of the 49 month

success period.

R(T=49,t=12) = R(49+12)/R(49) = 0.330/0.491 = 67.3%

The system results show very good odds for surviva with amost 7 changes out of 10 for the system to

survive for one more year (and the system renewal costs at 61 months is $27,800 per month rather than
$27,000 for the 49 month interva). This critical turbo equipment example is Smilar to questions about
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human life. For a person a age 91 years old, the odds for surviving to 92 years of age is much better

than for a1 year old to survive to age 92 years.

Quedtions often arise about which component should be improved to increase the overdl life and this
reduce the sysem codts. The answer isrardly a Sngle component will make big changes in reliability for
awell desgned sysem.  However, once the rdiability modd is condructed, “what-if games’ can be
played to change the Weibull characteridtic life and then study the results on the final system.

Of course the usud place to begin searches for improvements is to consider changes in components
with low characteridtic life and smdl shape factors. A few “what-if” trids will give new indght into the
improvement process and quickly disclose that many improvements are required to fix short life sysem

problems—it requires an improvement program not a single magic bullet!

Justification Of Spare Equipment-

Three obvious choices exist for spare equipment using the optimum replacement interva of about four

years (49 months):

1) Purchase no spares. Make no changes in operation. When turnaround is required, take the loss of
12 days production valued at $1.2E06. Incur $0.5E06 repair costs. Total costs for this strategy is
$1.7E06.

2) Purchase acomplete set of rotating e ements and necessary critical hardware to minimize turnaround
losses. Purchase spare parts assemblies at a cost of $0.6E6. Renew the system in 7 days with a
loss of production of $0.7E06. Then spend $0.25E06 per turnaround to restore the spares for the
next turnaround. (The redtoration cost is lower than option 1 because of non-overtime and
expedited cogts.) Total costs for this strategy is $1.2E06 plus a one time expense of $0.6E06.

3) Purchase and ingdl redundant equipment a an ingtaled cost of $6.0E06. Incur no production
losses e turnaround, and assume refurbishment cost is $0.35E06 per turnaround. (Refurbishment
codt is higher than option 2 because extra hardware aways results in higher costs and additiona
contingency charges.)
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Table 8 describes the outflow of cash for a 20 year project life with equipment acquisition on a just-in-

time bads. (Note: Each company will have it's own criteria for making investment decisions, and results

of the decisonswill be different—so do not expect the results to have only one answer!)

Table 9 describes cash outflows adjusted for discounted cash flow factors reflect a 15% DCF rate.

Assume sdlvage vaue a end of the 20 year life equals disposa cost S0 the net vaue is zero.

Table 8. Comparison of $ Expenditures( $E06)
Status Purchase Purchase
Quo Spare Redundant
Year Parts Equipment
1 0 0 0
2 0 0 0
3 0 -0.6 -6.0
4 -1.7 -0.95 -0.35
5 0 0 0
6 0 0 0
7 0 0 0
8 -1.7 -0.95 -0.35
9 0 0 0
10 0 0 0
1 0 0 0
12 -1.7 -0.95 -0.35
13 0 0 0
14 0 0 0
15 0 0 0
16 -1.7 -0.95 -0.35
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0
Total -6.8 -4.4 -14

Table9: Comparison of Discounted
$ Expenditures( $E06)
Year DCF Status | Buy Purchase
#s Quo | Spare | Redundant
@ 15% Parts | Equipment
1 0.8696 0 0 0
2 0.7561 0 0 0
3 0.6575 0 -0.39 -3.94
4 05718 -097 | -054 -0.20
5 04972 0 0 0
6 04323 0 0 0
7 0.3759 0 0 0
8 0.3269 -056 | -0.31 -0.11
9 0.2843 0 0 0
10 0.2472 0 0 0
1 0.2149 0 0 0
12 0.1869 -0.32 | -0.18 -0.07
13 0.1625 0 0 0
14 0.1413 0 0 0
15 0.1229 0 0 0
16 0.1069 -0.18 | -0.10 -0.04
17 0.0929 0 0 0
18 0.0808 0 0 0
19 0.0703 0 0 0
20 0.0611 0 0 0
NPV -2.03 | -1.52 -4.36

The sdlection process for judtification of spare equipment will rank the aternatives based on the net

present vaue (NPV). One of the key engineering issues is to provide aternatives with clear details so
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the information can be processed by the accounting department for a business team solution.

Remember, no “dngle, right answer” exidts every time conddering changing business environments

Purchase of spare rotating eements and necessary critical hardware is the most cost effective action,
followed by maintaining the status quo, and last is the acquisition of redundant equipment.

Exigting equipment has never faled in service so how can spare equipment be judtified? In ten years,
two systems have been taken off line six times with $1.12E06 maintenance cogts plus 80 days of lost
production time valued a $8E06 for a totd cost of $9.12E06 which is dmost $1.0E06 per year of
codts for the two systems or ~$0.5E06 per year for each system. When this critica rotating equipment
is down, the refinery demondrates a lack of rdiability and plants are made to run—not be idle. The
issueis making religbility pay itsway.

In each of the cost caculations, a better solution can be obtained by running a Monte Carlo smulation
to alow chance failures to occur and determine a better definition of what failures will occur and how
the outflow of funds are balanced againg the inflow of funds. The smulation data will provide a better
st of finendid information.

Answer To Reliability Questions-

The questions and answers are;

a) How long will the equipment function before failure occurs? A specific answer cannot be
given, but Figure 5 describes the chances for success. The chances for failure are found by
taking the complement of religbility.

b) What are the chances a failure will occur in a specified interva for turnaround? Refer to
Table 8 and update the chances for surviva using the conditiond rdiability caculaions
shown in the system reiability section.
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c) Wha isthe best turnaround interval? Refer to Figure 4 which shows a four year interva to
be the most cost effective and for this system age the reliability is determined from Figure 5
as driven by theissue of renewa economics.

d) What is the inherent rdiability of the equipment? Refer to Table 8 for the misson intervals
and the chances for survival.

e) What arerisksfor delaying repair/replacements? Refer to the cost numbersin Figures 2-4.

f) How can assumptions about reliability be verified? Compare assumptions to existing
databases and use interna Weibull failure databases.

g Where are numbers found to prepare calculations for use by work teams? Consult
manufactures databases and experts in the fidd—expect that most databases will be
congdered vauable trade secret information.

h) If specific components are improved, how much extenson in turnaround time can be
judified? This information is found usng Monte Calo smulaion of modds usng
assumptions about component life extensons and costs. Do not expect to correct only one
problem on wel designed equipment. An improvement program is usudly required.

i) Doesjudtification exist for a gpare system or spare components? On-hand spare parts offer
the mogt dttractive investment dternative and adding redundant equipment is the lesst
atractive dternative in Table 9.

Summary-

Methods are shown to answer typica questions about critical equipment replacements and turnarounds.
Mog of the details are synthesized from other engineering data to build a modd. The amount of
uncertainty in the numbers needs to be quantified by use of actud falure data from a variety of
sources—mogt likely the engineering assumptions about life of componentsis too pessmigtic and should
be vaidated with actud results. “Critical equipment rarely has a convenient time for renewa outages
and the time between turnarounds must be long, safe, and economica” (Geitner 1996).
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Humans have a wonderful capability for keeping critica equipment operating. Notice in this case no
falures of the system occurred for components such as controllers, linkages, vaves, etc. This is
because manua control was exercised to prevent the system from failing until the equipment could be
repaired on the run.

Actud failure data, particularly from ingpection reports at overhaul would provide key pieces of missng
information. This lack of data is a common problem in equipment for refineries and chemica plants. A
good autopsy report is hecessary for both human beings and equipment to help channd resources to fix

the correct problem using facts rather than opinions.

Industry wide groups are forming under the guidance of Center For Chemical Process Safety (CCPS)
and Det Norske Veritas Technia (DNV). Paticipants in this effort will funnd chemicd plant and
refinery falures into databases which will be most hdpful for future rdiability sudies The continuous
process industry needs data from this failure library which must be based on both failures and success—
not just failure data done (which gives results that are too pessmistic).

The best data for use in reliability studies will be found in each plant. The failure data must be collected
and put into fallure data libraries—particularly in Weibull formats.  This data will reflect falures for
specific classes of equipment, maintenance practices, operating practices, and so forth which are dl
unique to a pecific Ste. The data from individua plants must be collected and used—do not only look
to suppliers or manufactures for data which is avallable at local plants by use of agood falure reporting

and corrective action system.

As with al rdiability issues, good use of a wdl understood failure criteria is important for executing
conditioned based maintenance decisons to supplement time based decisons for equipment
turnarounds.  Good monitoring equipment and careful andyss of predictive maintenance information is
important for knowing when equipment is performing correctly and aso for knowing when equipment
should recelve maintenance attention.  As with dl enginesring andyss, careful and thoughtful use of
good judgment should aways be applied rather than smply following one scheme of andysis.
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The authors solicit thoughtful comments about the gpproach, methodology, and other falure data that
may be available for improving these sudies.
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