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DISCLAIMER

This report has been reviewed by the Municipal Environmental Research

Laboratory U S Environmental Protection Agency and approved for publica-
tion Approval does not signify that the contents necessarily reflect the

views and policies of the U S Environmental Protection Agency nor does

mention of trade naires or commercial products constitute endorsement or

recommendation for use
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FOREWORD

The Environmental Prot nrion Agency was created because of increasing

public and government concern about the dangers of pollution to the health

and welfare of the American people Noxious air foul water and spoiled
land are tragic testimony to the deterioration of our natural environment

The complexity of that environment and the interplay between its components
require a concentrated and integrated attack on the problem

Research and development is that necessary first step in problem solu-

tion and it involves defining the problem measuring its impact and searching
for solutions The Municipal Environmental Research Laboratory develops
new and improved technology and systems for the prevention treatment and

management of wastewater and solid and hazardous waste pollutant discharges
from municipal and community sources for the preservation and treatment of

public drinking water supplies and to minimize the adverse economic social

health and aesthetic effects of pollution This publication is one of the

products of that research a most vital communications link between the re-

searcher and the user community

In the report performance statistics for various mechanical components
found in four types or secondary wastewater treatment plants are presented
These statistics were derived utilizing equipment service records from nine

wastewater treatment plants Results indicate a wide range of performance
characteristics for similar equipment in different applications Example
problems are presented with appropriate solutions to explain how these types
of statistics can serve as a valuable design and operations tool

r Francis T ayo nire c j

Municipal Environmental kesearch

Laboratory

Si 1
_s
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ABSTRACT

This research program was initiated to determine the ir service reli-

ability maintainability and availability of selected critical wastewater

treatment plant components Components were considered critical if their

failure caused an immediate impact on effluent quality

Treatment plant components selected included pumps power transmissions

motors compressors valves and controls Components were those from four

types of wastewater treatment plants The four tvpes of plants were air

activated sludge oxygen activated sludge trickling filter and rotating
biological contactor R3C Operation and maintenance data obtained from

nine operating~pi ants were used to estimate failure rates mean tirce between

failures mean time to repair and availability for each component These

performance statistics are by component type size range and application

Calculated performance statistics can be utilized by design engineers
and plant operators to assist in the selection of new equipment The

development of a performance data base and subsequent proper utilization

of the data should result in improvements in treatment plant performance
These data allow estimates to be made of performance to be expected from

certain equipment in certain applications

This report was submitted in fulfillment of Contract No 68 03 2712 by
Southwest Research Institute under the sponsorship of the U S Environmental

¦ Protection Agency This report covers the period September 1978 to March

1981
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SECTION 1

INTRODUCTION

There are approximately 21 000 publicly owned municipal treatment plants
POTWs operating me with 1000 1200 new plants

billion have been awarded to help state and local governments construct these

treatment plants Once constructed local governments become responsible for

plant operation in accordance with effluent discharge permit requirements
established by the National Pollutant Discharge Elimination System NPDES

Many POTWs are apparently not meeting NPDES permit requirements The

General Accounting Office GA0 concluded in 1970 that operation and mainte-

nance problems with POTWs had be^n widespread for many years and had resulted
in inefficient plant operations^ A 1975 EPA analysis of 954 P0TW inspec-
tions showed 386 plants had sufficient design and operational performance
data to determine whether the plant was meeting design criteria for biochemi-

cal oxygen demand 500 removal 40 percent of the 386 plants failed to meet

design BOD removal 49 percent of 305 plants were operating below design
criteria for suspei iued solids removal Other studies have indicated signifi-
cant problems of r on compl iance by POTWs with NPDES permi ts 4 5 6

In recognition of these operational and maintenance problems the U S

EPA initiated a national research program dealing with performance and relia-

bility of POTWs A significant part of the effort involves determining the

reliability of various mechanical components used at POTWs

This study was conducted to quantify the in service reliability of

critical mechanical components found in four types of secondary wastewater

treatment plants The four types of plants included in this study were air

activated sludge oxygen activated sludge trickling filter and rotating
biological contactor Component reliability statistics calculated were Tean

time between failure MTBF mean time to repair MTTR and availability as

a fraction of scheduled operating time

To determine the in sorvice reliability of critical mechanical compo-
nents the first step was to identify the critical components The following
components were identified as critical i e failure would have an immediate

impact on effluent quality

1 Pumps
2 Power transmissions

3 Motors

being constructed Federal grants exceeding 20

1



4 Compressors
5 Diffusers
6 Valves

7 Controls

8 Pressure vessels

9 Conveyors

A criticality analysis was then conducted to determine which applica-
tions of these components should be included in the study This effort

served to identify the field data collection requirements

Nine treatment plants were then selected from a candidate list of

approximately 10 plants These nine plants were visited and data collected

from plant maintenance records Reliability statistics were then calculated

using these data

2



SECTION 2

CONCLUSIONS

Based upon the results of the performance data collection and analysis
effort conducted during this project the following conclusions are made

1 Three types of performance statistics reliability maintainability
and availability have been determined for mechanical components of

wastewater treatment plants p 25

2 These performance statistics were not available in the literature

from manufacturers or owners of equipment p 31

3 These performance statistics can be used by design engineers as a

tool to a compare and predict performance of generic equipment
in various applications and b design reliability into new treat-

ment plants p 33

4 These data can be used by operators of wastewater treatment plants
to help develop spare parts inventories for new equipment and

establish preventative maintenance programs p 37

5 The majority of the 200 plants contacted by phone or visited during
the screening process did not maintain adequate records necessary
for collection of data needed in this study p 14

6 This data base does not cover all the size ranges or types of

equipment typically found in the 21 000 treatment plants operating
in the U S Therefore performance statistics for many of the

components found in smaller plants are not available in the djta

base It was found that these records are not routinely kept by
the smaller plants surveyed during this study p 14

7 The quality of data obtained from the nine treatment plants was

good The form of record keeping sometimes required judgments
as to appropriateness with respect to project data requirements
p 16

8 The nine treatment plants from which the data were collected main-

tained records for equipment for a variety of reasons including
ordering spare parts scheduling preventative maintenance and

preparing annual budgets

3



9 The nine plants visited had preventative maintenance programs which

appeared to be effective

10 Performance statistics can provide design engineers and plant
operators with additional information to help select and specify
equipment Training will be required to help these people know

how to utilize such data For maximum effect the data base should

be expanded to cover all major types and size ranges of equipment
found at treatment plants presently operating in the U S The data

base should be maintained for at least a five year period

4



SECTION 3

RECOMMENDATIONS

Based upon the results of this study the following recommendations

are offered

1 EPA should encourage the use of performance results of this

study by designers or operators as an additional tool for the

selection of equipment and the prediction of performance from

mechanical components

2 EPA should conduct a series of technical seminars to 1 present
the results of this project to design engineers and plant oper-
ators and 2 explain the basic reliability and availability
analysis methodologies Their feedback could be used to help
formulate and define future EPA policy regarding the Federal

role in the WWTP performance statistic data base management

3 EPA should conduct a study to determine the feasibility of

implementing a continuous performance data collection program
from selected treatment plants representing a sufficient cross

section of the nearly 21 000 plants in the U S by plant type
and design flow Mechanism and cost should be determined

4 Based upon favorable results of recommendations 2 and or

3 above EPA should initiate a program to collect performance
data on a continuous basis for use by design engineers and

treatment plant operators

5



SECTION

PROJE T OBJEC

a r projec  o jective  were as fo
(1 	Quantify n-service elia il ty, ainta na ility and availabili

on mechan cal co

r tmen  pl nts

(2)	Show how th  co ponent appli

a tainabil ty and ava

(3 	Qu ntify in-service reli bility, ma nt inability nd availa

of the

p



SECTION 

RES ARCH APP

The rese r h appr ac  util zed t  acco pli h the obj ct ves of th s s

inv lved a s ies of jor tasks whic are discussed i  detail  the fol

ing sections. Brie ly  th  first st p, the Cri icality An ly is, involved

the ident fication o  the impo tant m ch nical c mp nents in conven
se ondary w stewate  treat ent lant az d fined by their p tent

on ffluent qua it  sho ld they f il. Once these com onents we e identifi d

the cri ical ty f each omponent as d term ned an ran ed by con ucting a

fail re mod  and effect  analysis  From thi  effo t, the esi able infor

tio  need d from ac ual perating treatment l nt record  wa  de tified

The lant S le ti n step volv d de elop g a andidate ir.t o  tre

ment pla ts o be visited  From t is list, n ne t atmen  pla ts w

selected an  subseque tly visited t  collect da a. These d a w  the

analyze  to det mine the mp rtant rfo mance statis

b t een failure  mean ti

5.1 CRITICALI Y NAL

The objective f he criticali y analysis as to det rmine he me hani-

cal comp nents in onvent on l was ewater . reatmen  p ants which 

the most inme iate im act n fin l e fl ent qu lit  if they fai

The procedure sed in th s phas as o define he con ntiona

ary wa ewater tr atment pla ts - air activated ludge, ox ge  acti at

sludge, tr ckli g filter nd ro atin  biologi al ontactor n erns of t

respect v

throug
Sludge process g syste s w re includ d in the tud . These i clu

vacu m f lters, aer bi  and a aerobic di estion an  dis olv d air flo tion
Data for compo ents o  sludge pr cessing equip en  we e not col ected.
data for those

wer  col

The low di gra s de ined th  var ous treatment syst ms of inte

ch system

Headwor
Primary s
Secon ary trea

-
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Sludge proce

-	D sinfe

The ro d cl ssif cations o  mec anic l equip nt th t could be iden

fied 
Pumps

Power 

Compresso

Diffus

Controls

Pressure 

C nveyers ( nconfi ed aterials an lin

A number ng yste  was devel ed o aid in erform ng the criti al

a ly is and dat  co lection. he num rin  system is pre nted in Appe
A. I  devel ing the numbe ing syste , the gen ric groups, appl

size range  subcomp ne ts an  other per ine t informa io  were pr l ina

identi ied  Examples of t ese categories re pre ented in A pendix A. T

syste  was devel pe  wit the le ibi ity to add add tio al inf rma on du

fie d co lecti n of da a. This is h  reason or the us cf the two, re

and f ur igit columns to identify  s eci ic compon nt  Addition lly
al ow for da a so ti g by comput r, it w s neces

of quipment ype o  app icat on b tw en 

h following step  w re hen u ed in the crit ca ity nalys
(1)	Ident fic tion of t e road 

p ation for each ty e o

(2)	Ide ti icat o  of t

e ned in ste  1 a

(3)	Assi nment o  a rit cali y act r as a

ef luent qual ty nd the time ot the e ec

In perfor ing the cri ica ity analy is, it was as um d that there was 

equipme  d pli ation a d th  plan  wa  ope ati g a  design co diti ns  Fo

example,  was ass med t at there as onl  one aw waste ater pump in t
he dwords, on y one fin l clarif er in the final set

n  addit ona  hydraul c apac ty in eith  com

A rati g w s assigned o each plan typ , unit operation  b oad class

a on ana appli ation c mbinati n. he ratin  consis

) lationship etween
A Signifi ant im
B Mi imal i

. 



( T m  Fact

-  ou

.  > -1  hour

3 12 24 ho

4	- > 4 ho

Using this approach, if a ombina ion wa  r t d "A-l," th  failu e 

mechani al com onen  woul li ely result in s ifi ant imp ct on effluent
qual ty within fo r hours. f the r ing was "C,  t e f ilure would probably
hav  no impac  o  effluen '

are present d n A

The resul s f the cr ti ality anal s s we e th n r view d and ranke
ac ord ng to pr orit  by th e t at v/ou d ave he most sig ificant i pa

in the s o

App

The ri ical com onents for nclusi n n the t d w r s l ct d a th

with a  a signed ri i ality fact r of eith r A l, A-2, -  B . I  t

impact of fai ure f a m hani al compon nt as m nimal (i.e , ) nd it oc

cur ed withi  f ur ours  that comp nent w  al o conside ed to be c

an  incl ded in the data colle tion eff rt. The follo in  pr sent  a summary

of th

ase

-	R w n  i ter ediat

r al 1 pi ant ty

-	R turn a tivated s udge p

d oxygen acti ated ludge

-	Reci cul tion pum , power tr nsmission 

lter a d r tatin  biological ont ctors

-	Mot

-	Moto s, p we  transmis ion  compresso s, valves, ont ols and di

fusers j ed in issolved ir pro uction

rators n air activated sl

-	M tors, ower tr nsmiss on, recirc ation pumps  co trols, diffus
an  valve  used in xygen enerat

 oxyye  activated ludge p ant

Liquid appl ation stems for tricklin  fi ter plan

-	Compress rs, motors  p wer transm

ologic  cont tors n RBC planus

-	



clarif

Rec rcu ation pumps ontrols us d in secondar  tre tm nt n RBC
-	Raw and interm diat  w ste ate  pump contro s use  i  all plan
types nd val

lter pla

-	Cont ols us

lter pla

Contr s used n fin l clarifiers for all plan
-	Pumps, oto s, ower ransm

infect on for ll lant

Hav ng define  t e data co lectio  requi ements, he next step invol

the elect on of treatm

d t  cou d be c

5.2 DATA SOURCE SELECTIO
The Critic lit  Anal sis describ d in Sect on 5.1 efi ed t e me han ca

compon nts for which perfor ance ata ere needed. The n xt step was

sele t the reatment lants w ere this inf rmation c uld b

d ta sour e sele ti n process involv
o Develo  a lis  of can ida e plants.
o Select lan s f r o e-day 

o Conduc  the ne-day

o Select st dy p an

A candida e list of a prox mat l  0 t eatme  plants w
utili ing information rom he .S. EPA s^aff  equipme  manufact rers 
sales rep ese tat ves, SwRI d s bcontrac or c nt cts, tr atme t pl

operators n the ite ature. The crite ia sed t  dev lop this li  e

pri ar ly (1) that the lants tis ed the plant type r r ent ( .e.

air or oxy en ac ivated sludg , BC, or ri kling filte ); (2) there as 

indication hese pl nts ould be w

maint nance recor s wer  avai

Using nformat on about the  plants  forty-two pla ts were s

direct onta t by tele hone  Project ob ectives a d vail ble main nan

records er  di cussed with appr pri te ersonnel at each fa ility. he

major ty of the la ts contac ed d  n t main ain h stor al record  o  the

plan  comp nent  by omponent pe. T  acces  th se ata, ext nsive on-si

time wo d ha e b en n cessa y. ther plan s did n t main in mainte

reco ds. This w s m re ofte  the case wit sma ler plants. S ventee  pla

were identifie  fo  fur her c sid rat on. One-da  scr enin  v sits we

th



pro ect with 

for the s udy

Foll wing the on -day v sits  the tre ment pla ts t  b  inc ude

dat cq isition

e e as foll ws

(1)	Existen e of ad qua e a d com lete prev ntative an  c rrec

maint

l

(2 	Ex sten e of la t equipme t typi al of the generic e

n he four types of t eatme t plants u der considerati

(3)	An nd cation th t lan  ope ations and mainte

willi g to co per te in he d ta oll ct on ffor

Table

study

TABLE 1. T EATMEN  PLA S I LUD  IN R

Pla t Type	De ign Fl Ai 93

7

3
6

Ox 7

3

Tr 45

15

Ro 2

2

5.3 DATA ACQU SI ION

The obj cti e f th  dat  acq is tio  phase o  this stud  was to o
failure and e nte .a ce data n e critical echanical componen /applic
omb nations s o i  Appendi  C, "Mechanic l ' quipment Pri rity 

(see Secti n .1). A c e le wa  develop d for visiting he p ant locat on

identifie  in Sect on .2. Plant man gers/su erin end nts were co tacte
establish the t me for the v si  and conf

empl yees wo ld be a ailab  at that

Upo  arrival at each plant the data col ectio  team (enginee oper

an



provide  an opportu ity for he d ta col ection eam to rth r explain t
pro ect nd discuss possib e u es of the roj ct re ults. The metho ol gy o

the ata collect on effor  was discus ed. The pl nt sta  was asked to out

line he de ails of heir mai tenance man eme t system  work order ystem

spare parts prog am, contr ct maintenanc , and roblems en ou ter d. T

discu sions w e importa t to facilitat p oper olle tio  of he

pla t re ords. Foll wing this inter iew, a lan  tour was ade to fa liar

the data olle tion am ith plan

pa tern , flo rate , and cont ols

Ac t is puint  data col ecti n uas st rted. Main enanc  rec rds or

each cri ical om onent w re reviD ta collec i  forms w re u

code ll dat . A  e ampl  is own in F gure 5. R qu red data leme

shown at he top of this f rm. All d ta collect d i the field we e coded

using the numbe in  sy tem discuss d in Se ti n 5.1 s  Ap endix A  These

cod s are sh wn n th  appro ri te c umn  in F gur  5. Fo ex ple, col
o  c ntain  the cod num er 04- 731. The f rst tw  digits, 0 , identi

t'.ie pl nt locat on. he secon  four di it number eprese ts recor  num
i^sed to dentif  t  spec fic piece f eq ipmen . o umn two, pl nt 

shows the number 05, - ich i ent fied th s p ant as a om ination air oxyge

activ t d sludge pl nt  Cod s fo  eac  of t e rem ining 23 olum  are s ow

•wi h a descripti n of w at e ch c de means hown below the cod  Col mn 

was for re ording act al down ti e of sludge p ocessin  sys ems. Dat  f

th  sl dge pr ce sing s s ms at eich facilit  visited we e eco ded s sh

at the ottom o  Fi ure 5. These da a a lowed 

bet een ailure and avai abili y of th  syst

The ata collection fro plan  re ords often requ red  degree f ju

ment and interpre ation. h s was espe ially tru  when d ci ing when e ui

me t had actua ly fai ed.  echanical co onent ai ure is las ified as

an e en  which o cu s when a su compone t ' eases to er o m its unction, 
must be r ai ed or r pl c d to re to e the co ponent o  orma  oper

cond ti n. An ex mple o  a ailu e i  a seized b ar ng on a pump shaft whi

mu t be rep ce  before t e pump can e r stored o n operatin  cond tio

In contra t, an eq ipment malf ncti n was d fi ed as situatio s w er

equip nt c uld e p aced back into servi e y inor c ea ing and or a jus

ments. nly data for down time cons dered to  caused b  f ilure 

cor ed  Malf nct ons inc din  pump bl ck ges  reductio  in low r capaci

du  to dirty air il ers, and pl gging o  ai  diffusers w e n t re

If i terpretat on o  main enance reco ds wa  q estion ble, th  ata col ect

team con

o c rred

5 4 DATA A
A co ute  progra  e titled "Wa tewater Rel ability na ysi  Program -
WRAP  was ritten t  handle th  so ting. d analy is of th rel tively large
da a ba e. omplete d ta ls of th  og c, f rtran stings, and apabiliti

of WRAP re containe  in Appendix E o  this repo t. R liability, main ain

abil ty, ainten nce and av ila

da
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Th  defi i i n  d m thods used o lculate th  perf rman e sta ist

are p es nted n S c io  5 4 o  this ep rt. A discuss o  f Tab

1.1.1 and 1. .2 of A p n x 0 ollow

Tabl  1.1.  p esents he r l a ility tat stic  for the e ght c mp nent

(or b oad classi icat ons) incl ded n t e d ta base. The o er ll 

estimate f the ean time b twe n fail res fo pumps was 2,066 h ur

or pproximat ly 3.7 ye s. hi estim e is for all ype  of pum

of vario  size ra s s in a var ety o  ap lications. To obtain

est mate fo  a pecifie  typ  of pu p in  c rtain a p i ation, sa
ope  impelle  pu p being used for aw w stewat r pumping, one

to Table .5. .1. The lo er limi  90% onfide ce ev l MTBF valu  f

p mps in ab e 1 1.1 is 28, 30 ho rs, or appr xima ely 3.3 ear

di cussed  Se tion 5.4  t is eans ther  is a 90% chanc  that

MTBF valu  is great r ha  3.  year  Th  true MT F v lue wou d be

value calc late  f om perat ng at  fo  all itical pumps in all wast

treatmen  p ants th ougho  the ni e  S tes. S nce his hist ry i

not p es nt y ava la le, the 9  va ue, ombined wit  th  o eral  po

est mate, provides a reason bl  ra ge for predictin  c mpon n  er ormance.
T

the s a l s  and lar est estimated M BF values alc lated for 
of umps. he ifference be ween these lues can  inte pret d as
a eas re f the dis ersion about th  o era l MTB  estimat for p
In ummary, th  estimate o the true BF va ue or p mps base
upon ta co lected s 32, 66 hou s. Th  sm lest an la gest MT

calc lat d wer  21, 5  hour  and 7 ,1 1 hou , r pectively in h

categ ry of eneri grou . The e is a 9 % c anc  that the rue
val e is at east 28 630 hours  The same c clu ions can b

the o he  comp nent  li ted in the table  present d- n Part 1.0  Append

Ta le 1 1.2 p esents he a nte ance st ti tics for

For pum , he reventat ve maintenan  ( c eduled) ho rs/ nit/year
at all he t eat ent plant  in lu ed in th  s ud  averaged . 227 hours
The correcti e maintenan e (break wn) hou  p r u it per ye r were .0517
ho r . These nu ber  mig t appear to be l . H we er, i  mus  be recognize
they ar  b sed upon large num er of pumps 119  operating for a combi

to
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pr ven ative maint nan e downtime. The AV9, o

is a m a ur  of the a e fracti n of t me, but is bas d upon the

history f the uni s, includin  p eventative an  co rec ive m intenance.
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Fo  pumps, th  AV  and AVO fra tions fr m T ble 1 1.2 re .99 68
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during th s study. able .1-1 res nt  for the ive sludg  p oce

list , ot l oper ti g hour , umber of fa lur s of he proce s

mean time et een failure, he 90% co fide ce leve  low r lim

ope ating va la ility. he i t pr
c
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to wastew
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comp nent it  th  hig est p nt est mate ue MT F as a
that i  a ually ig er th n the po nt stimate valu  MT

comp nent

A les  precise metho  (th n he  tes ) for ete mining the s
level at wh ch the once tr reducer an be jud ed o have a h

MTBF han t e be t riv  is outlin d below

Ste  1. C mpare th  90% onfi en e l mit alue BF f th

re uc r o th  oi t estimat  va ue MTBF of he belt driv
If th

redu e (61 898 hours  i  great r th n the poi t e

MTBF alue f th  b lt rive (91,1 1 hours , the e 

than a 1 % cha ce of be ng wr ng i  o e d cide  that

true MTBF o  e c ncentric educ r i  grea er than 

po t stim t  value M BF f t  be t d iv  t e si n

le l w ld e less tha  10%. owe

li a e M F o  th nc ntr

th n est ate val TBF of 

go on o ep  to determine he appr xima e sig if can

level

St p . U e the gra h i  Fig re 6  determ e he  c

li t v lue MTBF o  the co cent ic re uc r hic  is g ea

than the oin  esti ate valu  MTBF of t e el  dr
Fro  Fi ure , the
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Thus there is a risk oF greater than 20 and less than

40 of being wrong if one decides that the true MTBF of

the concentric reducer is greater than the point estimate

value MTBF of the belt drive power transmission

The actual significance level for this example is 32 6 as determined

by the F test method

The Chi Square distributions and the percentiles v om which the same

calculations could be rade are shown in Figure 7 along vith a linear

graph of the confidence level comparisons Tables of the appropriate
Chi Square distributioiis could be used to determine confidtnce levels

for MTBF using the formula in section 5 4 7

Figure 6 can also be used for this type of determination for any
of the MTBF values presented in the tables of Appendix 0 Part 1 0

When the 90 Confidence Limit value MTBF of one equipment type is greater
than tr e point estimate value MTBF of another equipment there is less

th n a 10 chance of being wrong in deciding that the first equipment
type has a higher MTBF than the second
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sect i or 7

COMPARISON OF RELIABILITY DATA FROM WASTEWATER TREATMENT PLANT STUDY

TO DATA FROM TWO OTHER SOURCES

A comparison of reliability data from other sources to the reliability
data from the Wastewater lreatment Plant Study is useful in assessing
how similar components perform in different applications Two other

data sources were identified which contained data on components that

were similar in size and or generic group to those in the Wastewater

Treatment Plant Study These data sources are The Non Electric Parts

Reliability Data V9 The Nuclear Plant Reliability Data System Edison

Elec^^
Institute operated by Southwest Research Institute San Antonio

Pertinent performance data were selected from each of the two sources

Mean time between failure MTBF calculations were made using the same

methods as were employed for the Wastewater Treatment Plant Study The
results are shown in Table 2

For most components there were many more operating hours contained

in each of the other two data sources The wastewater treatment plant
MTBF values were lower than for the other two sources for all the components
listed This could be expected since the components reported in the
Nuclear Plant Reliability Data System are all in the safety class of
the nuclear steam supply system In addition many of the components
from the Non Electric Parts Reliability Data were qualified to military
specifications and were used in military applications The added safety
and or reliability requirements for components in these types of applications
may have contributed to the higher MTBF values

Various manufacturers and equipment owners were contacted during
the study to solicit reliability performance data on plant components
These manufacturers indicated they did not calculate these statistics
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TABLE 2 COMPARISON OF MTBF FOR COMPONENTS FROM THREE DATA SOURCES
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SECTION 8

PERFORMANCE STATISTICS UTILIZATION

There are a variety of uses for the reliability maintainability
and availability statistics presented in Section 6 For example design
engineers c^n utilize these data as an additional tool to be used for the

selection of equipment determination of the reliability and availability
of unit operations as well as entire treatment systems and the prediction
of operational performance of equipment in various applications Plant

owners operators can utilize preventative and corrective maintenance data

to help refine overall future maintenance budget and staffing projections
Knowledge of equipment failure rates and subcomponent failures can provide
input into determining spare parts inventories The following problems
and their solutions are presented to demonstrate how inservice performance
statistics can be used in these ways

AVAILABILITY ESTIMATION

Problem Determine the expected availability of an existing wastewater

pumping station

Given Peak demand 150 000 gpm

Existing pumps 3 at 55 000 gpm each

MTBF of each pump 7500 hours

MTTR of each pump 100 hours

Solution

Derive the system event tree state capacity matrix

Determine the availability versus capacity for each set of states

Availability A for each pump

A
MT6F MTTR 7500 100

9868421053

A system event tree is developed showing each operating state pumping
capacity at each stato and the percent of the peak demand flow that

£an jae handled at each state Ai A2 and A3 define each pump availability

Aj A£ and A3 indicate the pump is unavailable or out of service
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System Event Tree

Operating
State Capacity of Peak

55 000 gptn 36 67

^1^2^3 55 000 gpm 36 67

AiA2A3 55 030 gpm 36 67

AjA^ 110 000 gpm 73 33

^1^2^3 110 000 gpm 73 33

A1A2A3 110 000 gpm 73 33

^1^2^3 165 000 gpm 110 0

There are 4 capacity states The percentage of the operating time

that the system is in each state can be found using the binomial distribu-

tion^ since

A^ A2 A3 and A^ A2 A3 1 — A

Let R A and Q A then

R Q
3

0
r3Q°

1
^

2 r1Q2
3

R°Q3

R3 3R2Q 3RQ2 Q3

Replacing R by A and Q by A and evaluating the binominal expansion yiel
the state versus time proportion matrix shown below for each term yields
the proportion of the time that the system will be in the respective state

The state capacity is obtained by multiplying the number of available pumps

34



by the pump capacity

The state time proportion matrix is shown below

State Time Proportion

165 000 gpm 9610434283

110 000 gpm 0384417371

55 000 gpm 0005125565

0 0000022781

Thus in a one year period on the average the number of hours in each

state would be

State Hours per Year

165 000 gpm 8418 740432

110 000 gpii 336 749617

55 000 gpm 4 48999494

0 019956156

The number of hours in one year is 8760 Therefore the estimated number

of hours per year that this pump station could not be expected to pump at

a combined rate of 165 000 gpm would be 8760 8419 or 341 hours 14 2 days

Problem

Determine the state capacity matrix versus probability for the pumping
station described in the previous problem with an added pump of 55 000 gpm

capacity

Solution

The binomial equation for the

capacity probability states is

J A4 1° J A3 A1 4 A2 J
4 A1 I3 J A0 S4 1
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where

The first term capacity is 4 55 000 220 000 gpm

The second term capacity is 3 55 000 165 000 gpm

The third term capacity is 2 55 000 110 000 gpm

The fourth term capacity is 1 55 000 55 000 gpm

The fifth term capacity is 0 55 000 0

The matrix below is calculated using the individual pump availability
A of 9868421053

State

220 000 gpm

165 000 gpm

110 000 gpm

55 000 gpm

0 gpm

Time Proportion

9483981201

0505812331

0010116247

0000089922

0000000299

Hours per Year

8307 967532

443 0916017

8 861832034

078771672

000261924

Thus the addition of a pump has reduced the time that station would
be expected to be below the peak demand capability from 341 hours to 8760

8308 443 or 9 hours

There are existing analytical methods^ to determine the effect of adding
new equipment to any existing unit operation i e primary and secondary
clarification aeration etc These methods are also useful for determining
reliability and availability of the entire treatment plant system By having
access to appropriate performance statistics designers and operators can

develop reliabilities and availabilities for treatment plant designs comprising
various types of equipment and identity the design which appears to offer
the lowest life cycle cost This approach to design and equipment component
evaluation has been practiced in the electrical and electronics industry since

the early 1950 s At the present time approximately 50 percent of the nuclear

power plants in the U S participate in a reliability maintainability and

availability data base program Since Three Mile Island the industry has

begun to evaluate this data base to determine how these data can help prevent
similar system failures
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MAINTENANCE COST ESTIMATION

Problem

Estimate the average maintenance costs for the raw wastewater pumps

excluding motors in the previous example

Given Number of pumps 3 at 55 000 gpm

Preventative Maintenance PM

Unit Year 10 manhours

Corrective Maintenance CM

Unit Year 20 manhours

Labor Costs average 15 hour

Solution PM hours yr 3 units 10 manhours unit yr

30 hours yr

CM hours yr 3 units 20 manhours unit yr
60 hours yr

PM and CM Cost yr 15 hr 90 hrs yr

1350 yr or 450 pump yr

These estimates could be made for all equipment at a planned or existing
treatment plant The results form a base to which the design engineer or

owner may apply his own experience to estimate maintenance costs and staff

levels

SPARE PARTS ESTIMATION

Problem

Determine the replacement rate for those subcomponents failing most

frequently using the pumps included in the previous example

Given No of pumps 3 at 55 000 gpm each

MTBF 81 635 hours

Solution

The failure rate for each pump is

Failure rate 1

MTBF

1

81 635 hours
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1 23x10
^ failures hr pump

For three pumps the expected number of failures yr are

No of failure
3 1 23xi0

5 8760
year

3 23x10 failures yr

The distribution of subcomponent failures from the tables in Appendix D

Part 2 0 are

Impeller wear ring 19 7

Seal packing oil lubricated 18 4

Bearings ball double row 7 9

The parts needed per year are

Impeller wear rings yr 197 3 23x10
^

0 1

Seals packing yr 184 3 23x10

0 1

Bearings yr 079 3 23xl0_1
0 03

Thus an impeller wear ring and packing should require replacement
approximately every ten years A pimp bearing should require replacement

only every thirty three years due to ranaom failure between scheduled

preventative maintenance activity

These are point estimates of the parts needed per year Confidence
intervals can be placed around this point estimate using the Poisson distri-

bution The Poisson distribution can also be used to determine the number

of spares required for a 90 confidence level of having a spare when needed
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6 Ball R 0 Manual for Identification and Correction of Typical
Design Deficiencies at Municipal Wastewater Treatment Facilities

EPA Contract No 68 03 2775 December 1979

7 Bagovski Igor Reliability Theory and Practice Prentice Hall

Inc Englewood Cliffs N J 1961

8 Ostle Bernard Statistics in Research The Iowa State University
Press Ames Iowa 1960

9 Nonelectric Parts Reliability Data Reliability Analysis Center

Rome Air Development Center Griffiss AFB NY 13441 Summer 1978

10 Nuclear Plant Reliability Data System 1978 Annual Reports of Cumulative

System and Component Reliability prepared by Southwest Research

Institute San Antonio Texas
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APPENDIX A

DATA NUMBERING SYSTEM

COLUMN 1 6 Digits

First 2 digits plant ID Number

COLUMN 2 2 Digits

00

01

02

03

04

05

COLUMN 3 12 Digits

00

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

COLUMN 4 2 Digits

00

01

02

03

04

05

06

07

08

09

PLANT AND RECORD NUMBER

Last 4 digits component record number

TYPE PLANT

No information

Air Activated Sludge

Oxygen Activated Sludge

Trickling Filter

Rotating Biological Contractor

Combination Air Oxygen Activated Sludge

PLANT UNIT OPERATIONS

No information

Head Works

Primary Settling

Secondary Treatment biological unit

Final Settling
Disinfection

Sludge Processing outside the Waste Treatment Process

Anaerobic Digestion
Aerobic Digestion
Heat Treatment

Incineration

Sludge Thickening Gravity

Sludge Thickening DAF

Centrifuge Solid Bowl

Centrifuge Basket

Centrifuge Nozzle

Vacuum Filter

Belt Press

BROAD CLASSIFICATION OF MECHANICAL COMPONENTS

No information

Pumps without motor

Power Transmission

Motors

Compressors
Diffusers air water

Valves

Controls

Pressure Vessels

Conveyor unconfined materials handling
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APPENDIX A

DATA NUMBERING SYSTEM Cont d

COLUMN 5 4 Digits GENERIC GROUPS

Pumps

0000 No information

0100 No information

0101 Self priming Centrifugal Pump
0102 Submersible Centrifugal
0103 Screw Pump

0104 Progessing Cavity
0105 Diaphragm
0106 Piston

0107 Gear

0108 Air Operated
0109 Open Impeller Centrifugal
0110 Closed Impeller Centrifugal
0111 Open Impeller Centrifugal Close Coupled
0112 Closed Impeller Centrifugal Close Coupled
0113 Pump with Integral Motor

0114 Propeller Pumps Axial Flow

Power Transmission

0200 No information

0201 Concentric Reducer

0202 Parallel Shaft

0203 Right angle Shaft

0204 Vertical Shaft

0205 Variable Speed Drive Belt Type
0206 Variable Speed Drive Hydraulic
0207 Variable Speed Drive Other

0208 Gear Box

0209 Chain Drive

0210 Cyclo Drive Wemco Sells

0211 Belt Drive

0212 Flexible Coupling

Motors

0300 No information

0301 Single Phase

0302 Multi Phase

0303 Air Drive

0304 Hydraulic Drive

0305 Variable Speed A C

0306 Variable Speed D C

0307 D C Exciter

0308 Gas Engine
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DATA

Comp

0400

0401

0402

0403

0404

0406

Diff

0500

0501

0502

0503

0504

0505

0506

0508

Valv

0600

0601

0602

0603

0604

0605

0606

0607

0609

Cont

0700

0701

0702

0703

0705

Pres

0800

08

No in ormat

Single tage

Multi tage

Rotary  Lobe

Rotar  Vane

Ro ary Water S

Multi St e Hig  Press

No in ormati

Sparg rs, La ge Bubb

Small Bubble

Small ubbl

Small Bu le 

Sta ic Tu

Circu ar (for 

RB

Wast

No i

Butter

Needl

Relief (saf

Chec

Sl

No informa

Electric

Mechanic

Pressure (f

Pr ssure (air)

Chlonnat

No infor



APPENDIX

DATA NU BERING SYST

Conv yor 

0900 No in

0901

0902

0903 Pneum

0904

0905 Chain Bar Scree

0906	S i e

0907	Slud

CO

He

00

01

02

03

05

Pr mary and econdary

06 Clarifier Circu' r Center Dr
07 Clarifier Circul r Periphera
08 Clar fie  Squar /Rectan

09	Clarif er Square ectangular

10 Scum a d Grease emoval
Se ondary Treatm nt	(Bio
11 Return Activated ludge H
12 Recircula ion

13 Oxygen Ge era i

14 Dissolved Air Pr ductio
15 Dissol ed Air
16 Trickling Filter Rotar  Distributo

17 Dosing S
18 Trickling ilter Fi

19 Rotating Bi

20	M chanical Ae

No nformation

Flow Measure

Raw Waste ater Pumpin

Inte mediate

Sc



APPEND

DA

Sl

30

31

32

34

Di

50

52

Me

61

62

63

64

66

CO

00

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Prima y Sludge umping
Secon ary Sl dge Pum

Waste Ac iva ed Sludge Pum

Other Sl ge Pump

Diges er as R
Chlor e, as

Chlo -ne, 
Oth r, Oj  UV, 

High Speed
Low Speed

High Spee  Floati

Low S eed F

Subm ged Turb

Fi

S ZE (CA

No inf rm tio

0- 0,0 0 g llo s per m nut

10,0 1-2 ,00  gallon  pe  minut

2 , 01-100,000

O e  100,000 g

0 1 

2-  ho

6-1 	ho

26-1 0 h

1 1- 00 

Ov r 00 

0- 0 

11 20 

20- 5 cf

26-1 0 

10 -10 0 

1001 10 000 cfm

1 ,

O er

0-

7- 2"

13-2

25-48

Over

Un



APPEND X

DAT CO UMN 8 (3 Di

000 No i formatio

001 Pump Imp ller

002 Impel er Wea

003 Shaft leeve

004 Shaft  Dr

005 Shaf

006 Seal Single Mechanical

007 Seal Double ec

008 Seal Packed No Lu ica

009 Seal Packe

010 Seal, Ot
011 Coupl

012 Drive 

013 Pulley, Belt

014 Bearing Ball  Single R

015 Experim tal/ ototyp  Be

023 Bearing Ball. 

024 Bearing Thrust

025 Bearing Need

026 Beari , Cast

027 Chai . P

028 Gear or C

029 Gear Worm

030 Gear Spur

031 Gear

032 Gear

033 Gear Inter

034 Gear Miter

035 Gear

036 Gear, He
037 Magne
038

039 Overload R

040 Electr al Timer

041 Switc . Electr

042 Motor Armature
043 Moto Windi

044 Case Moto

045 Case Pump

046 Case

047 Case

048 Case, Elec

049 Control

050

05



APPEND X

DAT

COL

052

053

054

055

056

057

058

059

060

061

062

063

06

CO

00

01

02

COLUMN 10

CO

CO

00

99

01

02

03

5

O UMN 13

4 Digits

(2 Digits

SUBCOMPO ENT 

Collect

Conveyor

Skimmer

Solen id 

Cont ol Val

Shear 

Rak  Gu

Cab

End Gjt

Complet  Bear

Repl ce Pis

Plastic Cha

Pi

CRlTICAL

No infor

Effluent impact with n  h ur

Effluent impact from  to 2 ho rs

Effl ent impac  from 12 o 24 ours

Efflue t impac  a ter ore than 

DATE I STALLE  Month and

ACTUAL P

Re ord actual 

FA

No nformat

No 

One f

Two fai ures

Th ee failures

FA



APPEND X 

DA A UMBERING SY

CO UMN 14 (2 Digits)	CON RIBUTO Y CAUSE

00 No informati
01 Automatic ubric

02 Misalig
03 Mechanic

04 Packing Fdilur
05 Overload P otection Fa

06 Contro  Sys

07 Correcti e Maintena

08 Normal Wea

09 Climatic

10 Unsuitable f r Environme

11 Imp oper

12 Preventa ive Mainte ance

13 Bad Par

14	 mp o er Pro ction fr m En iron en

15 Sw pout of Par

UM  5(2 ig ts)	

00 N  i f rmati

01 1 ho r r les

02 1 o  ho

03 6 to 24 ou

04 24 t  16  h

05	Ove  1  o 720 

06 Ov r 720 to 43

CO U N 6 (2 D

CO No i f rm t

01 0 to 1

02 Over 1 o  ho

03	Ov r 6 ours to 4 hours

04	Ove  2 t  168 h

Wh C
LU N 17 (2 Dig

00 1 Jo inf

01 Outdoors Ambient

02 Outdoors Heate

03 Basement Hum
04 Basemen , 

05 Subject to Corros

06



APPEND X 

DA

CO

07

08

09

10

12

CO

00

01

02

COL

000

001

002

003

004

005

006

007

008

009

010

011

012

013

014

015

016

017

018

019

020

021

022

023

ENVIRONME TAL FACTOR

Submerged in Water or ewage

Corrosi e tmospher

Submerg d n Corrosi e Fl

Subjec  to Freezi

Subj ct to Exces

In oor Control

PART DIS OS

No infor

Repaired in 

Repl ced

Replaced and

Se t out (or R

SUB OMPONENT 

No in
New De

Hyatt

Fafn

Norm

Fast

T m

John C

U. S. Var d

Reeve
GETe edyr

Dod

Link

Re

Dorr Ol

B i

U.S.

Westin

Elect

Cl



APPEND X 

DAT

COL

000

001

002

003

004

005

006

007

008

009

010

011

012

013

014

015

016

017

018

019

020

021

022

023

024

025

026

027

028

029

030

031

032

033

034

03

CO

00

01

02

04

COMPON NT M
No i

Gorman Rup

HydroMati

Crown

Fairbanks M
Al

Worth

D o

Komlin

U.S. El

Chic

Marathon Ele

Westi

Dodge

Rel

Lightni

DeLav

Midla d

Eimco Envir

Ralph B. Carter Co
Louis A lis

Electric

Wallac

Autot

Fi cher and Po

INVENTO Y NFORM

No inform

Stocked a  Plant

Avai ab e Loc

Av



APPEND X DATA NU BERING SYST

CO

TY

00

COLUMN 23 5 Digits

CO UMN 24 (4 D

COLUMN 25 (4

No informa

Preven ativ  Mai te ance

Correc ive Ma nten nc

ACTUAL DOW  T ME OF UNIT OP ( ludg

Recor  ctual ime in ho

COLLEC I N OR D COM ISSI

First  digit  are onth

Second 2 d git  a e y

ACTU

Re



APDCNDI

RESULTS Effe

TABLE 1. CRIT CALITY

1-0- B— inim l I

Type Plant 2—>4 C—Nc Impact Un t Ope ati

Broad Classi ication

Re ationship of Equi men Applic

Failu e Fa P 0

0

P 0

0

M 0

0

V

0

0

C

0

0

C



------- Effe

T BLE 2. CRITI ALITY 

1 —0 Tp  P an —Tr

2 —> Ui  O era ion

Broa

Re ationship of Equ

Appli at Fa P 0

0

M 0

0

P 0

0

C

C

0

0

V 0

0



------- Effe

TA LE 3. CRITI ALITY 

1 —0 B— in ma  Im

Ty e lant — 2—>4 C— No Impac Un t per tio

Broad Classi ication

Re ationship of Equi men Applic

Failu e Fa P 0

0

P 0

0

M 0

0

C

C

0

0

V 0

0



------- Effe

TABLE 4. CRIT CALITY

1—0— B— in ma  Im

Type Plant— 2—>4 C—No Im Un t Ope ati

Broad Classi ication

Re ationship of Equi men Applic

Failu e Fa P 2

M 0

0

0

0

2

P 0

0

0

0

2

V

2

C 0

0

0

0

2



------- Effe

TABLE 5. CRIT CALITY

1-0- B— inim l I

Type Plant 2—>4 C—No Im U i  Oper tio

Broad Classi ication

Re ationship of Equi men Applic

Failu e and Efflue t Fa P 0

0

0

0

2

M 0

0

0

0

2

V

2

P

2

C

0

0

0

0



------- Effe

TABLE 6. CRIT CALITY

1 —0 4 hrs B — Minima Ty  Pla t -

•Tri kling 2— > No Impa i  Oper tio

Broad Classi ication

Re ationship of Equi men Applic

Failur  a Fa M 0

0

0

0

2

P

2

P 0

0

0

0

2

V

2

C 0

0

0

0

2



------- Effe

T BLE 7. CRITI ALITY 

1 —0 B  inim l I

T pe lant— 2 —> C —No I Un t Ope ati

Broad Classi ication

Re ationship of Equi men Applic

Failu e Fa P

2

M 0

0

C

0

2

P 0

0

0

0

2

V

2

C 0

0

0

0

2



------- Effe

TABLE8. CRIT' ALITY 

1 — —4 hr B Min mal Impact Ty e Pl

— ir Act Sl 2—>4 C— No Imp Ui  Oper tio

Broa  Classi ication

Re a;ionship of Equi men Applic

Failu e Fa P 1

P 1

1

2

M 1

1

2

C 1

2

D ffuse 1

A tSub  T V 1

1

1

C 1

1

1

2



------- Effe

T BLE 9. CRITI ALITY 

1 —0 4 hrs B inim l I

Ty e lant — 2 —> C— No Imp Ui  O era ion

Broad Classi ication

Re ationship of Equi men Applic

Failur  a Fa M 1

1

1

2

1

P 1

1

1

2

1

P 1

1

D fuse 1

A (Subm urbine) P 1

C 1

1

1

1

2

V 1

1

1



-------

1 —0 4 hrs B —Minimal Ty e Pl

— ri kling 2—>4 C— No Imp Un t per tio

Broad Classi ication

Re ationship of Equi men Applic

Failu e Fa P 1

P 1

M 1

V 1

C 1

1

D 1

1

1



------- Effe

TA LE 11.CRITI ALITY 

1—0  4 hr B — M Tp  Pla

RB 04 2 —> C— No Im act

Broad Classi ication

Re ationship of Equi men Applic

Failu e Fa P 1

P 1

1

1

M 1

1

1

C 1

D

V 1

1

C 1

1

1



-------

E A —S nif

1-0—

B —M nimal Type Plant — A r C—No 

Broad Classi ication

Relationship of Fqui men

Appli Fa P w

A 

A 

A 

A M t

A 

A 

A 

A C n

B 

B 

B 

09



-------

Ef A  ign l'.

1 — —4 hr B Mi im : I

T p  P ant — 2— >

Br ad Classi Relationship between Tim

of Equ pm Ap M t

A 

A 

A 

A P w

A 

A 

A 

A C n

B 

B 

B 

09



------- Effe

T BLE 14. CRIT CALITY

1 —0 4 hrs B — Minim l Impa T p  Pla

T ick ing Fi 2 —> C o mpa

Broad Classi ication

Re ationship of Equi men Applic

Failur  a Fa M 0

0

0

0

P 0

0

0

0

C 0

0

0

0



------- Effe

T BLE 15. CRIT CALITY

1—0—  — Mi Tp Plan

-RBC 2 — C—No Ui  O era ion

Broad Classi ication

Re ationship of Equi men Applic

Failur  a Fa M 0

0

1- 0

0

P

0

0

0

C 0

0

0

0



-------

E fects	TA LE 16. CRIT CALIT  ANA YSI 	Time ac or

A S gn ficant Impa t	1—0—4hr
B Mi ima

C — N  Impact	Unit O eration —Dis nfectio  06	

->

Broad Cl ss f

	o  

Pu p

50 B

52 B

Mo o

50 B

52

Di

52

Va v

51 B

12 B

Co t

51 B

12 B

Po e  

52 B 1

12 B 1

Pr



-------

Ef A— Si nif

1—0—  —Mi im l mp ct

Type -OjA  02 2—>4— 1

Broad Classi ication

Relationship of Equi men

Appli at Fa P m

B 

8 

B 

B M t

B 

B 

B 

B D

V l

B 

B 

B 

B C n

B 

B 

B 

B P w

B 

B 

B 

B P e

B 

52



------- Effe

TABLE 18. CRI ICALlT

1—0— B —Minima  Impac Ty e Pl nt 

T ick ing Fi 2—>4 C No Im act

Broad Classi ication

Re ationship of Equi men Applic

Failu e Fa P 1

5

5

5

M 1

5

5

5

D

V 5

5

5

1

C 5

5

5

1

P 5

5

5

1

P 5

5



------- Effe

TABLE 19. CRI ICALIT

1—0— B  Mi im Ty e Pl

— RB 2—>4 U t er tio

Broad Classi ication

Re ationship of Equi men Applic

Failu e Fa P 1

5

5

5

M 1

5

5

D

V 5

5

5

1

C 5

5

5

1

P 5

5

5

1

P 5

5



-----

Pl

Ty

01

01

01

01

01

01

02

02

02

02

02

02

03

03

03

03

03

03

04

04

04

04

04

04

01

01

01

02

02

02

C3

03

03

04

04

04

01

01

01

01

01

0

01

0-

APPEN I

MECH NICAL EQUIPMENT PRIO ITY ANK

TABLE 1. EC ANICAL EQ IPMENT PRIO

Un Op 01 01

02 A1 01 01

03 A1 01 02

02 A1 01 02

03 A1 01 03

02 A1 01 03

03 A1 01 01

02 A1 01 01

03 A1 01 03

02 A1 01 03

03 A1 01 02

02 A1 01 02

03 A1 01 01

02 A1 01 01

03 A1 01 03

02 A1 01 03

03 A1 01 02

02 A1 01 02

03 A1 01 01

02 A1 01 01

03 A1 01 02

02 A1 01 02

03 A1 01 03

02 A1 01 03

03 A1 03 01

11 A1 03 02

11 A1 03 03

11 A1 03 03

11 A1 03 02

11 A1 03 01

11 A1 03 01

12 A1 03 02

12 A1 03 03

12 A1 03 01

12 A1 03 02

12 A1 03 03

12 A1 04 02

06 A1 04 0

07 A. 04 02

08 A1 01 02

09 A1 04 03

06 A1 04 03

07 A1 04 03

08 A1 04 03

09 A1 04 02

06 A1 04 02

07



-----

Pl

Ty

02

02

02

02

02

02

03

03

03

03

03

03

03

03

04

04

04

04

04

04

04

04

01

01

01

01

01

01

01

01

01

01

01

01

TABLE 1. EC ANICAL EQ PMENT PRIOR TY RANKING (

Un Op 04 02

08 A1 04 02

09 A1 04 03

06 A1 04 03

07 A1 04 03

08 A1 04 03

09 A1 04 02

06 A1 04 02

07 A1 04 02

08 A1 04 02

09 A1 04 03

06 A1 04 03

07 A1 04 03

08 A1 04 03

09 A1 04 02

06 A1 04 02

07 A1 04 02

08 A1 04 02

09 A1 04 03

06 A1 04 03

07 A1 04 03

08 A1 04 03

09 A1 03 02

14 A2 03 02

20 A2 03 03

14 A2 03 03

20 A2 C 04

P. A2 03 04

20 A2 03 05

1 A2 o: 06

1« A2 03 06

15 A2 03 07

14 A2 03 07

15 A2 03 07

20 A2 03 03

20 A2 03 02

A2 02

A2 02

A2 02

A o:

A2 05

A2 07

A2 07

15



---- -

"A L Plant Broa  Cl ssific

Time and Ty of Equipment

Ap Re 02 03

06

06

15 A2 03 03 05

05

05

18 A2 04 03 02

02

03

03

04

07

19 A2 03 02 03

03

03

03

02

02

02

02

07

0/

07

07

03

03

03

03

02

C2

02

07

07

09 A3 03 03 07

12 A3 01 01 07

03 B1 02 01 07

03 B1 03 01 07

03 B1 03 01 06

03 B1 04 01 07

03 B1 03 03 07

17 B1 01 04 07

06



----- -

TABL  1. MECHA IC L EQUIPME T PRIORITY NKING (Cont'

Pl Ty 04

09 B1 02 04 07

09 81 03 04 07

09 B1 04 04 07

09 B1 01 05 01

12

03

02

52 BV 01 05 08

50

52 B1 01 02 01

22 B3 01 02 03

22 B3 01 02 02

22 B3 01 02 07

22 B3 04 03 06



APPENDIX

S M ARY OF PERF MANCE STATISTIC  CA

C I IC L COMPONE

1 0 R liability, intai a i i

1 1 B

1 1 1	 eliabilit  ( able 1.

1 1 2 Maintainabi ty an  v i

1 2 B  Component by G ner

1 2 1	 eliabilit  ( able 1.2.1)

1 2 2 Maintainabi ty an  v i

1 3 B  Component by A pli

1 3 1	 eliabilit  ( able

1 3 2 Maintainabi ty an  v i

1 4 B  Component by S ze/

1 4 1	 eliabilit  ( able 1.

1 4 2 Maint nabili y a d A ail b l t  

1 5 B  Comp nent by Gener  Group b  p l

1 5 1 Pumps ables . . .  nd 1.5. . )

1 5 2 Power Trans ssions ( a l s 1.5.2.1 t r u h

1 5 3 Motors (T les 1.5.3  throu h 1 5 3

1 5 4 Compre ors (T b e  . .4.1 th c o  .

1 5 5 Diffuser  Air/W t r ( a les 1.5 5 1 a d

1 5 6 Valves (T les 1. . .  h oug  . . .

1 5 7	 ontrols ( ab es 1.5. .1 th ou h 1.

1 5 8 Conve rs (Ta l s 1 5 8.1 a d 1 5

1 6 B  Comp nent by Gener  Group b  S z / apacity
1 6 1 Pumps ables . . .  nd 1.6. . )

1 6 2 Power Trans ssions ( a l s l.fi.2 1 t r u

1 6 3 Motors (T les 1.6.3  throu h 1 6 3

1 6 4 Compre ors (T b e  . .4.1 th o n 1 6

1 6 5 Diffuser  Air/W t r ( a les 1.6 5 1 a d

1 6 6 Valves (T les 1. . .  h oug  . . .

1 6 7	Control  (Table  1.6.7.1 t ro

1 6 8	 onveyors ables . . .  and 1. . . )

2 0 m onent Fai ur  Statis ics b

2 1 B  Comp ent (T b e  . .1 h o g  

2 2 . y Com onent by Gene c Grou

2.



- - -

2 2 3 Motors (T les 2.2.3  thro g  . .

2 2 4 Compre ors ( a l s 2

2 2 5 Diffuser  Air/W t r ( a le 2.2. . )

2 2 6 Valves (T le 2. . . )

2 2 7	 ontrols ( ab es 2.2.7.1 

2 2 8 Conve rs (Ta l  . .

2 3 B  Comp nent by Appli

2 3 1 Pumps ables . . .  hrough . . . )

2 3 2 Power Trans ssions ( a l s 2.3 2 1 t r

2 3 3 Motors (T les 2.3.3. throu h 2 3 3

2 3 4 Compre ors (T b e  . .4.  n  .

2 5 5 Diffuser  Air/V a e  T ble 2.3 5 1
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 ima TABLE 2.1

No ela

R Subcompo ent T Fa req

1 Impell  Wea Ring, r P 17 177

2 Solenoi Valv 1 167

3 Bearng, Ba 1 146

4 Bearing Ball Double 8 083

5 Controll 8 033

6 Bear g, Cas  Pi 5 052

7 Complete 5 052

Seal, P ked, n 3 031

Coup 3 031

10 Beari g, T 3 031

11 Pump mpel 2 021

13

Case, Pu

T SUBCO PONE Ran ubc

N Failure Re req

1 Drive Bel 13 453

2 Bear g, Ba 48 163

3 Shear P 39 133

4 Seal, 2 082

5 Bearing, B 1 037

6 Shaft, D 9 031

7 Contr 8 027

Coupli 5 017

Chain, 5 017
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TABLE2.1 3. MOTO S -DISTRIBU Ra ubc

N Failure Re req

1 Complete 58 347

2 Brush 38 228

3 Couplin 19 114

4 Motor Wind 1 038

5 Beari g, Bal 1 066

6 Contr 4 024

7 Shaft 3 018

Rela 3 018

Motor A atur 3 018

10 Seal, P ked, n 2 012

11 Bearing, Ball, 2 012

12 Bear g, Th 2 012

Overload

14 Case, Mo

TAELE 2.

N ela

R Compone  Typ F req

1 Coupli 3 23

2 Bear ng, Ball 3 231

3 Switch, 3 23*

4 Pump Impell 2 154
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T SUBC PONENT No ank

1 Tie Rod 10 480

2 Seal, S gle, echani 49 220

3 Bea ing, 3 161

4 Bearing, Bal , Single 2 112

.0

Expe TABLE 2.1

N ela

R Compono t Typ F req

1 Seal Packe 7 538

2 Con ol Val 3 231

3

Sea



Coi .r l e

.0

5 So enoid valve	 	.07

1 --

T SUBCOMPO ENT FAI No ank

1 Controll 46 371

2 Magne 26 210

3 Overlo 13 105

4 Rela 1 089

5 Swit , Elo 1 089

6 Seal, Si gle, Me 3 024

7 Seal, othe 3 024

Complet  Bear 3 024

Elec

.016

1

C ntrol Val

2

.

TAB
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3

4

ar

ABL

No. Of R lativ Su mpe

. eal

. ole

.1

Bearing, Bal , Do

. ear

. ABL

No. Of R lati S ont

. omp

. mpe

. ear



So no

.

1

 mage: 

-

TA E2 2.2.1. P

No. 

R nk	S compo en Typ

1 Drive B t 12

2 Beari , Bal , oub

3	Pul e , B l Drive

4	Cou

TA E2 2.2.2. P

No. 

R nk	Subcomp n t T

1 Seal, o h  20

2	B



No. Of R l t

Ra 	S bcompone

1	Co troller 8	.8

2 Brus s 1 .1

1
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TA E2 2.2.4. P

No. 

R nk	Sbuco ponent ype	 Failur s	 equ

1 Shea: P n 	.8

2 Seal, ot er 	.0

3 Coupl ng 3	.06
4 Complet Bear g Repl cem nt 	.0

TABLE2 2 3 1 MOTORS MULTI-PH

No Of Relative

Rank Subcomponent Type Failures Frequency

1 Complet Bear g Repl cem n 57	

2 Brushes 24 .

3	C
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 ima TABLE2.2.

No ela

R Subco ponent T F req

.9

tor TABLE 2.2

N ela

' Subcompo ent Ty F req

Replaced

. T

N R ank

F F  Be

3 .  Sw

2

.28
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 ima TABLE2-2.

' ela

R Subcompo F req

1 Pump mpell 2 333

2 Coup 2 333

Cose

.1 Pipe Bro

. TAB E2. Ran ubc

N Fail Re req

1 Tie Rod 10 480

2 Seal, S gle, echani 49 220

3 Bea ing, 3 161

4 Bearing, Bal , Single 2 112

Experime

. TABL 2.2.6.  VALV -GA o. 

R Rank ubcom F req

1 Seal, Pack 7 636

2 Seal, ot 1 091

3 Control 1 091
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TABLE 2. .7.1.

Subcom nent Typ

No. O

Fa

Re

Fr

Co

M

ver

wit

ela

109

098

TABLE . . .  CONTROL -MECHANI

Subcomponent Type

No Of Relative

Failures Frequency

Switch, El

Motor Wi

500

ABL

ubc

No.
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TA E2

Rank Sub

R lati F  Se

3 .  Re

2 .  Co

2 .  Ge

.125 TABLE2.2.8.1  CON

Ra

Subcompo

R Frequency 1 oll

5 2 las

1 .143 3 ipe

TA E2

No. Relative Rank Subc

F Frequenc mpe

1 .246 eal

1 ole

1 4 ear

5 .082 5 eal
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TABLE 2.3.1. . PU

Ra

Subcompo

R 1 ont

8 .572 2 eal

1 3 oup

1 4 riv

1 5 ela

1 6 wit

1 7 rus

.0

TABL  2.3.1.3. PU PS-R TURN ACT VATED SLU

N . Of	Re tive

R nk Subco p ent

1	Bea i g  a , Dou le Row 5	.714

TA E 

No. Relative Rank Subc

F

F

1 Complet Bear g Repl cem n 4	.

2 Impelle Wear R n  or

3 Bearing, Bali, D ble

4	B
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TABL CIRCULAR DRI

Ra

Subcompo

R Frequ riv

1 ear

4 .202 eal

2 4 haf

9 5 ear

5 6 ull

TABL SQUARE/RECTA GULA

Ra

Subcompo

R Frequ ncy hea

3 2 hai

5 3 oup

3 4 omp

TA E 

No. Relative Rank Subc

F Frequen 1 ear

6 .461 2 eal

4 .308 3 eal

1 .077 4 eal

1 G ear
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TABLE 2.3.3. . MO

Ra

Subcompo

R Frequen rus

1 oto

1 3 ela

3 4 oto

3

No. Subcompon

F Frequen 1 rus

2 2 ont

.133 TABLE 2.3.3. . MO

Ra

Subcompo

R Frequenc oup

1 2 ear

2

.

1 ear
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TABLE 2.3.3. . MO
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Subcompo

R Frequen 1 rus

9 2 ear

5 .278 3 eal

.111 TABLE2.3.3.5  MOT
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Subcompo

R Frequ 1 haf

2 2 ear

2 3 ear

1 4 omp

.1

TABL 2.3.3.6. MOT RS-D SSOLVED IR PRODUC

N . Of	Re at

R nk Su componen  pe	

1 Brus s 11	 6

2 Motor W ding 2	.125

3	C
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No. Subcompon

F Frequenc 1 oup

3 .333 2 ump

2 3 wit

1 .111 4 ase

1 5 rus

1 .111 S ipe

No. Subcompon

F Frequen 1 ear

3 2 wit

No. Subcompon

F Fre uen ie 

1 .480 eal

4 ear

3 ear

2 .11 6 nd 

5 6 xpe
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No. Subcompon

F Freq 1 eal

7 .700 2 eal

1 3 ont

1 4 ont

No. Subcompon

F Frequenc 1 ole

1 2 ont

.500 TABLE 2.3.7. t. C

Ra

Subcompo

R Frequenc agn

1 2 wit

1 3 ole
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TABL  2.3.7.2. CO TROL -INTERME IATE WAST

N . Of	 e tiv

R nk	Subco ponen  pe	

1 Relay 

2 Overload R l  2	

3 Switc , Electr c 	.2

4	Cont o l r

5	Mo TABLE2.3.7.3  CON

Ra

Subcompo

R Frequenc 1 agn

8 2 ver

5 3 wit

4 4 ela

1

5 Co TABLE2.3.7.4  CON

Ra

Subcompo

R ont

2 2 agn

4 3 lec

2
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TABLE2.3.7.5  CON

Ra

Subcompo

R Frequenc 1 ver

3 .429 2 eal

2 3 wit

1 4 ont

.143 TABLE2.3.7.6  CON

Ra

Subcompo

R 1 ont

4 2 wit

3 3 ela

.222 TABLE 2.3.7. . CO

Ra
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R Frequ 1 ela
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TABLE2.3.7.8  CON

Ra

Subcompo

R ont

1 .448 2 eal

3 3 agn

3 4 omp

3 5 ela

2 6 ont

2 .069 7 eal

1 .0 5 8 e?r

1 .035 9 ear

TABL PERIPHERAL D

Ra

Subcompo

R Frequency 1 oll

5 2 las

1 .143 3 ipe

No. Subcompon

F Frequen 1 ear

5 2 oup
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TABLE2.4.1.2  PUM

Ra

Subcompo

R Frequenc mpe

1 .600 2 eal

2 3 ear

.080 TABLE2.4.1.3  PUM

Ra

Subcompo

R Frequenc 1 omp

4 2 mpe

2 3 ear

2 4 ole

TA E2

No. Relative Rank Subc

F Freq eal

1 ole

1 3 ont

8 4 ear

5 5 riv
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TABLE2.4.2.1  POW

Ra

Subcompo

R Frequ riv

1 ear

4 .139 eal

2 4 haf

9 5 oup

5 6 ear

5 7 ull

No. Subcompon

F Frequ ncy hea

3 2 hai

No. R S ubcompo

F Frequen 1 ear

6 .600 2 eal
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TABL 2.4.2.4. POW R TR NSMISSIO -101 TO 5

N . Of	Relat v

R nk S compon t Type	Fai u s F

1 Cont ller 8

2 Seal, S gle, echani al 	

3	Seal  a k , Wat r, Oil, Grea e Lu ric ted 1	.091

4	 ar ng, Ball

TABL 2.4.2.5. POW R TR NSMISSIO -OVER 500

N . Of	Re tive

R nk Subc m nen

1	Bear n , B l, Dou le o

2	 us es 1	.33

TABL 2.4.3.1. MOT RS-O O 1 HORS

N . Of	Rel ti

R nk Subc pone  Type	 ail r 	Fr

1 Couplin 19	.

2	B
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TABLE 2.4.3. . MO ORS-26 T  100 HORS

No. O  Rotativ Su oto

. rus

. ear

. eal

. haf

. ont

.0

TABLE2.4.3.3  MOT RS- 1C1 O 500 HOR

No. Of lati S

Beari , Ball 4

Shaft, 2

Bearing, Thrus 2

Overl ad Relay 2

Motor W 2

2

omp

.2

TABLE2.4.3.4  MOT r.S-OVER 500 HORSE

No. Of Su rus

. ela

. oto

. ont

. oto

. ase
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S Frequenc
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S

C
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TABL GALLONS PER INOf

Ra

Subcompo

R Fre uen ie 

1 .480 eal

4 ear

3 ear

2 .11 5 nd 

5 6 xpe
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F Freq 1 eal

1 2 ole

1 3 ont

No. Subcompon

F Freq 1 eal

7 2 ont

1 3 ont
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a

1
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3
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a

1

2

3

TABLE2.4.7.1  CON ROLS-OTO 1 HORSEpO

No. Of.	 elative

Subcompo ent T p Fai

Magnet  Starter 8 444

Overl a Rel

Switch  l c ic 4	.22

Re y 

TABLE2.4.7.2  CON ROLS-26 O 100 HOR

No. Of	Rel ti

Subcompo ent Typ 	F lur

Contr l r 2

Magnetic Start r 1	.

Relay 4	.0

Overlo d R l

El tr cal Time

TABLE2.4.7.3  CON ROLS-101 TO 500 HO

No. Of	Rel t

Subcompo ent T p Fai

Controll r 6	.30

Over ad Rel
Magnet  Starter 4 200

Sea
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TABLE2.4.7.4  CON

Ra

Subcompo

R 1 ont

6 2 ela

4 3 wit

.250 TABLE2.4.7.5  CON

Ra

Subcompo

R ont

1 .448 2 eal

3 3 agn

3 4 omp

3 5 ela

2 6 ont

.069 TABLE2.4.8.1  CON

Ra

Subcompo

R Frequency 1 oll

5 2 las

1 .143 3 ipe
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TABLE 3.1
Proce

p rat

Ho

(x TO8 H

No. 

a lur

MT

x 1C6 Hrs 90% C

(x 10®
Av lud WW 001

897 An . 167

.00 Inc 000

.00077 723 Slu 000

.00058 994 Vacu 000
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