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ABSTRACT

To increase the profitability and decreasing the operation failure of
the  Multi-Effects  Desalination/Thermo  vapor  compression
MED/TVC type the Six-Sigma method will be used as the main
method to achieve that.

The objectives of this research are proposed to develop Integrated
Quality Assurance Program for maitainence of desalination plants
and using the Reliability Centered Maintenance (RCM) for the
(MED/TVC) desalination unit type, to improve the performance of
desalination unit and increase the life time of its components. By
applying the Six-Sigma method, to enhance the Desalination unit
performance and increase the operation lifetime, the critical systems
in the unit is specified based on the operation experience. The critical
systems to safety and to the operation are: Chemical Dosing System
(CDS), Sea Water System (SWS), and Evaporators System (ES).
Designing an Integrated Quality Assurance Program (IQAP) for
maintenance of MED/TVC unit, by using the application of the Six
Sigma, defines, measure, analyze, improve, and control (DMAIC)
problem-solving methodology in MED/TVC Unit, aimed to increase
the Reliability, availability and increase the unit lifetime. From the
operation logbook, the low performance of the MED/TVC unit was
discovered, also from the maintenance logbook, the lifetime of the
evaporator components decreased and not matched with replaced
components schedule.

The results of the MED/TVC illustrate a successful practical
application of a Six Sigma project in maintenance program for
Desalination Unit.

Sea Water System - for sea water system by applying the scientific
method (four step method) plus the PDCA cycle, it means we apply
the Six Sigma philosophy. To improve the performance of the multi
effects Desalination unit and increase the operational lifetime, one of
the critical systems in the Multi-effects desalination/thermo vapor
compression MED/TVC unit is Sea Water System (SWS). By using
the Six Sigma philosophy, define measure, analyze, improve, and
control (DMAIC) method for problem-solving methodology in



MED/TVC Unit, to improve the Reliability and Availability of the
MED/TVC Unit,

The operation and maintenance staff discovered that the low
performance of the MED/TVC unit, the availability and reliability not
matches with the operation objectives, also the lifetime of the
components for the evaporator decreased and not matched with
replaced components as schedule. So, the Reliability Centered
Maintenance will apply.

The results of the SWS illustrate a successful practical application of
a Six Sigma project in maintenance program for MED/TVC
Desalination Unit.

The Integrated Quality Assurance for the MED-TVC desalination
unit shall contain the following aspects:

¢ Organization,

e Quality Management System,

e Quality Assurance in Procurement of Items and Services,
e Management Procedures and Work Instructions,

e Documentation Management system,

e Identification and Control of Items,

e Control of Special Processes,

e Control of Measuring and Test Equipment,

e Handling, Storage, Shipping, and Housekeeping,

e Inspection, Test and Operating Status,

e Control of Nonconformances,

e Corrective Action Program,

e Quality Assurance Records,

e Quality Assurance Assessments,

¢ Indoctrination, Training and Qualification of Personnel, and
e Statistical Techniques.

By applying all the requirements under each section of the quality
assurance program, the performance, reliability, and availability are
improved.



TABLE OF CONTENTS

ABSTRACT Lttt ettt st st st e b e i
TABLE OF CONTENTS ...ttt iii
1. LISTOF FIGURES........coot ittt e viii
2. LIST OF TABLES. ...ttt X
4. LIST OF EQUATIONS ..ottt Xii
8. LIST OF ABBREVIATIONS. ..ottt xiii
10. CHAPTER ONE ..ottt 2
INTRODUCTION ..ottt 2
1.1 BacCKground.........coooiriiieieinenerereeeee e 2
1.1.1 QUALITY ASSURANCE EVOLUTION.....cccceeiiiinirnirnieeiene 2
1.1.1.1 QUALITY INSPECTION STAGE ......ccoootiieieeeneereeeieeiene 2
1.1.1.2 QUALITY CONTROL STAGE.......ccooiieieeeeeneeeeeeeeiene 2
1.1.1.3 QUALITY ASSURANCE STAGE.......cccoiiieeeee 3
1.1.1.4 TOTAL QUALITY MANAGEMENT .....ccotiiiiiiiirieiieeiene 3
1115 SIX-SIGMA STAGE ..ottt 3
1.2 Problem Statement ........ccocoeveireineinereee et 4
1.3 StUAY ODJECHIVES ..ottt 4
LA WOIK PIAN et 5
1.6 THESIS STIUCTUIE......c..ouiiiiiiciiiciiieee e 6
CHAPTER TWO ...ttt st s 9
11. LITERATURE REVIEW ..ot 9
2.1 Literature REVIEW ........ccoueivieiirieiirieeeerteese et 9
2.2 WALEE CriSIS ..viiuiieiiicinietrrctnee ettt 10
2.2.1 Need For Seawater Desalination ...........c..cccoeeevecinecinenncneennes 10
2.2.2 Desalination TechnolOgies.........cccecevieeeeriieeerieseece e 11
2.2.3.1 Multi-Effect Distillation ..........c.ccoeveveiiininineececeeee 14
2.2.3.2 Multi-Stage Flash Distillation............ccccoeeeeveieenenenreseeeene 17
2.2.3.2 REVEISE OSMOSHS ....eeviireiirieieieieieieesee ettt 21
CHAPTER THREE ...ttt 27



MED-TVC DESCRIPTION AND DATA ANALYSIS .....cccvvvenns 27

3.1 General Information About Med/TvC UNits .........ccccevevveiinenennene 27
3.2 Process CharaCteriStiCs .........coeoeveirieirieinieinieineeecesee e 27
3.2.1 Distillation PrOCESS ........ccueirieirieiinieirieinieerteenieeeree e 27
3.2.1.1 Supply of Heating Medium.........cccccvevririneneneneneeeeeeeeene 29
3.2.1.2 RaW Water SUPPIY ..coveriiriirieieieieeeieeeei ettt 30
3.2.1.3 Distillate production...........cccevvevieeevereeereceee e 30
3.2.1.4 Auxiliary Power Consumplion.........ccccceeeeveeeeveseeceene e 30
IR SV 1010 - L (0] g RPN 31
3.2.2.1 General desSign .......ccoevireririerieeeeeeeeee e 31
3.2.2.1 Sea Water Spraying SYStEMS........ccevrerererenenienieniesieeeennens 32
3.2.2.2 DBIMISTEIS ...ttt ettt 32
3.2.2.3 Heat Transfer Surfaces and Tube plates.......cccccceovevveverrrenene. 32
3.2.2.4 Final Condenser And Feed Heaters..........ccooeevevnenincninenne 32
3.2.3 Thermal Vapour COMPIeSSOIS. .....cceueererererienieneesieneeseeeeennens 32
3.2.4 Steam TranSfOrMEr. .......cooivirierieieieeee et 33
3.2.5 VaACCUM SYSTEM ...ccuriiiiiieiieeciieeriee et este e ee e ste e esaeeesaeeenaeees 34
3.2.6 Hydro EjJector SYSteM ........ccoccvevieiieieiecieeecre et 34
3.2.7 Steam EJEeCtors SYSEM ......cccvveevierieieiereee et 34
3.2.8 Chemical Dosing Of Sea Water Feed & Steam Transformer

FEEU WALEK ...t 34
3.2.8.1 ProCeSS PUIMPS ...veeiiiriiiriierieeiieenieenieesiee e sreesieesseesseesaeesseenseens 35
3.2.8.1 Piping ANd ValVES ......cceeoviiieeeiceeeeeece et 36
3.2.8.1.1 PipiNg SYSLEMS .....evetieteeiecteeeecte ettt 36
3.2.8.1.1.1 Steam SYSEEM ...cc.vviiiieeeeeeee et 36
3.2.8.1.1.2 Distillate SYSteM.........ccovvieierieieereeese e 36
3.2.8.1.1.3 Brine BIowdown SYStEM .........cccevvveeeieveieeie e 36
3.2.8.1.1.4 Sea Water Supply System ........ccccceveeverencenereeeeceeeeen 36
3.2.8.1.1.5 Seawater/Brine DisCharge.........ccccoceeeevereeseneeneeneeeeene 37
3.2.8.1.1.6 INSTrUMENT AT ...cviiiiiiciiiciictretreee e 37



3.2.8.1.2 VAIVES TYPES....ueruiriiriinrinrerierteieieteie ettt 37

3.2.8.1.2.1 1S0lating VaIVES.......cccccerieriiieieieieieeeeseeseeeeeee e 37
3.2.8.1.2.2 Control ValVeS .........ccoeirieinciicincccceceeeee 37
3.2.8.2 ACI CleaNING.......eeceeriecreeiecteeeere et 38
3.2.9 INSErUMENTALION ......eviiiiiieeeecee e 38
3.2.9. 1 FIoOW Measurement .........cccoeeruerverieeeeneneneseesiesee e 38
3.2.9.2 Temperature MeasuremMeNT........cccceevvvveeieecieereereeseeseeeseeeneeens 39
3.2.9.3 Pressure MeasuUremMent..........cccccueeveeeerinenenineneneneeeeeeeenens 39
3.2.9.4 Level Measurement .........ccceveereenieinieinieinreeeieesreeeieeenenees 39
3.2.9.5 Conductivity Measurement ........ccceceeeererererieneneenienieseeeeeenens 39
3.2.10 Desalination Plant Control ............ccccecvvverininenineneneeeecene 40
3.2.10.1 Control PAnel ..o 40
3.2.10.2 Protection Of EQUIPMENT......c.ccieieieieeececeee e 40
3.3 Main Parameters And Data For MED-TVC Systems.................. 41
3.3.1 Chemical Dosing SKid Package ..........cccecevvererienenienienieieeeeenens 41
CHAPTER FOUR ...ttt st s e 53
4.1, Scope Of tNE WOIK ..ot 53
4.2. MethOdolOgy ......cceeiieiieieiiceeeceee ettt st 53
4.2.1 Define The Organization..........cccccvveeevineecieneeieseseee e 53
4.2.2 Measure The Organization...........coceeceeveeeeceenieceeneceese e 56
4.2.3 Analyze The Organization..........cccoceeeeeviveecienieeeneseese e 57
4.2.4 Improve The Organization ...........ccccceeeeeeeveeiieceeseceecesreeienens 59
425 CoNtrol PRASE......ccouiiiiiieeeee s 59
1. CHAPTER FIVE ..ottt 61
2. RESULTS AND DISCUSSION.......ccoctiirieninieienieeeeeeeeee e 61
5.1 Chemical Dosing System Calculation ...........cccocoeveieneeieneneeenne 61

5.1.1 Status And Behavior Of Cds Before Applying The Six-Sigma.62

5.1.2 Developing Integrated Quality Assurance Program For
MaintenanCe Of CdS.......ccoveveriiirirerereseeeeee e 66

5.1.2.1 Project PIanning .......cccccceeveeeeveerieeereseeese e 66



5.1.2. 0.1 DEIINE PRASE ...ttt e e e e e e e e s e 66

5.1.2.1.2 MEaSUIE PRaSE .......cccveeeiereeeereetee sttt 67
5.1.2.1.3 ANAIYZE PRASE ...ccuveieeteeiecteeeeeetee e 71
5.1.2.1.4 Improve & Control Phase...........ccocovveeeeveiecce e, 81
5.1.2.1.5 Six- Sigma Calculation ..........c.ccceeeirininenineneeeeeeene 83
5.2 Sea Water System Calculations...........cccccoeoevevinenenencneieeeenns 86
5.2.1 Methodology.......coviueeieriieieeiece et 86
5.2.2 Status And Behavior Of Sws Before Applying Six- Sigma. ......87
5.2.3 Integrated Quality Assurance Program For SWS Maintenance
................................................................................................................. 95
5.2.3.1 Project PIanning ........cocoeeererienienieieieeeesesiesiesee e 95
5.2.3.2 Definition PNASE ......c.covveeiirieeeseeeeeseee e 95
5.2.3.3 Measurements Phase ........cceceeverieeererieeseceee e 97
5.2.3.4 ANalySiS PRASE.......ccceviieteeiececeese e 98
5.2.3.5 Improve & Control Phase.........cccceccevveveveneeiiceeeeeceeee 108
CHAPTER SIX ..ottt ae s 113
INTEGRATED QUALITY ASSURANCE PROGRAM........ccocveverrennne. 113
6.1 Integrated Quality Assurance Program Structure..................... 113
6.1.1 Organization ........cccocueiueeieiiecieeie ettt sae e 113
6.1.2 Quality Management SYSteM..........ccceceeeeieieecienieneesie e 114
6.1.2 Quality Assurance in Procurement of Items and Services......115
6.1.2.1 Procurement Document Control...........cccocevvevenenenienieennenne. 115
6.1.2.2Evaluation and Selection of Internal and External Providers
............................................................................................................... 117
6.1.2.3 Internal and External Providers Interface Control ............. 117

............................................................................................................... 118
6.1.2.4.1 Acceptance of 1tems and SErviCes ........cccceeeerereevererceennns 118
6.1.2.5 Management Procedures and Work Instructions ................ 118
6.1.3 Documentation Management SyStem ..........ccceeeevereecierieneennns 119
6.1.4 Identification and Control of Items .........cccooceeveviiceieneeieene 120

Vi



6.1.5 Control of Special ProCesses.........ccccoeveereneneneneneniereeeeene 121

6.1.6 Control of Measuring and Test Equipment ..........cccccceeveennnee. 122
6.1.7 Handling, Storage, Shipping, and Housekeeping .........c.......... 122
6.1.8 Inspection, Test and Operating Status ..........c.ccoevveecereeeenns 123
6.1.9 Control of NoNCoNfOrmMances..........ccccecveerereneneneneeneeeeeee 124
6.1.10 Corrective ACtiON Program ...........ccceceeverereneneneneenieneenenennes 125
6.1.11 Quality Assurance ReCOrdS ........ccvveviveeveiieiereseecie e 127
6.1.12 Quality Assurance ASSESSIMENTS .........ccceevverreereerereecrereeeenneas 130
6.1.12.1 Internal ASSESSIMENTS .....c.ccectrieirieirieireeeeeee e 130
6.1.13 Statistical TEChNIQUES.........cccoveriereieieirrereeeeeeee 135
CHAPTER SEVEN .....iiiiet ettt 138
CONCLUSIONS AND RECOMENDATIONS .....cooiiiiiiiieeeeeeeeee, 138
REFERENCES ...... .ottt st 148
QALIAI Lt 1
UL bbbt 2

Vii



LIST OF FIGURES
Figure 1 1 Steps for developing IQAP for MED-TVC desalination
unit

Figure 2-1 Areas Projected to Experience Economical and Physical

Water Scarcity by 2025

Figure 2-2 Accumulated Contracted and Operating Desalination
Capacities since 1965

Figure2-3 DesaltingDevice Theory

Fig 2-4 Schematic Diagram of MED Desalination Plant

Fig 2-5 Schematic Diagram of MED-TVC Desalination Plant
Fig 2-6 Schematic Diagram of MSF Desalination Plant.

Fig 2-7 Principle of Reverse Osmosis

Fig 2-8 Basic Components of the Reverse Osmosis Seawater
Desalination Plant

Fig 4-1 Six Sigma project selection process

Fig.5-1 Anti-Scaling Flowrate

Fig.5-2 Anti-scaling Tank Level

Fig.5-3 Anti-Scaling Pump Pressure

Fig.5-4 De-chlorination Tank level

Fig.5-5 De-Chlorination Flowrate

Fig.5-6 Dosing De-Chlorination pump pressure

Fig.5-7 Anti-Foaming Tank Level

Fig.5-8 Anti-Foaming Pump Flowrate

Fig.5-9 Anti-Foaming pump Pressure

Fig. 5-10 Pareto Chart for the Anti-Foaming system deviations
Fig. 5-11 Pareto chart for the Anti-Scaling system deviations

Fig.5-12 Pareto Chart for the DE chlorination system deviations

viii

6

11

12

15

17

18

22

25

55

62

63

63

63

64

64

65

65

66

70

70

71



Fig.5-13 Chain of causes- and- occurrences of chemical dosing
failures

Fig.5-14 Proportions Follow Normal Distribution

Fig.5-15 Tank Levels after adjustment.

Fig.5-16 Flowrate after adjustment

Fig.5-17 Pump Pressure after adjustment

Fig.5-18 MED/TVC Desalination Plant Components

Fig.5-19 Sea Water Flowrate

Fig.5-20 Sea Water Temperature

Fig.5-21 PHE Inlet Pressure

Fig.5-22 PHE Outlet Pressure

Fig.5-23 Sea Water Conductivity

Fig.5-24 Condenser Inlet Temperature

Fig.5-25 Sea Water Pre-heater Inlet Temperature (Stage 1)
Fig.5-26 Sea Water Pre-heater Inlet Temperature (Stage 2)
Fig.5-27 Sea Water Pre-heater Inlet Temperature (Stage 3)
Fig.5-28 Cell 6 to condenser Vapor Temperature

Fig.5-29 Pareto Chart for the Brine PHE system deviations
Fig.5-30 Pareto Chart for the Distillate PHE system deviations
Fig.5-31 Pareto chart for the Condensation PHE system deviations
Fig.5-32. Chain of Causes- and- Occurrences of SWS failures
Fig.5-33. Proportions follow normal distribution

Fig.5-34 Condenser inlet temperature after adjustment
Fig.5-35 Water Flowrate after adjustment

Fig.5-36 PHE outlet pressure after adjustment..

74

75

82

82

83

88

89

89

90

90

90

91

91

92

92

93

93

94

94

102

105

109

110

110



LIST OF TABLES
Table 2-1 Process limits and capability (Okhovat, 2012).

Table 3-1 Sea Water Treatment
Table 3-2 De-Chlorination Dilution Table
Table 3-3 Calculated Setpoint Table

Table 3-4 System Monitoring And Recommended Plant Log
Format

Table 3-5Desalination plant process flow diagram (heat and
mass balance)..

Table 5-1 (SIPOC) Diagram For The Dosing System
Operation

Table 5-2 Input Controllable Factors And Their Low And
High Levels

Table 5-3 Experimental Design Strategy Of The DOE
Screening

Table 5.4 Measurement Results In Terms Of Proportion Of
Deviations For The Four CTQs

Table 5-5 ANOVA of The Screening DOE And
Determination Of The Significant Factors

Table 5-6 Metrics Measured Based On Monitored Data

Table 5-7 Improvement Actions Shall Be Take Into
Account...81

Table 5-8 (SIPOC) Diagram For The Dosing System
Operation

Table 5-9 Input Controllable Factors And Their Low And
High Levels

Table 5.10. Experimental Design Strategy Of The Screening
DOE

Table 5.11. The Measurement Results In Terms Of

43
44
44
45

49

68

73

75

76

78

80
81

96

101

103

104



