Contents

In Memoriam: Dr. Elemer Makay (1929-1996)—A Legend

in Troubleshooting Power Plant PUMPS ......ccceveureicennesccmenniississiciisniicinnes vii
PrOEACE et eeeeeeteeeeeeeeeesbesessssseses s e sesssatassesnsaasssnssansesenasatesbaas e st sabesaantsassasaten XV
ACKNOWIEAZIMENLS ..ottt sans xvii
AAIEOT e teteeet e e seeceteesseesessesssesssssseeneeaseasasssnassensteneensestisasossessnistasnasses Xix

Section I Primer on Centrifugal Pumps

1. Pump Fluid Mechanics, Concepts, and Examples .........oocoovvieconniniass 3
1.1 Flow Complexity and Flow-Path Geometry ..., 3
1.2 Centrifugal PUmp Theory ... 10

1.21 Pump Impeller Flow and Head Production ...........ccce..... 10
‘ 1.2.2  Specific Speed and Design Parameters..........ccovvvcuivcuncn. 15
1.3  Centrifugal Pump Configurations .........coceeeencncescerensensenconsoinnnes 16
1.3.1 Pump Casing Entrance and Discharge Flow Paths.......... 16

1.3.2 External and Internal Return Channels of Multistage
PUIIIPS . ocverererernieietensn s ssiamsassnssesrnssessstessistsnessestansenssssssssnaes 20
133  Pump Priming.. e 21
1.34  CONTOIS couvvivemrcrircriirsrsisre et ssss s sseas 22

2. Pump Performance, Terminology, and Components...........ccocceeruecunces 23
2.1  Hydraulic Performance and Efficiencies .......cococcvcensinsiniuniannnnn. 23
2.2 Intersection of Pump and System Head—Capacity Curves........... 24
2.3  Cavitation Damage and Pump Inlet Suction-Head

ReqUITEMENES. ..cvocterieriiriniersieei sttt b 25
2.3.1 Description of Pump Cavitation Phenomenorn.................. 25
2.3.2 Laboratory Shop Testing to Quantify Pump
Cavitation INCIPIENCE ..ceirir et snsecenes 27
2.3.3  Required Net Positive Suction Head and Available
Net Positive Suction Head ......ccoovvuveremeeenncrerinieiecnieneseneacs 28
2.34 Operation of Pumps in Parallel ... 29
24  Mechanical COMPOIENES ......cvirirererisseineirrsisensinesesesessssrsesassesasssss 30
241 SRAFES et 30
242  COUPLINES c.cverrererersetsisinmsnssisessesstseisisensessisesssssassssesssssssinsess 30
243 BeAriNgS....cocoereerersierieierssssssisisesssinisses st ces s 35
244 SAIS it 39
245 Thrust Balancers ... 45
2.5 DIEIVELS crueerceeeerermeteirerteteennees e ssssss st seb e bebe s sansssasssassasasasasssescacs 47

xi



xii Contents
3. Operating Failure Contributors..........ccceeeveireeneccnericenrceeeeseeeeseen, 49
3.1 Hydraulic Instability and Pressure Pulsations...........coceececreneuennce. 49
3.1.1 Head-Capacity Curve Instability........cccooecreemrureecrrercrencrns 49
3.1.2  Pressure Pulsation Origins.........ccccoeveivcuncurcencsincerceenenecena. 51
3.1.3 Criteria for Minimum Recirculation Flow .......cccceuccennnnn.. 52
3.2 Excessive VIDIation .........ccuiiiiiecuiicrirceneienmeenneesencrnesessesessessseseraes 53
3.2.1 Rotor Dynamical Natural Frequencies and Critical
SPEEAS ...ttt 55
3.2.2  Self-Excited Dynamic-Instability Rotor Vibrations .......... 57
3.2.3 Dynamic Forces Acting on the Rotor........ccooevveeecrercncrnence 59
3.3 WAL ettt st ettt arane 60
3.3.1 Damage Caused by Pump Cavitation..........ccccocceruecuerennce 61
3.3.2  Adhesive Wear ........cciicencncrceerncseeneeeeseaeincsesssesenes 62
3.3.3  Abrasive Wear ........coiviicuninccincernceeincenesseneesssessensenes 64
3.34 Delamination Wear..........cceemvercneernceeeninceniseeriressessssnes 64
34  Operating Problem Modes...........cocviuriciniiereninecrncnneeeseeneneenes 64
341 Rotor Mass Unbalance ..........ceeeerereeeseerininennreessesesssnenenens 65
3.4.2 Unfavorable Rotor Dynamic Characteristics.........ceurene.. 66
3.4.3 Hydraulic Forces at Off-Design Operating Conditions....66
344 Dynamic Characteristics of Foundation, Support
Structure, and PIping .......ociccvcneneeccesnsenesenseeennens 69
3.4.5 Unfavorable Pump Inlet Flow Conditions .......cccecevuevunrene. 70
34.6 Bearing, Seal, Shaft, and Thrust Balancer Damage.......... 70
3.5 Condition Monitoring and Diagnostics........coeecrevrererernirreransenen. 72
3.5.1 Vibration Measurement ..........cccoeerecueeeeremerseuseseesrscsesseenanes 73
3.5.2 Pressure Pulsation Measurement.........cc.oocereereeecrcrerenecnns 76
3.5.3 Temperature Measurement ........ccoeeevereereiiereneemrereseeeananans 77
3.54 Cavitation Noise Measurement .........cocovuueceeresiunereesensennns 78
3.5.5 Pump Test Rig for Model-Based Condition Monitoring...78
3.5.6 Summary of Monitoring and Diagnostics .........cccoveueenune.. 82

Section I Power Plant Centrifugal Pump Applications

4. Pumping in Fossil PIants ..o esenenenens 85
4.1 Boiler Feed Water ...........cciicueiecimiecseseeesiesese st sessessesaesanans 85
4.2 Condensate, Heater Drain, and Condenser Circulating ............... 89
4.3  Boiler Circulating........cccevvieeceionincererncrnieereeresensnssssssssesssssessenans 93

5. Pumping in Nuclear Plants ...........ccccccocoeniimecernrnnecnnnennnnssssesese s, 95
5.1 Pressurized Water Reactor Primary Reactor Coolant .................. 98
5.2  Feed Water and Auxiliary Feed Water.......cccocoeevvererneercrcrrnennnen 107
53 Residual Decay Heat Removal .........ccccooceuviniccrncnrnnnenrrnninnnnnns 107
54  High Pressure Safety Injection and Charging.........c.ccvceeereueeeeen. 107

‘Contents xiii

5.5 Boiling Water Reactor Main Circulating .............. Brrereininserensanass 108
5.6  Quarterly Testing of Standby Safety Pumps..........co.oueererueriniecene 109

Section III Troubleshooting Case Studies

6. Boiler Feed Pump Rotor Unbalance and Critical Speeds................... 113
6.1 CASE Lt b s 114
6.2 CASE 2ottt bbb st e et net 117
6.3 CASE B ueeriieccneereeressetstes ittt r s sor e bbb na i 119
6.4 SUININATY .coovecrerirereseretsietessssassssssssss st st stastsess st ssesssssassans 122

7. Nuclear Feed Pump Cyclic Thermal Rotor Bow.........coovviienrnnnne. 123
7.1  Background on Cyclic Vibration Symptom........cc.coeceeveuecuremecnnnns 123
7.2 Rotor Vibration Analyses........eeereriiviiieicrnnienesseieieiesssssnsens 123
7.3 Cyclic Thermal Bow Analysis.......cccoeeommniinnincneiniessinniiecesinens 125
74  Shop Cyclic Thermal Test and Low-Cost FiX ....occovveninrncinnncenens 125

8. Boiler Circulation PUINP ... s e e e s issassnnnes 127

8.1 Problem Background ... ssassissssnns 127
8.2 INVESHGAION ..ottt 129
8.3  Floating-Ring Seal Leakage ... 130
84 Wear Ring Leakage......ccveuveueruireriesiinisnseneisiesissssie s 131
8.5 Root Cause and FiXeS.......cocvurerirrinminritrinsisie st 131

9. Nuclear Plant Cooling Tower Circulating Pump.......ccocovrennennncce 133
9.1 Problem Background .....cocoueeemrrerieciesnisinnrectssinsissssssnssseseicene 133
9.2 Investigation and ROOt CaUSEe ......ouererivmrresnninresisieisicisincnenenecnnes 133
0.3 BIXES cerrerccciiic et e r et et 135

10. Condensate Booster Pump Shaft Bending ... 137
10.1 Problem Background........ooieineciensiniesinnnssnsisissisnsicenane 137
10.2  INVESHGAION c.cuevereerieinisntsissets e 137
10.3 Root Cause and FiX ...inseinesesnsssssssssssenees 141

11. Pressurized Water Reactor Primary Coolant and Auxiliary Feed
PUINPS..covivirinitieirsss oottt n st ss s ss s st e s ssss st sesnansenstasins 143
11.1 Primary Coolant Pump (PCP) Problem Background .................. 143
11.2 Vibration Instrumentation False Alarm .......o.coivicicvcnicnnvenanne. 143
11.3 Worn Impeller Journal Bearing.......c.c.oeceeueeiereseinenciniserncencnscnsninne. 144
114 Primary Coolant Pump SUMmMAaTry .......cccoerereermneineiseniscrecrnennensins 144
11.5 Auxiliary Feed Pump Problem Background .......cccoonevcincnnncn. 145

11.6 Auxiliary Feed Pump Analysis Results and Recommendations ... 145



xiv Contents

12. Cases from Mechanical Solutions, INC.........cooeeeeeoeeeeecerierereeeerersennn 149
121 Below-Ground Resonance of Vertical Turbine Pump.......ccoce.n.... 149
12.2  Cavitation Surge in Large Double-Suction Pumps ........co.cceveunuc. 150
12.3 Impeller Vane-Pass Excitation of a Pipe Resonance _

in a Nuclear Plant...........iceeieceeienseeseesesesesssssenes 153

BiblioGraphiy...........cuiiciiecicineireneini st s 155



