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ABSTRACT

The growing tourism investments and urban developments at the
coastal regions increased the demand on desalinated seawater, especially
in the light of fresh water shortage. For the majority of Arab countries, wa-
ter desalination became a necessary sector. The number and capacity of
desalination units have expanded considerably in the previous decades,
particularly in the Gulf States. One of the main stages of desalination is
selecting a proper method to dispose undesired brine, which is a by-
product from the plant, in a safe and economic manner to ensure the suc-
cess and continuity of the desalination process. One of the widely used
methods of desalination brine disposal nowadays is using deep injection
wells. The construction cost of these wells is relatively high. So the deci-
sion of using this method and its success in disposing the entire capacity
of brine from desalination plants must be precisely studied prior to well
construction in the early planning stages to assess the feasibility of injec-

tion.

This thesis investigates the problem of pressurized injection of desali-
nation brine into deep aquifers by conducting a numerical modeling ap-
proach using SEEP/W software in order to simulate the pressure-discharge
relationship in the injection well. The model is then validated using ob-
served data from in-situ injection test that was conducted in a coastal area
at Zafarana region near the western coast of the Gulf of Suez in Egypt.

The results showed that the model could fairly explain the pressure-
discharge relation into the injection well. The validated model was also
used to determine the effects of well design parameters on the desalination

brine injection capacity. These parameters are the pressure of injection,



soil hydraulic conductivity, aquifer thickness, screen length, and well di-
ameter. Our initial assessment of the modeling approach indicates that the
developed approach constitutes a valuable tool for the planning and as-
sessment of deep injection wells, this is important to assess and determine

the injection feasibility early prior to well construction.

Finally, the thesis developed multiple design charts that can help en-
gineers in determining the brine injection capacity of wells. The injection
capacity is represented in terms of the well design parameters. The study
also introduced a non-linear regression model (power equation) that can be

used as an alternative to the design charts.

KEYWORDS: Deep; Injection; Wells; Modeling; Desalination; Brine



Table of Contents

ABSTRACT .ttt ettt re e naeneenes I
LIST OF FIGURES........cco oot VIl
LIST OF TABLES. ........o oot X
LIST OF ABBREVIATIONS ..o XI
CHAPTER 1 INTRODUCTION.....cccoiiiiiininieieieie e 1
1.1 BaCKQrOUNG ......ccocoiiiieiiieie et 1
1.2 Problem Definition ..o 3
1.3 Study ODJECTIVE. .....oviiiiiciieee e 4
1.4 MEthOdOIOgY .....cocoveieiiiiiiiiiiieee s 4
1.5 Thesis Organization..........ccocceoeeierenenieseseseeese s 5
CHAPTER 2 LITERATURE REVIEW ..o 7
2.1 WaALer SCAFCILY ....ccveiiiieie ettt 7

2.1.1 Global water SCarCity .........ccccovevveieeieiie e 7

2.1.2  Water scarcCity in EQYPL .......oovv e 8
2.2 Desalination Development ... 9

2.2.1 Desalination in GUIf COUNLIIES........ccevverierieiiee e 10

2.2.2 Desalination in EQYPL .....cooeviiiiiiiiieee s 11
2.3 Desalination BriNe .........cccooviieiieiece e 13

............................................................................................................ 13
2.4.1 Surface water disSCharge........c.ccocevieivieiii i 14
2.4.2  Evaporation PONAS .........cciveiiuieiieiiiesiie e s 15



2.4.3 Disposal into nearby SEWAge ..........ceoveveieneiciereee 16

2.4.4 Land application (Spray irrigation) .........ccccoeeeerenenenenineinennens 16
2.4.5 Deep-injection WellS ... 16
2.5 Selecting the Proper Brine Disposal Method .............cc.cooveiiinnn. 17
2.6 Historical Background on Injection Wells.............c.ccoevveieiienenn, 20
2.7 Injection Well Definition........c.ccocevviiiiiieie e 22
2.8 Classification of Injection Wells...........cccocoeviiiiiiiieiicce e, 23
2.8. 1 ClASS | ueiiiiiiiiiieeee s 24
2.8.2  ClASS ..o 24
2.8.3  ClASS T e 24
2.8.4  ClASS IV i 25
2.8.5  ClASS V.ot e 25
2.8.6 ClASSV | .ot s 26

2.9 Introduction to Injection Wells for Desalination Brine Disposal

............................................................................................................ 26
2.9.1  Well CharaCteriStiCS........cocviereiiiiiiiieiee e 27
2.9.2 Injection site SUItabIlILY .........ccccoviiiiiiicce 27
2.9.3 Potential drawbacks during brine injection ..........c.ccocoevviienne. 28
2.9.4  Brine iNJECHION COSES .....eoiviviiiriiiiiiiesieeee e 30

2.10 Types of Brine Injection WellS .........cccooevveiiieneiieieceee e, 31
2.10.1  Shallow injection WellS...........ccoviirieienene e 31
2.10.2  Injection wells with a deep-high capacity ...........cccceeveveenne. 32
2.10.3  Deep-high pressure injection Wells ............cccocviviiiiveinnnnn 33

2.11 Importance of Injection Wells in Handling and Disposing of

FIUI WASTES ... 33
2.11.1  Fluid wastes storage for reUSe ..........ccooereneiencnenenieieeens 33
2.11.2  Injection wells in the treatment program.............cc.cceevvvennne. 34
2.11.3  Injection wells for engineering activities..............c.ccoovvvennne. 35
2.11.4  Industrial and municipal sludge disposal ............cc.cccovvrrnnne. 35
2.11.5  Industrial wastewater StOrage ..........ccccceevveviveeieeiieesee e 35
2.11.6  Hazardous wastes disposal ...........cccevvvevieiieiiieiie e 36



2.11.7  Toxic Wastes diSPOSal ...........ccccvreiiiiiiiieie e 37

2.12 Modeling of Deep-Injection WelIS.........c.cceoeiiiiniiiiiiinieeee, 37
2.12.1  Basic Plume method...........ccoeiiiiiiiieiee e 38
2.12.2  Intercomp. MOdel.......ccooiiiiiiiiiic 38
2.12.3  Heat and Solute Transport (HST3D) model..........c..ccccveneen. 39
2.12.4  Saturated-Unsaturated Transport (SUTRA) model............... 39

CHAPTER 3 TESTING THE NUMERICAL MODELING

APPROACH ..ot e 40
3.1 General REMAIKS.......cccouiiieriieie et 40
3.2 The Numerical MOEl..........ccooviieiiiiciecee e 40
K00 R ©1-To L] (1o [T SR SUSTRSRRS 41
3.2.2 SEEP/W ..ot 41
3.2.3 SEEP/W theoretical basiS..........ccccvvvriniiininienc e, 43
3.2.4 Required input for SEEP/W model .........cccoevveviiiiiieiicenn, 44
3.3 HIUSEFAtiVE CaSE ...c.viviiieiieiieieie e e 47
3.3.1 Model domain and geomMEtry........ccccovevveieiieiieiece e 47
3.3.2  Injection zone desCription: ........cocevirererieeiee e 48
3.3.3 Finite element grid (mesh properties).........ccccoceevvererernneennen. 48
3.3.4  Material Properties........cccoeoereririiiseeeee e 50
3.3.5 Boundary CONGITIONS. ......ccccoueiieiiiiiriiniesieeiee e 52
3.3.6  Solution and poSt-ProCeSSING.......ccceevvereereiiieiieire e seere e 53
CHAPTER 4 CASE STUDY AND MODEL VALIDATION.............. 56
4.1 Description of Case Study.........cccoeviiiieiiiciiccc e 56
4.2 Data ColECION......cccoiiiiiee e 57
4.3 Design Parameters of the Injection Well..............cc.cooe i, 57
4.4 INjection ZoNne Properties ........ccooeieriiininiienenie e 58
4.5 Base Model CONSTIUCTION .......cvviieiieieseeseee e 58
4.5.1 Schematic cross-section of the injection test.........c.ccoccvvvenennen. 59

\Y



4.5.2 Aquifer properties at the injection test ..........ccccevvvvieriverieiinnnnn, 59

453 SEEP/W MOdel......ccooiiiiiiiiet e 60
4.6 Model Validation ..........cccooveiiiiiiiiiieeceseee e 63
4.7 Effects of Well Design Parameters on Injection Capacities ........ 66

4.7.1  Well diameter (DIa.) ...c.ccoveveiiieiieii e 66

4.7.2  Screen 1ength (S) c.vov oo 69

4.7.3  Aquifer thickness (H) .....cccccvovveiieiiiieseese e 71

4.7.4 Well dePth .o 74

CHAPTER 5 DEVELOPMENT OF INJECTION DESIGN CHARTS

................................................................................................................... 75
5.1 DeSIGN ChartS......cccoiiiiiieieieiese e 75
5.2 Non-linear Regression of the Injection Capacity...........c.cccceevenee. 87
CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS......... 91
6.1 CONCIUSIONS ...o.viiiiiiiiieiieieie e 91

6.1.1 Effects of the injection parameters...........cccceevveveiievecceseenenn, 92

6.1.2 Design charts and equations ............ccccceeveeeeieevie e, 93
6.2 Recommendation for Further Research.............cccoocooiniiiinn, 95
REFERENCGCES .......ooo ettt 96

VI



LIST OF FIGURES

Figure 2.1. Physical and economic surface water scarcity all over the

WOTIA (ESCAP, 2014) ..o 8
Figure 2.2. Water resources in Egypt (BCM)( Ministry of Water

Resources and Irrigation, MWRI) (Abd Ellah, 2020). ........cccocceiveiiiinnenn 9
Figure 2.3. The annual growth rate of the desalinated water production in
the GCC countries (Marar, 2004) .........cccerereririenineeienene e, 11

Figure 2.4. Desalinated water capacity in Egypt (Allam et al., 2003) ...... 12

Figure 2.5. A typical injection well with concentric layers (Ladewig &

ASQUITN, 2011). oo 22
Figure 2.6. Classes of injection wells (Folger & Tiemann, 2015). ........... 26
Figure 2.7. Design parameters of a typical injection well ........................ 27
Figure 2.8. Fractured confining strata (Wang & Pereira, 1979)................ 29
Figure 2.9. Shallow injection well for brine disposal (Maliva et al., 2011)

................................................................................................................... 32
Figure 3.1. Defined boundary conditions in SEEP/W..............c.ccccevenene. 46
Figure 3.2. The geometry used in the example............cccovevieiiiieiienee, 47
Figure 3.3. Specified mesh in numerical analysis example in SEEP/W ...49
Figure 3.4. Snapshot of the mesh properties dialog ............ccocevvrviiinennn, 49
Figure 3.5. Hydraulic conductivity function .............cccccoveiveiiiicinennee, 51
Figure 3.6. Volumetric water content function. ...........cccccoeveveiievvennee, 52

Figure 3.7. Assigned boundary conditions for the illustrative example....53
Figure 3.8. Flow paths and flux section in steady state analysis (2 bars
INJECLION PIESSUIE)....uveiiiieetie ittt etee sttt eteesteeete e st e e baessaeabeesrneeseesseeanbeesreeas 54

Figure 3.9. Total Head in steady-state analysis (2 bars injection pressure)

................................................................................................................... 54
Figure 4.1. Location of the StUdY area...........ccocevvrerieienenene e 56
Figure 4.2. Design parameters of a typical injection well ........................ 58

VIl



