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ABSTRACT
Feasibility of Gallery Intake Systems for Seawater Reverse Osmosis Facilities along the
Northern Red Sea Coast of Saudi Arabia
Abdullah Hamoud Dehwah
The Kingdom of Saudi Arabia is dependent on desalination of seawater to provide new
water supplies for the future. Desalination is expensive and it is very important to reduce
the cost and lower the energy consumption. Most seawater reverse osmosis facilities use
open-ocean intakes, which require extensive pre-treatment processes to remove
particulate and biological materials that cause operating problems. An alternative intake
is the subsurface system which utilizes the concept of riverbank filtration using wells or
galleries and provides natural filtration to improve the quality of feedwater before it
enters the desalination plant. This reduces operating cost and lowers energy consumption.
Research was focused on evaluating gallery-type intakes (beach and seabed galleries)
that could be used along the Northern Red Sea shoreline to provide a better quality
feedwater for desalination. The geological characteristics of the visited sites were
favorable for the development of seabed filter systems (offshore), but not for beach
gallery intakes. The low wave energy along the shoreline and the presence of mud or
rocky coasts made beach galleries infeasible. One of the potentially favorable sites for a
seabed filter was located in the nearshore area at King Abdullah Economic City (KAEC).
This site has a predominantly sandy offshore bottom with shallow water depths, and a
low tide range. In addition, the bottom is always covered with water and contains soft
limestone unit below the sand mantle that could be easy excavated to facilitate the
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construction of a seabed filter. About 50 sediment samples were collected from the site
and laboratory measurements were performed on them. Grain size distribution, porosity
and hydraulic conductivity measurements were performed on the sediment samples. In
addition, six statistical methods were used to estimate the hydraulic conductivity values.
Based on results of lab measurements, field observations, tide ranges and sediment types,
it is concluded that the geological conditions and characteristics of KAEC site are
feasible for design and construction of a seabed filtration system. A conservatively
designed cell with dimensions of 100 by 50 m would produce about 25,000 m3/day of
filtered seawater and seven cells could support a 60,000 m3/day (permeate) seawater RO
plant.
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Chapter I: The Need for Improved Seawater Intake Systems for
Seawater Reverse Osmosis Treatment
Introduction:
Although seventy-five percentage of earth’s surface is covered by water, a shortage of
fresh water still and always will be one of the most significant challenges in the world.
Most of the water existing on the earth’s surface is saline and cannot be used for
drinking, agricultural or industrial purposes without further treatment. The percentage of
fresh water is only 2.5% of the total earth’s water and this 2.5% of fresh water is divided
into [1]:


69% permanent ice which make it difficult to use.



30% ground water



1% accessible fresh water in soil , rivers, streams and atmosphere

Most of the water available on the earth cannot be used without special treatment or
desalination in order to make it acceptable for human needs.

Figure 1: Distribution of water on the globe.
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At the same time, the water demand will continue to increase as a result of population
growth which makes it very vital to invest in developing new and existing water
treatment technologies in order to meet the population demands. A report published by
the World Bank stated that 1.1 billion people currently lack access to safe drinking water
and another 2.6 billion lack adequate sanitation. The report also stated that by 2025,
around 3.5 billion people will live in places where water is scarce or becoming scarce [2].
Currently, there are some countries where the water usage has extensively exceeded the
natural supply without taking into consideration the future demand [3].
Locally, the total water demand in the Kingdom of Saudi Arabia is equal to 17.446
billion cubic meters for 2010 [4]. This total demand is distributed among three main
sectors: agricultural, industrial and municipal sectors as shown in (Figure 2).

Figure 2: Water demand by different sectors in Saudi Arabia
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Water demand for municipal and industrial sectors increased annually during the last five
year due to the population growth. Whereas the agricultural demand has decreased as a
result of the adaption of sophisticated irrigation techniques as well as developing a new
agricultural policies to reserve the valuable water resources of the kingdom such as the
removal of the wheat subsidy.

Figure 3: Water demands in Saudi Arabia by the different sectors

The total potable water production in the Kingdom of Saudi Arabia was 2.352 billion
cubic meters in 2010 [4]. The sources of potable water are desalinated water, which
provides 55 % of the total fresh water, and groundwater, which produces the other 45%
of the potable water. The statistics collected by the ministry of water and electricity show
that 47% of the population depend mainly on desalinated water, 18% of population on
ground water, while 35% of population depend on both [4].

15

Figure 4:Sources of fresh water supply and the percentage dependence of population on each source [4]

Figure 5: Potable water supplied by the different resources in Saudi Arabia
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The growth in population and the lack of fresh water resources make it very difficult to
satisfy the growing water demand by using conventional water treatment methods.
Therefore, more mature, economical, and reliable treatment methods should be used to
fulfill the daily increase of water demand. One of the most effective and commonly used
technical methods for water treatment is desalination. Desalination has become the
primary method for producing fresh water, especially in the arid and semi-arid regions
such as the Middle East region and particularly the Arabian Gulf Council Countries
where the seawater is the main water source [5]. Currently, the most energy-efficient
technology of desalination available in the market is the membrane-based technology,
which contributes to 60% of the total production capacity, and it is expected to dominate
the desalination market in the near future [6].

Figure 6:Global desalination capacity by technology [6]

Locally, the majority of desalinated water in the kingdom comes from thermal methods,
primarily the multi-stage flash distillation process. In addition, reverse osmosis plants are
coupled with MSF plants to produce hybrid plants, while some stand-alone desalination
plants using either thermal or reverse osmosis exist.
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Objectives:
Most of the desalination plants are using seawater as a main source of supply. Due to cost
and energy considerations, it is important to have a reliable intake system to supply
consistent high-quality feed water to desalination plants. The intake system is one of the
key components in any RO desalination plant and its performance can greatly impact the
downstream processes (pretreatment, membrane treatment and post-treatment). The
requirement of using an intake system is to supply adequate quantity and quality of feed
water to the desalination plant while minimizing the environmental impact. Intake
systems are divided to two main groups: surface and subsurface intake systems. Surface
intakes, which are commonly known as open-ocean intakes, are used to collect water
directly from sea to the plant by using pipes and intake screens, while subsurface intake
systems utilize the concept of riverbank filtration using wells or galleries. These methods
provide natural filtration of the feed water before it enters the desalination plant.
Subsurface intake system can be sub-grouped into different methods such as conventional
wells (vertical), horizontal wells, seabed filtration and beach galleries. Subsurface
intakes, particularly beach and seabed galleries, have several advantages over open-ocean
intakes, such as minimizing the impingement and entrainment of marine organisms,
reducing or eliminating several pretreatment requirements, minimizing the adverse
environmental impacts and reducing the operating cost. In addition, when using reverse
osmosis (RO) membranes for the treatment, the subsurface intake will play a significant
role in reducing the fouling propensity by providing high quality feed water for the
separation process with a lower organic carbon concentration. The feasibility of using
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subsurface intake systems is site-dependent and it requires the appropriate surface and
hydrological conditions [7].
In order to assess the feasibility of the subsurface intakes along the Red Sea, a site
investigation must be conducted to determine whether the hydrological conditions along
the coastline are feasible for building subsurface intake systems, particularly the seabed
filtration or beach gallery types. The main focus of this research is on investigation of
the suitability of designing and constructing seabed filtration systems along the Red Sea
shoreline in the vicinity of the King Abdullah University of Science and Technology and
other locations to the north. In order to ensure that the Red Sea coastline is suitable to
allow the development of a gallery-type intake, the following was done:


Collection of different sand samples from 43 sites in the Red Sea coastline of
Saudi Arabia from the university north to the Jordan border



Selection of a specific site for full investigation



Collection of sediment samples and detailed grain size analysis from a chosen site



Laboratory porosity measurement



Estimation of hydraulic conductivity used numerical methods



Direct measurements of hydraulic conductivity using a permeameter



Observational assessment of the site



Assessment of preliminary designs and geometries of galleries
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Thesis Structure:
This thesis is divided into six chapters:
Chapter one includes a brief introduction about the need for improved seawater intake
systems for seawater reverse osmosis treatment. In addition, it includes the objective of
this research. Chapter two describes the existing desalination intake systems and it
involves a discussion about the applicability of galley intake systems for different
geological conditions. In addition, the pros and cons of each system are described as well.
Chapter three includes a description of the methods and techniques used for
determination of the site location and the hydrological conditions at the selected site. In
addition, a brief description of the lab and statistical methods used to calculate hydraulic
conductivity is mentioned as well. Chapter four provides a detailed description of the
selected site and the sampling plan. In addition, the chapter includes the comprehensive
results of the different tests and statistical methods used to determine the hydraulic
conductivity for the collected samples. Furthermore, a comparison between the hydraulic
conductivity values obtained using the permeameter and the numerical methods is
available as well. Chapter five contains the evaluation of the applicability of designing a
seabed system in the vicinity of King Abdullah Economic City based on the results
obtained in Chapter 4. Design factors and variables, potential size, piping system,
geometry of the filter and other design criteria are discussed as well. Chapter six
summarizes the research by giving a brief description of the work done and the
contribution this research adds to the engineering field.
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Chapter II: Desalination Intake Systems
An intake system is a key component occurring in every seawater reverse osmosis (RO)
desalination system. Great consideration should be given to the intake system since its
performance can greatly influence and determine the performance of the other
downstream components of a seawater RO desalination plant. The sensitivity of the
membrane process to the fluctuation in the quality of feed water source, make it very
essential to have a reliable intake system which provides a constant water quality [3] .
The main purpose of the intake system is to deliver high quality feed water in sufficient
quantities while minimizing the environmental impact. An excellent intake system will
not just supply a suitable quantity; rather it will serve as part of the pretreatment process
for a desalination plant. An ideal intake system should [8]:


Reduce pretreatment requirements;



Reduce suspended solids (SS) and dissolved organic matter concentrations
occurring from both natural sources and anthropogenic pollution;



Keep the feed water characteristics relatively constant;



Supply a sufficient amount of raw water in a reliable manner;



Maintain a steady level of physiochemical characteristics (temperature, salinity)
during seasonal and climatic changes;



Minimize the impingement and entrainment of marine organisms on the pipes and
screens;



Minimize the environmental impact;
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Provide protection against biological components that affect operation of the
facility, such as jellyfish, algae, and bacteria;



Optimize energy consumption by minimizing the distance between the intake
system and the desalination plant.

Intake systems can be classified into two main categories as shown in (Figure 7) [8]:
1- Direct intake /open-ocean intake systems (Surface)
2- Indirect intake systems (Subsurface).

Figure 7: Classification of intake systems
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Direct intake systems:
A direct/open intake system is a conventional method that is used to extract the raw
seawater to supply most RO desalination plants. Direct intakes can be used for all sizes of
desalination plants but the economies of scale make it more favorable for the large
capacity ones (>38,000 m3/day) [9]. Open-ocean intakes can be classified into two
subtypes: surface intakes and deepwater intakes.
a) Surface-water intakes:
The feed water is extracted from the shallow subsurface of the ocean or from depths
usually ranging 1-6 meters [10]. The feed water supplied from such a system usually has
poor quality water characteristics; highly contaminated with different debris (freely
swimming organisms, algae and impurities) and suspended sediment, especially during
storm events.
b) Deep water intakes:
The feed water is extracted from the bottom of the ocean (>35meter deep) but above the
seafloor[10] . At the depth of 35meters the debris load will be 20 times less than the load
near the surface, providing better feed water quality to the treatment facility [10]. Water
temperature is also cooler which could lead to some treatment inefficiencies in the
membrane process. Although a deep intake system provides better feed water quality than
surface intake, it involves extensive construction of offshore pipelines which increases
the capital cost [11]. Also, the 35 m or greater depth presents some serious challenges to
performance of maintenance because divers would be required to use relatively
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hazardous decompression dives during physical cleaning. As consequence, a tradeoff
between the water quality maintained from an offshore deep water intake system with the
cost of pipeline construction should be taken into consideration before designing the deep
water intake system [11].
In general, the quality of feed water provided by an open-ocean intake system is poor and
inconsistent, which increases the complexity of pretreatment processes. In addition, an
open-ocean intake system makes the desalination plants more vulnerable to debris
contamination, such as jellyfish entry, and subject to system failure caused by red tide
events or other algal blooms. A red tide bloom caused the shutdown of many desalination
plants, such as the Galeelah Desalination Plant in UAE in 2009 [12, 13]. Furthermore,
one of the common problems associated with an open-ocean intake system is entrainment
and impingement of fish and other marine organism through or on the intake. Reductions
in impingement and entrainment can be achieved by reducing the inflow velocity in a
conventional velocity cap configuration (this increases the necessary intake pipe
diameter) or the use of passive screens can lessen downstream impacts of organism
passing through the intake. Travelling water screens and various other screen types may
be required before the raw water can entry the mixed media filtration pretreatment
process [7]. However, complicated and extensive pretreatment should be considered
when using open intake system for the RO plant to avoid membrane fouling.
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Figure 8: Pretreatment requirements for different intake systems [14]
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Subsurface intake systems:
Subsurface intake system designs are based on the concept of river bank filtration which
was used for the first time in Glasgow, Scotland in 1810 [15]. This system works by
utilizing the bottom and bank sediments of a river or stream to filter the water in a
relatively natural manner by pumping wells located near the river to deliver raw water to
a water treatment plant. In seawater systems, the filtration is provided by the geological
media; either rock or sediment. In subsurface intake systems, a geological unit always
separates the point of water intake from the water treatment plant. Consequently, the
success of this system is highly dependent on the local hydrological and geological
conditions at the intake site. These systems have been proven to be cost-effective for
small-scale plants with capacities not exceeding 4,000 m3/day [16]. Subsurface intake
systems also have been implemented in several large-scale desalination plants where the
production capacity exceeds 20,000 m3/day[16]. Some examples are located in Oman and
the Canary Islands. Generally, subsurface intakes provide better feed water quality and
have less environmental impact than open-ocean intake systems. In addition, they can
eliminate the entrainment and impingement effect of marine organisms that occurs in
most open-ocean intake systems. Moreover, subsurface intakes remove freely living
organisms, red tide algae, bacteria, suspended sediments and other contaminants (Figure
17).
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Figure 9:Potential fouling debris [17]

In some cases, subsurface intakes can substantially reduce or eliminate the pretreatment
requirement for the membrane systems and increase the efficiency of the desalination
plant which, in turn, minimizes the total cost and the chemical usage. However, the main
limitation of this type of intake system is the high possibility of not obtaining the required
capacity if the site geological characteristics are not suitable. Additionally, if a freshwater
aquifer exists inland from the subsurface intake, the quality of fresh water in the aquifer
might be affected by the intake (well) operations [18].
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Subsurface intakes can be classified according to types such as:
a) Wells (vertical and horizontal);
b) Beach galleries;
c) Seabed filters.
Wells:
Wells can be classified into two general categories; vertical and horizontal. Vertical wells
include conventional vertical wells, slanted wells, and Ranney or collector wells.
Horizontal well types include a conventionally drilled system and the Neodren® system.
Conventional vertical wells are commonly used for small-size seawater desalination
plants [11]. In the case of large capacity desalination plants, a large number of wells
would be required to maintain the desired yield. The largest seawater RO desalination
plant that is fully fed by water derived from the beach wells alone is the Sur plant in
Oman, which has a total capacity of 80,200 m3/day [19]. Large capacity wells commonly
can be developed in areas containing limestone, gravel, or sands that have a high
hydraulic conductivity.
Slant-wells are typically drilled on the beach at an angle dipping seaward from the
vertical plane. The reasons that this orientation is used are to maximize the recharge of
the well through the seabed and to prevent impacts to landward aquifers that contain
freshwater. Horizontal drilled drains/slant wells are more suitable for a large-scale RO
plant. Although this type of well is more expensive to construct compared to a vertical
well, it maximizes the yield quantity and reduces the affected inland aquifer system.
These wells have been used in California and can have relatively high individual yields
[20].
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Ranney collectors consist of a central caisson that extends below the ground surface and a
series of screened laterals. They provides large yields and are commonly used in medium
permeability and horizontally bedded sediments [3].
Horizontal wells can have more productivity than vertical wells but they are more costly
to construct and are difficult to maintain [8]. Horizontal wells are applied in two design
options: conventionally drilled placement of casing and well screens and the Neodren®
configuration. Horizontal wells can be drilled using micro-tunneling methods that have
been used for over 50 years. Rigid steel pipe containing attached screens or perforations
is intruded into the horizontal borehole. The drilling mud that is used to keep the borehole
open is then removed by pumping. The well is surged to create grading of sediment on
the exterior of the well to allow water inflow devoid of sand or silt. However, the use of
metallic pipe in seawater applications is not recommended because of corrosion.
Neodren® systems are installed by drilling horizontally and extruding the borehole from
the subsurface to a level where the drill bit eventually travels above the seabed. Then,
specially designed screens are pulled pack into the borehole and are installed from the
seaward to the landward side of the well. It has been reported that the largest Seawater
RO plant utilizing the horizontal drilled drain (HDD) technology is San Pedor del piñata
plant (Spain) with a 172,800 m3/day capacity [21].
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Construction of wells on or near the beach can have potential limitations that should be
considered in their planning and design, including:


The lifespan of a beach well can be shorter than the desalination plant due to
erosion and storm activities. Sometimes two sets of wells may have to be
constructed over the plant life-cycle to fulfill the required capacity of the
desalination plant [16].



Frequent beach well rehabilitation should be conducted to overcome the problem
of screen clogging and to restore the well performance.



Monitoring the performance of the deep wells must occur to assess function (well
clogging and corrosion) and to avoid the intrusion of seawater with the fresh
water that could impact landward aquifers.

Plant

Capacity (m3/day)

Location

Pembroke plant
Bay of Palma
plant
Ghar Lapsi
SWRO
Pemex salina
Águilas RO

54,000

Malta

No. of
wells
------

42,000

Spain

16(Vertical)

24,000

Malta

15(Vertical)

15,000
41,472

Mexico
Spain

3 (Ranney)
HDD

Table 1: Capacity of different desalination plant that utilizes subsurface intake system [21, 22]
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Figure 10: Ranney collector wells

Figure 11: Vertical beach well

Figure 12: Slant wells
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Beach Galleries:
A beach gallery is used when the geological conditions of the site is not sufficient to
build conventional wells, such as the thickness of the beach does not support ground
water extraction, the permeability of the sediments is too low or the capacity of the
desalination system requires high yield raw water development [7]. Beach galleries
operate in a similar manner to the rapid sand filtration mechanism to naturally filter the
seawater before entering the RO plant (cleaning without backwash). Beach galleries are
constructed below the intertidal zone. The mechanical action of breaking waves helps
keep the sediment-water interface (filter face) clean by naturally removing fine particles
and marine organisms. Beach galleries may not be suitable for use on prograding
beaches. Also, they should not be constructed where the sand thickness is minimal or in
areas with extreme storm activity [23]. Study of the beach historical changes is important
to determine the appropriate location for constructing a beach gallery.
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Figure 13:Bach gallery design [3]

Figure 14:Beach gallery concept [23]

Seabed filters:
In some cases, the geological and hydrological characteristics of the coastline area make
the installation of onshore systems not feasible or very expensive to implement. In these
situations, a suitable design to overcome these unfavorable conditions could be the
construction of an infiltration gallery offshore using the principle analogous to a slow
sand filter. This concept is known as a seabed filtration system. Excavation of an area of
the offshore seabed must be made to a specified design depth. Then, a filter is constructed
that contains horizontal screens lying near the base of the filter and a series of gravel and
sand layers are constructed above the screens. After that, the native seabed sand or an
artificial fill having similar characteristics would be used to cover the upper part of the
excavation site [3, 9]. A periodic cleaning will likely be required for the upper most layer
of the seabed to remove clogging materials accumulated within the bed in order to
maintain consistent flow over the life span of the filter [24]. The Fukuoka seawater RO
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plant in Japan is the largest desalination plant that utilizes this concept and has an intake
capacity of 103,000 m3/day [25]. The city of Long Beach in California is also considering
the seabed design and it is currently under testing [26]. This system has an exceptionally
high design infiltration rate.

Figure 15:Fukuoka Sea bed system [27]

Figure 16:Fukuoka seabed system design [27]

It has been proven that the seabed filter system reduces the SDI and other fouling
potential organics [28]. In addition, a well-designed seabed system can resist storm

34

conditions and can yield significant volumes of water [28]. One of the seabed filter
limitations is its vulnerability to geochemical plugging if it is used in tropical or semitropical marine environment [3]. Moreover, periodic maintenance has to be accomplished
for the seabed system to maintain its performance.

Figure 17:Infiltration gallery for the city of long beach in California [26]

Figure 18:Seabed system design [3]
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Slow Sand Filtration (with biological activity):
All of the subsurface galley intake designs are based on the slow sand filtration principle.
This technology have been municipally used since the beginning of the 19th century for
water purification purposes [29]. Slow sand filtration is used to remove pathogens,
suspended materials and other organic matters from the raw water.
The typical slow sand filter media thickness is 1 to 1.5 m and the media has a mean grain
diameter ranging from 0.3 to 0.45 mm [30]. The filter is totally filled with raw water
(fully saturated) and the upper most layer of the filter serves as cultivation for a biofilm
layer. This upper layer will be coated with different organics and metals absorbed from
the raw water and it will continue to grow till a film of algae, fungi, protozoa and bacteria
will form. This layer is called the Schmutzdecke and it is usually formed after several
weeks of operation in the area of sand-supernatant water interface. The Schmutzdecke
layer is composed of natural bacteria, algae and protozoa which contribute to the
purifying processes that take place in the slow sand filter [29]. In addition, sedimentation
,mechanical straining of particles and adsorption play role as well [31, 32]. The
Schmutzdecke layer includes biologically active microorganisms that help in removing
biodegradable organics and pathogens. Biological activity also tends to remove and break
down large, complex organic molecules. Over time, the fine particle will plug the surface
of the filtration unit or the Schmutzdecke will become too thick and results in plugging
the filter. As a result, the flow rate will decrease and the head loss will increase. In this
case, the cleaning process should take place in order to restore the filter performance.
The cleaning process requires removal of the upper most layer of the filter by scraping
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(Schmutzdecke) and replacement with new fine sand by using mechanical scrapping or
other cleaning methods [29]. After finishing the cleaning process, the biological active
layer will form quickly with operation as ripening occurs.

Figure 19:Slow sand filtration system [33]

Advantages of slow sand filtration are:


An inexpensive and reliable method for treating the raw water.



Simple to operate with no backwashing and requires no chemical pretreatment
[32].
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Limitations of slow sand filtration


It requires large footprint to construct the filter.



When slow sand filtration is operated under low temperature, the efficiency of
contaminated removal decreases [34].



Slow sand filtration does not provide good quality water if the raw water includes
high turbidity [34].

The analogy to the slow sand filter is particularly appropriate to seabed filtration
(virtually the same principle). The beach gallery is more analogous to rapid sand filtration
because the face of the filter is continuously cleaned, perhaps similar to the backflushing
process. Since the galley designs are biologically active, they tend not to lose assimilative
capacity, but they can be mechanically clogged at the surface by the physical infiltration
of sediment, thereby, requiring some type of cleaning.
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Chapter III: Methods
As mentioned earlier in the introduction part, the main focus of this research is on the
investigation of the suitability of designing constructed seabed filtration systems along
the Red Sea shoreline. In order to ensure that the Red Sea coastline is suitable to allow
the development of a gallery type intake, the following investigation was conducted:


Initial Survey of the northern Red Sea beaches and near-shore sediments (Thuwal
north to Jordan border in Saudi Arabia)



Selection of detailed study area and sampling



Determination of grain size distribution of sand samples



Measurement of laboratory porosity of sediment samples



Measurement of sample hydraulic conductivity with constant head permeameter



Estimation of hydraulic conductivity using empirical equations



Assessment of viability gallery design type (beach gallery or seabed filter)



Document the tide range and wave and storm activity in the area of the selected
site



Preliminary design of a seabed filtration system based on the hydraulic data

This chapter includes a description of the methods and techniques used for determination
of the site location and the hydrological conditions at the selected site. The results of
these methods and detailed information on the proposed site are described in Chapter 4.
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Survey of the northern Red Sea beaches and near-shore sediments:
A trip was made from Thuwal city, where King Abdullah University of Science and
Technology (KAUST) is located, to the furthest northern point on the Red Sea coast of
Saudi Arabia near the border with Jordan (Gulf of Aqaba). The investigation was
conducted between the 27th of September and the7th of October, 2011. During this trip
more than 1000 km of the Red sea coastline was covered, 43 sites were visited and 127
sediment samples were collected. The objectives of this trip were:


To identify the possible sites for constructing seabed filter facilities



To study the sediment properties of the shoreline and subtidal nearshore areas of
the northern Red Sea coast (Thuwal to the Jordan border, Haqal city on The Gulf
of Aqaba)



To observe the tidal range and wave activity along the shoreline

The exact locations of the visited sites were recorded using a GARMIN GPS instrument
and placed on an aerial map (Figure 20).
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Figure 20: An aerial map for the visited Sites

A brief description of the visited sites and their corresponding locations are provided in
Chapter 4.
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Determination of grain size distribution:
All the samples collected from the site chosen for further study were subjected to grain
size analysis. A standard sieve analysis was made on each collected sample to determine
the grain size distribution of the obtained samples. The procedure was used following the
general method for sieving as described by Tanner and Balsillie [35] :


The samples were washed to remove the organic material, but care was taken not
to wash the mud from the samples.



The samples were dried using an oven and a representative sample (60-70) gram
was collected from the dry sediment for grain size analysis.



A series of 32 sieves were used to determine the size distribution and a pan
collected the silt and clay size sediment after the last cycle.



A series of stacked sieves were placed in a RoTap machine and shaken for a 30
minute period. Several sieve runs were required to accomplish a complete
analysis.



Each sieve containing sediment was weighed with the values recorded.



The sediment retained on each sieve was removed, cleaned and the empty sieve
weighted with the value recorded.



The cumulative percentage of weight retained in each sieve was recorded.
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Figure 21: Sieve analysis setup

The objective of conducting the sieve analyses is to determine the effective particle size
distribution, which is required by most of the statistical methods to determine the overall
characteristics of the sediment. Also, the grain size distribution is used to determine most
of the variable values (such as uniformity, d10 and d60) that are used in the empirical
methods to estimate the hydraulic conductivity values. An example of one of the sample
results is given in (Table 2).
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sample -2.0
Total
wt.(g)= 112.40

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Sieve No.
1/2
7/16
3/8
5/16
0.265
1/4
3.50
4
5
6
7
8
10
12
14
16
18
20
25
30
35
40
45
50
60
70
80
100
120
140
170
200
230
Pan

Site
Container wt. (g)=

49.82

Mesh (mm)
12.5
11.2
9.5
8.0
6.7
6.3
5.6
4.75
4
3.35
2.8
2.36
2.0
1.7
1.4
1.18
1
0.85
0.71
0.6
0.5
0.4
0.335
0.3
0.25
0.212
0.18
0.15
0.125
0.106
0.09
0.074
0.063
N/A
SUM
Total Weight
finishing (g)=

Total wt. (g)
549.87
546.80
524.62
512.28
532.74
506.38
509.20
505.13
501.49
492.45
484.48
472.46
474.85
450.92
445.66
457.78
443.94
418.66
422.70
408.45
411.39
396.93
393.01
396.03
393.95
393.36
390.15
381.86
374.66
373.84
61.49

KAEC
Sample wt.
(g)
62.58
Container wt. Sample
(g)
(g)
0.00
549.14
0.73
0.00
545.99
0.81
524.34
0.28
0.00
511.94
0.34
532.41
0.33
505.95
0.43
508.61
0.59
504.56
0.57
500.75
0.74
491.44
1.01
483.58
0.90
471.15
1.31
473.65
1.20
449.43
1.49
444.21
1.45
455.51
2.27
440.91
3.03
415.77
2.89
419.25
3.45
404.82
3.63
406.20
5.19
392.57
4.36
388.99
4.02
392.93
3.10
390.83
3.12
388.93
4.43
385.25
4.90
378.10
3.76
373.05
1.61
373.51
0.33
61.23
0.26
62.53

after
112.20

Table 2: Grain size analysis measurements

wt.
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These data were used to determine the hydraulic conductivity for six different statistical
grain size methods. Detailed results of the grain size analyses are discussed in Chapter 4.

Laboratory porosity determination:
In order to determine the porosity (total void space per unit of rock) values for the
collected sediment samples, the following procedure was used:
1- A 500 ml graduated cylinder was alternatively filled with sediment and water in a
manner to prevent to entrapment of air in the column.
2- The amount of water added was carefully recorded.
3- Sediment and water were added until a column of sediment was fully saturated.
4- The column was left to stand and was slightly compacted.
5- The volume of soil in the column was measured and the amount of water added
determined by that placed in the column minus any water occurring above the
sediment within the cylinder.
Porosity of the sample was determined using the following relationship:
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Figure 22: Porosity measurement

Note that if water is added to the top of the column, air becomes trapped and the full
column cannot reach saturation. The sediment and water has to be added in stages or a
known volume of water can be added first and the sediment added afterward.
The estimated porosity values are used in the empirical formulas to estimate hydraulic
conductivity for the obtained samples. The results of the porosity test are available in
Chapter 4.
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Measurement of sample hydraulic conductivity with a constant head
permeameter:
To determine the hydraulic conductivity of the sediment samples, a constant head
permeameter was used. The methodology followed the standard hydraulic conductivity
determination standards for unlithified sediments described by Wenzel [36], and by the
American Society for Testing and Materials [37]. The set-up of the permeameter is
shown in (Figure 23)

Figure 23: Permeameter set up

Permeameter measurements require careful use of the equipment to assure that
representative values for hydraulic conductivity are obtained. It is very important to be
sure that the air is removed from the sample before starting the test because the discharge
of air through the sample column can cause channels in the sample and ultimately lead to
measurement errors. In fine sands it is better to wet the samples before placing them into
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the permeameter, then the sediments should be lightly compacted to make sure that the
sample does not stratify. Then, the sediment is wetted by opening the bottom valve and
adding some water to the top until flow passes through the sediment column. The valve is
then closed and the water supply hose is connected to the lower portal (care must be
taken to void air infiltration from the inflow hose line). The permeameter must be run
until a steady flow rate is achieved. Then, the time to fill a known volume can be
measured. A 500 ml graduated cylinder was used in these measurements which is the
known water volume. The time it took to fill the 500 ml cylinder was measured 3 to 5
times and the average of these values was used in the determination of the hydraulic
conductivity. Care was taken to assess if any significant changes in the time were
occurring because of trapped air removal. Also, it was found that some of the fine
material could be washed from the column if was run for a lengthy period of time and the
silt/clay fraction was large, especially of the thickness of the sample was less than 10 cm.
Finally, the hydraulic conductivity was calculated using the following equation [37, 38] :

Where;
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The hydraulic conductivity measurements made using the permeameter will be used to
compare to those obtained using the empirical methods. The results of constant head
permeameter measurements are given in Chapter 4.
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Estimation of hydraulic conductivity using empirical equations:
Six different numerical methods were used to estimate the hydraulic conductivity values
based on the grain size analyses, these methods are:
1- Fair and Hatch (1933).
2- Barr (2000).
3- Hazen (1911).
4- Harleman (1963).
5- Alyamani and Sen (1993).
6- Kozeny-Carman (1927-1965).
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Description of Methods:
Fair and Hatch (1933):
The Fair and Hatch (1933) model incorporates key parameters from the size distribution,
the particle shape and the packing factor to estimate the hydraulic conductivity values.
The equation is as follows [39, 40] :

(

)[

][

]
∑

Where;

(mm),for example,
will be equal to

for the adjacent sieves 1 and 2
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(

)

Verification of the method was conducted by experiments using twenty-two small glass
tube filters for verifying the effect of grain size on the filter runs [41]. At the same time,
these tubes were also used to determine the relation between the head loss and other
factors such as flow rate, grain size diameter and viscosity. The problem with this method
is that the packing factor is not well defined. In addition, this method is limited to sand
particles only [40]. In cases of this method being used for angular or irregular particles, it
will not give good results.
Barr (2000):
Barr method is used to calculate the coefficient of permeability of unlithified sediments
for laminar flow. This method incorporates the surface area of the porous media as well
as other measurable characteristics of soil and water as density, viscosity and porosity.
The equation developed by Barr model is as follows [42]:

Where,
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The hydraulic radius is the ratio of the effective porosity of the sediment to the surface
area. Sieve analysis test was used to measure the surface area for Barr method. The
formula presumes that all sediments have a spherical shape for the ease of calculation
[42]. By making this assumption the mass, the volume of each grain, the number of
grains per unit volume and the surface area were calculated. Since all the above
calculations were made based on the assumption of having sediments with spherical
shape only, a factor/constant has to be considered to account for the adjustment on
surface area. This factor (Cs) takes into account the different grain shapes such as
spherical and irregular crushed taconite shapes [42].

( )
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Hazen (1911):
The Hazen formula is one of the oldest and most widely used empirical methods to
estimate values for hydraulic conductivity. It was originally developed for uniformly
graded sand. The way this method works is by relating the hydraulic conductivity of a
sample to its grain size distribution. It is usually used with sands where d10 is between
(0.1 and 3.0) mm and the coefficient of uniformity (U) is <5) [39, 43].

Where;

The value of C will be estimated as following:
Very fine sand, poorly sorter

40-80

Fine sand with appreciable fines

40-80

Medium sand, well sorted

80-120

Coarse sand, poorly sorted

80-120

Coarse sand, well sorted, clean

120-150

Table 3:Constant values for Hazen equation [43]

The classifications of poorly and well sorted are related to the uniformity coefficient (U).
In case of poorly sorted, U>3, but if it is well sorted, then U<3. In this study, a Hazen

54

coefficient of 125 was used to calculate hydraulic conductivity for the different sets of
samples based on the assumption that the sample was composed of Medium well-sorted
sand.
Harleman (1963):
This formula was developed by Dr. Donald R. F. Harleman to estimate values for the
permeability of sands. Similar to Hazen, it was originally developed for uniformly graded
sand. The Harleman equation is as follow [44, 45]:

Where;

To convert the Harleman (k) (in darcies) into hydraulic conductivities (K) (in cm/sec), the
following relation has to be used:

Where;
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Alyamani and Sen (1993):
This formula was developed to relate grain size distribution to hydraulic conductivity of
particularly poorly sorted sediments. It was developed by Alyamani and Sen based on the
analysis of 22 samples from Saudi Arabia and another 10 samples from Australia. This
method incorporates both initial slope and intercept of the grain-size distribution curve.
The formula is [39, 46]
[

Where;

]

56

Kozeny-Carman:
Kozney- Carmen method was proposed firstly by Kozney at 1927 then altered later by
Carman (1937-1956). The Kozney-Carmen equation is [39, 47]

(

)[

](

)

Where:

Kozney-Carmen method presumes that the electrochemical reactions between the soil
particles and the fluids are negligible. Under this assumption, this equation is not
functional with the clayey soils, however it works for non-plastic silts [48]. The second
assumption with this equation is that it follows Darcian conditions of laminar flow and
has a low pore-water velocity allowing the inertia term in the Bernoulli equation to be
ignored. Considering this assumption, the formula will work for silts, sands and gravelly
sand [48]. Furthermore, the experimental permeability values obtained by Kozney-
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Carmen method consider the vertical permeability value alone without taking into
account the horizontal permeability [48]. In most natural deposits the horizontal
permeability is higher than the vertical one. Both vertical and horizontal values should
take into consideration, but grain size analysis and field sampling methods do not allow
this to occur.
These six methods have been chosen among all others several methods because they are
representative of most of the other statistical methods. In addition, the other statistical
methods are derived based on these methods to a degree.
All six methods were used to calculate the hydraulic conductivity, which will be
compared later to the hydraulic conductivity values obtained using the permeameter. The
relationship between the numerical methods and the permeameter measurements is very
import in that if the grain size numerical methods can be used to constrain the values for
hydraulic conductivity, then the time intensive use of permeameter measurements may
not be necessary to estimate hydraulic conductivity. Also, the measurement technique
using the permeameter has inherent errors and the grain size distribution numerical
methods can be used to define the error range. These values will be collectively used to
assess the suitability of designing a constructed seabed filtration system in the selected
area. At the same time, the obtained values will be used to determine the seabed design
criteria.
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Chapter IV: Results
The results of the general survey of the northern Red Sea coastline and a detailed
description of the selected site and the sampling plan are discussed in this chapter. In
addition, this chapter includes the comprehensive results of the different tests and
statistical methods used to determine the hydraulic conductivity for the collected samples.
Furthermore, these results are used to evaluate the applicability of designing a seabed
system as well as the design criteria and variables. The discussion of the results obtained
will be available in Chapter 5.

Selection of detailed study area:
Many different parts of the Red Sea shoreline from KAUST north to the border with
Jordan were visited and sampled to assess viable locations for construction of a gallery
intake system. Most of the visited sites (beaches) were not high energy beaches and wave
activity was quite low. Many of the beaches were rocky and were covered by dead corals.
The dead coral coverage decreased from north to the south. In addition, the beaches in the
north part of the Red Sea shoreline contain wadi sediments. Moving from north to the
south, most of the beaches are sandy onshore, but the sediment transitions from sand to
muddy sand or mud in shallow offshore areas (5 m horizontally away from the shoreline).
More detailed information about the locations and descriptions of the sites is given in
(Table 4).
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Site

KAEC

Description



Observed waves heights at the shoreline
were less than 0.25 m. Sandy beach
The first 3-5 m are muddy sands with
black color (anoxic mud)
The thickness of the soil layer is 10-15 cm.
At 40m offshore, the thickness of the
sand layer is approximately 70 cm
underlain by soft limestone.
Marine grass covers part of the bottom
area.

King Abdullah
Economic city
N 22°30.071’
E 039°04.903’

Observed waves heights at the shoreline
were less than 10 cm
Wide, flat and shallow water area
offshore
The ground consists of dead corals
covered with mud
Difficult to obtain sediment samples

Rabigh city
N 22°59.76’
E 038°48.637’

Observed waves heights at the shoreline
were less than 10 cm
 Wide, flat and shallow water area
offshore the
 The thickness of the sediment layer is
approximately 5-20 cm underlain by
rocky ground.
 60m offshore, the rocky ground is 1-2 cm
below the sand layer
 Marine grass covers part of the bottom
area.
Same as RBG2 site except:
 More marine grass than RBG2
 From the shoreline to 60 m offshore, the
thickness of the sediment layer is
approximately 0-2 cm underlain by rocky
ground.

N 22°51.936’
E 038°53.824’






RBG1






RBG2

RBG3

YBU1

Location (GPS data)





Observed waves heights at the shoreline
were less than 20 cm

N 22°56.203’
E 038°51.007’

Yanbu City
N 24°08.321’
E 037°57.003’
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YBU2



Observed waves heights at the shoreline
were less than 10 cm




Wide, flat, shallow water area




YBU3





YBU4

Dead coral structure
Wide, flat, shallow water area
The distance between the coral reefs and
the shoreline around 200-300 m
Rocky and coral area covered with mud
Onshore: sharp coral structures, could
not obtain the sand sample deeply,
limited to the surface







N 23°47.777’
E 038°26.907’

Sandy beach with no corals
From the shoreline to 15 m offshore, the
area is rocky, then sandy
The thickness of the sediment layer is
approximately 10-15 cm underlain by
rocky layer and it is full of shells.
Observed waves heights at the shoreline
were less than 10 cm
Wide, flat and shallow water area with
rocky ground
Onshore: full of shells

N 23°32.895’
E 038°32.672’

Observed waves heights at the shoreline
were less than 5 cm
Wide, flat and shallow water area
From the shoreline to 15 m offshore, the
marine bottoms are sands, after that the
bottoms are rocky
Difficult to get samples from the rocky
area

N 23°32.244’
E 038°36.477’

YBU5



Similar to YBU4,except that the area
from the shoreline to 20 m offshore is
dry and it contains muddy sands with
black color (anoxic mud)

N 23°12.459’
E 038°44316’

MLJ1



Observed waves heights at the shoreline
were less than 20 cm
The bottoms are sandy for the first 20m,
then Rocky.

Amloj
N 25°09.818’
E 037°15.106’

Observed waves heights at the shoreline

N 25°06.809’
E 037°15.904’


MLJ2
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were more than 35 cm




Clean sandy beach with no corals and no
rocks
Marine grass covers the bottom area in
between 80-100 m offshore



Muddy sediments




Very clean beach area
Windy day with observed waves heights
at the shoreline were more than 45 cm
The depth gradually increases as we
move offshore

N 24°56.601’
E 037°16.326’

Wide, flat and shallow area with dead
corals
Corals cover with mud for the first 100 m
offshore and almost dry in some areas.

N 24°32.787’
E 037°22.597’

Rocky beach
Marine grass covers part of the bottom
area
A lot of crabs and happy puffer fish

N 24°23.622’
E 037°25.543’



Rocky beach and it was difficult to reach
the water body

N 24°21.672’
E 037°26.187’



The coral reefs are approximately 70m
away from the shore line

WJ1




Sandy beach
Full of dead corals

WJ2



The area is clean but with rocky ground



Huge amount of significantly large holes
in the sea ground



The first 20 m are almost dry with a very
little amount of water



Dead coral after 35m offshore



Observed waves heights at the shoreline
were less than 15 cm
Clean beach with no corals

MLJ3


MLJ4




MLJ5





MLJ6

WJ3

WJ4






Sandy sediments onshore
Muddy sediments offshore

Wajh city
N 26°21.875’
E 036°22.104’
N 26°07.015’
E 036°30.294’
N 26°03.722’
E 036°37.688’
N 25°39.707’
E 036°54.506’
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WJ5







WJ6




WJ7




The first 150m are almost dry with a very
little amount of water
Huge amount of significantly large holes
in the sea bottom
Dead corals covered by sands
Marine grass covers part of the bottom
area
Mangroves

N 25°20.078’
E 037°06.425’

The first 45 m are almost dry with a very
little amount of water
There are wadi sediments in the
shoreline area

N 25°16.205’
E 037°09.204’

The first 35 m are almost dry with a very
little amount of water
There are wadi sediments in the
shoreline area

N 25°15.624’
E 037°09.643’



Marine grass covers part of the bottom
area



Huge amount of significantly large holes
in the sea bottom



Dead corals covered by sands

DES



Dry beach with a little amount of water
and full of dead corals for the first 200 m
offshore

AM





Mangroves
Dry beach with no water for the first 150
m offshore
Muddy sediments offshore

DH1




Rocky beach
Full of dead corals

MW-DH



Rocky beach

MW1



Sandy onshore with wadi sediments

Between Duba city
and Al-Amoud city
N 27°07.261’
E 035°48.181’
Al-Amoud city
N 27°12.704’
E 035°48.452’
Duba City
N 27°15.921’
E 035°46.500’
N 27°29.370’
E 035°34.199’
Mwaileh city
N 27°40.693’
E 035°28.399’
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MW2








The first 5 meters are sandy ,thickness of
the sand layer is approximately 30 cm
The thickness of soil layer increases
gradually offshore
After the first 5 m, the sediments are
muddy with slightly black color (anoxic
mud)
Rocky ground offshore
Jellyfish at the shoreline

N 27°40.103’
E 035°28.722’

Sharma
N 28°02.529’
E 035°13.407’
Khuraibah
N 28°03.968’
E 035°09.055’

SW1



Wadi sediments in the shoreline, sandy
with cobbles

KH1





Observed waves heights at the shoreline
were around 35 cm
Sandy beach but muddy in depth
Lots of Jellyfish
The depth gradually increases as we
move offshore
No corals at all

MQ1





Sandy onshore
Muddy offshore
Dead corals offshore

Qiyal
N 28°04.642’
E 034°54.114’

MQ2




Rocky onshore
Muddy sediments offshore

N 28°05.340’
E 035°01.979’

RSH1




Muddy sediments offshore
Marine grass covers part of the bottom
area

Ras Alshaikh
Humaid
N 28°06.008’
E 034°34.36.135’

RSH2




Rocky beach
Full of corals covered with sandy
sediments
The first 100 m are almost dry with a
very little amount of water

N 28°05.454’
E 034°36.452’






RSH3



Full of corals offshore

RSH4




Muddy sediments
Almost No corals

N 28°04.554’
E 034°36.636’
N 28°03.438’
E 034°36.67’

M1



Observed waves heights at the shoreline

Maqna
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H1




H2







were less than 20 cm
Sandy sediments offshore
Rocky beach with wadi sediments
onshore
Dead Corals

N 28°22.848’
E 34°43.946’

Rocky beach with wadi sediments
onshore
Dead corals offshore

Haqal
N 29°19.382’
E 034°56.700’

Observed waves heights at the shoreline
were around 10 cm
Wadi sediments onshore
Corals and Sea urchins
Rocky sediments offshore

N 29°08.977’
E 034°53.558’

H3




Wadi sediments onshore
Muddy sediments offshore

N 29°07.768’
E 034°52.863’

H4



Wadi sediments onshore , sandy with
cobbles
Rocky sediments offshore

N 26°01.630’
E 034°50.858’

Observed waves heights at the shoreline
were around 15 cm
Sandy onshore with wadi sediments
Marine grass covers a little part of the
bottom area

N 28°51.995’
E 034°50.427’

White sand onshore

N 28°58.068’
E 034°50.727’


H5





H6



Table 4: Brief site description and GPS locations

Based on the observed site conditions, such as the occurrence of sandy beaches, low
wave activity, shallow sand bottom offshore and some sites are always covered with
water. It has been found that the geological conditions of some areas in the visited sites
are potentially feasible for constructing subsurface intake systems for seawater RO
facilities, particularly seabed gallery systems. During the survey, many beaches were
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observed that have low wave energy and muddy sediments along the shoreline. The
conditions of such sites are not favorable for a beach gallery intake system since the filter
face cannot be cleaned by the wave action which could plug the surface of the filter with
mud. Based on these observations, it was concluded that the offshore seabed gallery type
instead of the onshore beach gallery had greater feasibility.

Tidal Fluctuations along the Red Sea Shoreline:
An important consideration when designing a gallery system is to understand the tidal
fluctuations along the shoreline. In general, the tidal fluctuation range for the north part
of the Red Sea shoreline is relatively small. Data collected by Saudi Aramco company
that provides hourly information about fluctuation of water level for the Red Sea are
published [49]. The summary of the results is shown in (Table 5).

Table 5:Saudi Aramco tide stations and the relation between MSL (Mean sea level) to LAT (lowest astronomical
tide and HAT (highest astronomical tide) in the Red Sea area [49]

For design of a seabed filter system, it is important to have a location for the gallery
where it will be always flooded with seawater (no low tide drying). The tide height of
KAEC site ranges between 2 to 66 cm above the lowest astronomical tide (LAT) [49].
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These data about the tides fluctuation should be considered when designing a seabed
filter.

Description of study area:
This study focuses on KAEC site which is located north to KAUST campus in King
Abdullah Economic city, Saudi Arabia (latitude 22°30.071’ N, longitude 39°04.903’ E,
(Figure 24) for further investigation of the feasibility to develop a seabed filter intake
system because:


The preliminary observation of this site shows that it contains a predominantly
sandy marine bottom.



The occurrence of muddy sand is very close to the shoreline and not offshore
below the tidal range.



Although the water depth is shallow and the tide range is low, the bottom is
always covered with water.



The site is located near a populated area that will require expanded use of
desalination in the future. The facility may require a subsurface intake system to
feed the expanded seawater RO plant.



The sandy sediment lies atop of a soft limestone unit that could be easy excavated
to facilitate the construction of a seabed filter.



It has good access for sampling and analysis.



The location of the site is close to the KAUST Campus which makes it easy to
visit the site and collect samples.
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A sampling grid was established on the site to allow a closely spaced series of samples to
be collected. About 50 samples were collected from this site within the grid in order to
study the hydrological and geological conditions for this area. The water depth within the
sampling grid was measured and the thickness of sediment was determined to the top of a
soft limestone by using an auger. There is very narrow beach at about 5 m and the wave
height is generally less than 0.25 m. The water level is almost constant at 35 cm above
the bottom for the first 10 to 100 meters offshore. The slope of the bottom from the
shoreline seaward is very flat for the first 100 m.

Figure 24: Aerial view of the shoreline at the King Abdullah Economic City Site. Note that the satellite
photograph is old and does show the full state of current site development
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The sampling grid was contained within a rectangular area paralleling the shoreline with
a length of 200 m and an offshore extension of 90 m (Figure 25, Figure 26).This
rectangular area has been divided into five transects perpendicular to the shoreline with a
spacing of 50 meters between each transect. Ten samples were collected along each
transect with 10 meters of separation between each sample location. Most of the samples
were collected from the upper 5 cm of bottom sediment (not deeply), because the native
shallow sediments will be used only to cover the upper surface of the filter while the
remaining layers of the filter will be filled with external synthetic media. The natural
system will move around the uppermost sediment layer covering the filter after
construction and this is the reason why it is important to study the shallowest sediment.
The properties of deeper sediment will not affect the filter because it will be excavated
and engineered sand and gravel will fill the excavation.

Figure 25: The sampling grid located at the King Abdullah Economic City Site
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The sample locations (numbered) and depth of the marine sediment layers to the soft rock
are shown in (Figure 26).

Figure 26: Map showing the sample locations and thickness of sediment to rock, (the thicknesses shown are in
cm)

Generally, the sandy sediment thickness within the selected area increases moving from
the shoreline seaward (after 90 meters it decreases till the reef tract is reached). Sediment
thickness profiles of the KAEC site are given in (Figure 27).
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Figure 27: Sediment thickness profiles across the King Abdullah Economic City Site
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Deposition of muddy sediments:
The presence of muddy sediments in the offshore samples could present a problem for the filter
design and operation because it could reduce the vertical hydraulic conductivity of the filter. If
there is a high rate fine-grained sediment deposition on the site, it would cause plugging of the
upper layer of the filter. The mud percentage in the sediments was determined by the weight of
the sediment retained in the pan as a percentage of the total sample weight (sieve size
<0.0063mm) [50].

Figure 28: The Wentworth-Udden scale showing the classifications of sediment grain sizes. Note that the sand size range
is from 2 to 0.0063 mm [50]

The percentage of mud within the sediment within the study area is shown in (Figure 29).
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Figure 29: Distribution of mud percentage within the sampling grid

The percentage of mud on the beach is quite low. However, along the southernmost transect the
mud percentage increases offshore to reach a peak of 14.3 % at 30 meters. After 40 meters
offshore, the percentage of mud decreases and all values fall under 5%.
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Laboratory porosity measurement results:
The porosity of sediment is dependent on several factors including the grain size distribution, the
shape of the grains, the packing of grains and the percentage of mud. The laboratory porosity
values measured occur in a narrow range from 0.3 to 0.41with an average of 0.34 and standard
deviation of 0.023 (Figure 30).
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Figure 30: Laboratory porosity measurements

In this study, the corresponding measured porosity value of each sample was used in the
empirical formulas to estimate the hydraulic conductivity instead of using an average or
estimated porosity value as a constant for all the calculations.
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Grain size analysis data:
The mean grain size diameter of the collected samples ranges from 0.134 to 0.996 mm with
standard deviation of 0.151. Most of the mean grain diameters (1st moment) values range from
0.15 to 0.5 mm (Figure 31). Since the majority of mean values are in the range of 0.15-0.5 mm,
the sediments are classified as medium-grained sands according to Wentworth-Udden
classification [50]. The mean grain size values will be used later in the design of the filter media.

Figure 31: Mean grain size diameter analysis
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Hydraulic conductivity determinations and measurements:
As described in the previous chapter, six different statistical grain size methods were used to
estimate the hydraulic conductivity values for the samples collected from KAEC site. In
addition, constant head permeameter measurements were made on each sample collected. A
comparison between the values obtained using the permeameter and the numerical methods is
very useful for determining the relation between the two measurements. Hydraulic conductivity
values computed from the different numerical methods and lab measurements are very close to
each other and fall within the spectrum (Figure 32).
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(a)

(b)

(C)
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(d)

(e)
Figure 32: Hydraulic conductivity data collected for the transects: (a): center transect, (b):50 m south, (c):50 m north,
(d):100 m south, (e):100 m north

As observed in (Figure 32), nearly all the values computed from the different methods lie within
a reasonable statistical range. At the same time, the trend of permeameter data is also in
agreement with the numerical methods. A statistical comparison between the results of the
different methods and the permeameter are presented in (Table 6).
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Table 6: Statistical results of the mean hydraulic conductivity values

The overall results showed the following:


The trend of hydraulic conductivity values obtained from the Alyamani and Sen, and the
Hazen models are proportional to the percentage of mud in the offshore samples.



The mean hydraulic conductivity values computed by Fair and Hatch model has the
maximum deviation from those obtained using the permeameter. This observation
suggests that the Fair and Hatch model might not give a good estimating tool for marine
bottom sediment analysis of slightly muddy carbonate sediments.



The mean hydraulic conductivity values computed by Kozney-Carman method has the
minimum deviation from those obtained by the permeameter.



Most of hydraulic conductivity results obtained by permeameter fall in the range of
hydraulic conductivity values estimated by using the statistical methods.
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The obtained results will be used to evaluate the applicability of designing a seabed system as
well as the design criteria and variables. Permeameter data will be used to determine the
hydraulic conductivity of the most upper layer in the seabed filter. In addition, a mean grain size
value of 0.3 mm will be used in designing the upper media of the filter as well. The effective
porosity value for the seabed filter is roughly equal to 0.34. The muddy sediments area, tidal
range and geological conditions of KAEC site are also considered when locating the filter. The
geological conditions of the site such as the presence of thin layer of sand and slightly muddy
sand lying upon a soft limestone unit will be used to determine the construction equipment,
materials and design criteria of the filter. A full design description of the preliminary design of
the KAEC seabed filter is available in Chapter 5.
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Chapter V: Preliminary design of a seabed filtration System
An evaluation of the applicability of designing a seabed system in the area of King Abdullah
Economic City based on the results obtained is discussed in this chapter. Design factors and
variables, potential size, piping system and geometry of the filter are included as well. In
addition, the materials to be used, grain size characteristics, layer thickness and other design
criteria are discussed throughout the chapter.

Location and area of the filter:
A rectangular sampling grid area with a dimension of 200 x 90 m2 was analyzed to determine the
suitability of designing a seabed filter intake system within the studied area. The seabed
construction location was selected based on the local hydrological and geological condition of
the area. One of the factors that affects the positioning of the seabed filter is the depsotional area
of offshore mud. The presence of muddy sediments in the offshore samples could cause an
operational problem for the filter if additional mud were to be deposited atop the filter. Based on
the collected data, the development of a seabed filter should have a footprint utilizing a low mud
percentage area. The suggestion would be to use a rectangular area starting from 40 meters
offshore and ending up with the furthest point at 90 meters offshore (Figure 33).
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Figure 33: Acceptable location for a seabed filter based on mud deposition in the study area.

In this case, the area with a mud percentage less than 5% is considered. Therefore, the available
size for constructing the seabed filter is a rectangular area with an area of 50 x 200 m2. Another
factor that affects the positioning of the seabed filter is the port activities around the seabed site.
A large seaport in the region will be constructed in King Abdullah Economic City in the future.
This facility will be a busy shipping and boating area. A key consideration in selecting the
location of the filter is to be away from the ship channel. Ship movements might cause the
mobilization of muddy sediments into the seabed filter area, which could plug the upper layer of
the filter.
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Preliminary seabed filter design:
In a typical slow sand filter the infiltration rates range in between 0.05 and 0.2 m/hour with a
media mean grain diameter of 0.3 to 0.45 mm and a gravity head drop of 0.9 to 1.5 m [30]. The
design criteria are modified for the seabed filter since the potential head loss and flow of water is
controlled by the suction pressure and not by the gravity alone. The infiltration rate is controlled
by the conductivity of the uppermost layer that contains the native offshore sand as well as the
depth of the filter and the suction head. In order to determine the hydraulic conductivity value of
the uppermost layer of the filter, the permeameter mean hydraulic conductivities inside and
outside the low mud percentage area were calculated. The permeameter mean values inside and
outside that area are 13.73 m/day and 11.07 m/day respectively. In order to take into account the
potential mobilization of fine particles from the surrounding muddy areas into the filter by wave
action or storms both values are considered and an average value of 12.4 m/day is set to be the
hydraulic conductivity for the most active layer at the top of the seabed filter. The infiltration
rate of the seabed filter is set to be 5 m/day, which is slightly higher than the maximum limit of
the slow sand filter 4.8 m/day. The suction pressure should be less than 3.5 m of head based on
the ability of a standard centrifugal pump to generate suction. The total thickness of the filter is
4.5 m and it consists of four intermediate layers of graded sands in between the upper native sand
media and the bottom gravel layer. The mean grain size diameter of each layer increases moving
downward through the filter. The mean grain diameter of the uppermost layer is roughly equal to
the low range of a slow sand filter which is 0.3 mm as shown in (Figure 34).
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Figure 34: Mean grain size diameter for the low mud sand area

The mean grain size diameter for the intermediate sand layers will be in between 0.3mm (for the
upper media) and 10 mm (for the bottom gravel media). Since KAEC offshore area has lowenergy waves (low potential for storm excavation) and it is always covered with water based on
the tide water level data, the thickness of the first layer does not have to be very thick. A tradeoff
between the flexibility of operation, suction head and maintenance and cleaning requirements
should be considered, when designing the thickness of layers, particularly the upper one. The
suggestion is to have the upper layer with a thickness of 1.25 m. A thickness of 1.25 m should be
sufficient in removing debris, organic and inorganic sediments, and some organic compounds
based on comparisons to filter sand filter performance data. At the same time, having such a
thickness is practical for the cleaning process since the uppermost layer of sand (few cm) could
be removed before the need for adding additional sands. The thickness of the four intermediate
layers will be 0.5 m each with graded sand packs from the top to the bottom. The mean grain size
diameter of each layer was selected carefully to prevent the infiltration of the fine sediments of
the upper layer into subsequent underlying layers. The mean grain diameters of the media for the
four intermediate layers used in the design are 0.5, 0.75, 2 and 5 mm from top to the bottom
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(Figure 35). The thickness of the base layer is 1.25m. This layer contains the screens and it is
surrounded by coarse gravel with a 10 mm mean grain diameter. The screens are placed
horizontally at a distance of 0.35 m up from the base of the filter. The gravel layer helps maintain
a constant pressure head drop within the filter media and helps maintain a constant infiltration
rate at the surface of the filter. The suction required for the seabed filter is controlled by the
hydraulic conductivity of the upper layer and the thickness of the filter. Suction head is required
for the effective operation of a seabed filter system compared to operation of slow sand filter
using a gravity feed. The suction allows the seabed filter to be thicker than a standard slow sand
filter and have a generally higher yield. As mentioned earlier, the suction pressure should be less
than 3.5 m of head based on the ability of a standard centrifugal pump to generate suction. The
suction pressure required for the designed filter is less than 1m of head which is much lower than
the maximum range of the standard centrifugal pump. In case the infiltration rate is lower than
the design rate due to the plugging of the filter surface, the suction head could be increased to
maintain a constant flow and infiltration rate till the cleaning process is performed.
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Figure 35: Preliminary design of KAEC seabed filter pack
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Screen and Piping system:
Use of non-metallic components for piping and screen systems is highly recommended in
constructing the seabed filter to prevent corrosion of the piping system. High density
polyethylene (HDPE) should be used for piping system, while polyvinyl chloride (PVC) should
be the material used for the screens. The maximum velocity in the piping system will be limited
to less than 2 m/s, while the velocity of water through the screen configuration about 4 cm/sec.
The velocity can be controlled by specifying the proper diameter for the pipes. The capacity of
conveyance pipes must be sufficient to carry the desired flow with a moderate to low velocity to
prevent excessive head loss. It is recommended to use the available standard pipe sizes and not to
have pipes specially designed for the project in order to minimize the overall maintenance cost
and to decrease the lead time for the material delivery.

Geometry of the filter:
Because of the small size of the studied area, the preliminary design considers an intake system
for only one train for a RO plant with a permeate capacity of 10,000 m3/day. This train will
require 25,000 m3/day of raw water using a 40% conversion rate from seawater to product water
based on current operating seawater reverse osmosis plants along the Red Sea area. Based on an
infiltration rate of 5 m/day, a surface area of 5000 m2 would be required to construct the filter
with the desired capacity. It is recommended that 1 to 2 extra meters of perimeter should be
added to the edges of the required area to ease the construction activities. The gallery will be a
rectangular area with dimension of 100 by 50 m. The capacity of conveyance pipe must be
sufficient to carry 25,000 m3/day of flow.
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Figure 36: Preliminary conceptual design for KAEC seabed
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Constructing of the seabed filter:
The steps of constructing the seabed filter are as follows:
1) Build a temporary fill road system on top of the marine bottom from the shoreline
seaward to the filter sites. The substrate is solid enough to support a dragline set atop a
rock fill road during construction and to allow trucks to remove the excavated material.
2) Excavation of the marine bottom in the gallery site can be accomplished by using
dragline or Multi-Ripper Bucket. The excavation of the marine bottom in KAEC site
should be easy since the bottom contains a soft rock limestone with a shallow water
depth, in this case, it would be easy to bring the equipment into the site. In addition, the
excavation should extend to the shoreline areas to place the connecter pipes from the bed
to RO plant. The individual gallery piping should be installed in a single trench in the
center of the gallery cluster to avoid separate trench construction. At the same time, the
dewatering process and the disposal of the excavated marine bottom sediments should
take place. The excavated marine materials should be placed away from the construction
site or possible sold as road base rock (soft limestone is a usable product). After
dewatering the excavated area and it becomes dry, the bottom should be shaped and
compacted to have flat ground [23, 24]. Dewatering would require installation of
temporary sheet piling, which could be costly. It would be less expensive to install the
filter “on the wet”, but could be problematical.
3) A low permeability geofabric layer will be installed at the base and the sides of the
excavated area to avoid any invasion of fine-grained sediments into the filter from the
sides or bottom.
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4) A part of the gravel layer should be placed at the base (approximately 0.3 m up the base).
Then the screen assembly and connector pipes should be constructed. After that, the
upper part of the gravel layer should be filled and lightly compacted.
5) The graded engineered sand layers should be added from bottom to the top. Care should
be taken when filling the intermediate layers to be sure that the sands are not mixed.
6) The final native beach sand cover should be washed to remove the mud then installed in
the upper layer of the seabed. This material can be gathered and removed during the first
phase of excavation and stored on the shoreline until it is needed. There are other sources
of this sand that can be transported to the site (e.g., Om Al Misk Island, located nearby).
7) The surface of the seabed filter and the area around should be graded to have similar
slope to the original beach profile and the temporary access roads should be removed
[23] .

Figure 37: Construction of infiltration gallery system (City of Long Beach, California) [26] .
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Figure 38: Dragline (left) and Multi-Ripper Bucket (right) for excavation of the marine bottom

Expansion of the intake system:
A variety of capacities could be developed at the site to meet the future feedwater requirements
of a seawater RO plant. To design an intake system for the entire plant, a detailed study of the
geological and hydrological conditions should be conducted in the area around the KAEC site to
investigate the possibility of the intake expansion. The seabed area is wide and is always flooded
by shallow seawater. However, the area required for the intake expansion is available, but the
geological conditions have not been studied yet. If the geological conditions around the area are
similar to the analyzed site, then the same concepts could be used to construct the seabed filter,
but it will be in a larger scale. An RO plant consisting of six trains with a permeate production
capacity of 10,000 m3/day each would have a total permeate capacity of 60,000 m3/day.
Approximately 150,000 m3/day of raw water would be required to feed the RO plant. The
preliminary suggestion is to have six primary galleries for a plant of this capacity and one
standby for emergency and maintenance events. In addition, the standby gallery could be
operated at the same time with the other primary galleries to reduce the infiltration rate for the
system. A total area of 35,000 m2 would be required for the primary and standby galleries,
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assuming an infiltration rate of 5 m/day. The galleries would be rectangular in shape with
dimensions of 100 by 50 m each. It is recommended that each gallery should contain an
independent pipe system to convey the water from the seabed filter to the RO plant. At the same
time, each gallery would have a dedicated variable frequency drive (VFD) system to facilitate
pump operation. The VFDs would allow adjustments to be made to allow a constant flow rate to
occur during tide changes and when clogging of the filter occurs. The redundancy of the pipes,
pumps and number of galleries are very important for reliability considerations. A very
conservative infiltration rate of 5 m/day has been set for the seabed, however, since the
corresponding head difference with this rate is low, this very conservative infiltration rate could
be increased to nearly double and still the head difference will fall within acceptable range. It is
recommended that the initial operation of the filter should be conservative and similar to typical
slow sand filter. Based on collection of experimental data, the infiltration rate might be adjusted
later. In the event that positive operating data was collected, the infiltration rate could be
increased to 10 m/day and the footprint of the constructed seabed filter could be reduced. For
future expansion, data should be collected on the first filter cell which would be used to adjust
the infiltration rate in subsequently constructed cells. Again, this is a very conservative design
that could be improved and optimized.
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Figure 39: Preliminary conceptual design of the expansion plan for KAEC seabed

Life cycle cost analysis:
A key consideration when designing a subsurface intake system is the economical aspects
of the proposed system. A comparison between the tangible and intangible costs of the
seabed filtration system compared to a conventional open intake system should be studied
carefully. The tangible costs are related to construction and long-term operation activities
which are easy to quantify. The intangible costs are related to the activities that are
difficult to quantify such as the environmental impacts of both intake systems and the
carbon footprints.
The capital cost of constructing a seabed system includes the investigation of the site and
design engineering, land costs onshore, shoreline access, excavation, dewatering,
construction of the engineered sand layers, equipment, transportation and logistics of
materials delivery to the site and others. These costs should be compared with the capital
cost of the conventional open-ocean intake system and the lesser need for pretreatment
equipment. Other comparative cost aspects with a life-cycle analysis include the
operating issues which are:


The quality of water produced by both methods and the required pretreatment, the
pretreatment cost should be added for the open-ocean intake system.



The cleaning process of the seabed filter (stirring or sand removal for the upper
part) versus the cleaning of the screens in the open intake, chlorine control of
marine organism growth in the pipeline, disposal of entrained and entrapped
marine organisms, operation of traveling screens (corrosion issues, and the
backwashing of the filter media. In the event that a dissolved air flotation (DAF)
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system is used, the maintenance of this system must be considered. Also, if
membrane pretreatment is used, then cleaning chemicals, redundancy of process,
and replacement amortization have to be considered.


The potential shutdowns of the RO plant in case of emergency events (e.g., oil
spill) or naturally occurring event such as red tides, occur using conventional
open-ocean intakes. However, the seabed filter system should be able to operate
under these circumstances.



Energy consumption comparison for both systems.

Furthermore, the environmental impacts should be evaluated. Some of the potential
environmental impacts include:


Mitigation cost and the anticipated chemical usage in the open intake.



The impact of marine bottom excavation in the natural system around the seabed
site.



The impact of impingement and entrainment of marine organism in the ocean
natural system in case of using the open-ocean intake system.



Operational and construction impacts on the environment, such as the direct
greenhouse gas emissions related to the project construction and the limitation of
public coastal resources access while constructing and operating the intake system
[24].

Finally, the other related costs such as labor, spare parts and the availability of material
used locally, preventive maintenance and pipes inspection during the life time span of the
plant should be considered.
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Chapter VI: Conclusions
It has been found that the geological conditions of some areas in the north Red Sea
coastline from north of KAUST to the Jordanian border shoreline are potentially feasible
for constructing subsurface intake systems for seawater RO facilities, particularly seabed
gallery systems. Several potential sites were found in this area of shoreline. These sites
have a predominantly sandy offshore bottom with shallow water depths, and a low tide
range. These areas are always covered with water and are accessible for construction.
During the survey, many beaches were observed that have low wave energy and muddy
sediments along the shoreline. The conditions of such sites are not favorable for a beach
gallery intake system since the sediment-water interface cannot be cleaned by the wave
action which could cause the surface of the filter to become clogged with mud. Based on
these observations, it was concluded that the offshore seabed gallery type instead of the
onshore beach gallery had greater feasibility.
One of the potentially suitable offshore sites was located in the nearshore area at King
Abdullah Economic City (KAEC), located about 15 km north of KAUST. The site was
chosen for further investigation because the preliminary observations showed that the
conditions at this site are suitable for development of an offshore gallery (seabed filter
system). This site contains a predominantly sandy offshore marine bottom with a shallow
water depth and a low tide range. Although the water depth is shallow and the tide range
is low, the bottom is always covered with water. In addition, the sandy sediment at the
site lies atop of a soft limestone unit that could be easy excavated to facilitate the
construction of a seabed filter. Moreover, the occurrence of muddy sand at this site is
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very close to the shoreline and not offshore and far below the tidal range. Furthermore,
the site is located near a populated area that will require expanded use of desalination in
the future.
Based on the field analyses and the lab measurements conducted on the collected
sediment samples, it can be concluded that the characteristics of KAEC site are suitable
for constructing a seabed filtration system. Grain size distribution, porosity and hydraulic
conductivity measurements were performed on the sediment samples. It has been found
from the grain size analysis that percentage of mud in the area is relatively low. The
presence of muddy sediments in the offshore samples located immediately along the
beach could cause an operational problem for the filter. Based on that, the development
of a seabed filter should have a footprint utilizing a low mud percentage area (<5%)
located further offshore.
Besides the permeameter lab measurements, hydraulic conductivity results were also
estimated based on the grain size analyses by using six different representative statistical
methods. About 83 % of the hydraulic conductivity values measured by the permeameter
fall in the range of the computed values obtained from the statistical methods. The other
17% of the permeameter values are very close to the statistical methods. Now,
considerable confidence can be given to the statistical methods values based on the grain
size analysis (screening method). This type of information can be used to estimate the
hydraulic conductivity for this particular type of depositional environmental if the
percentage of mud is less than 14%. By doing so, the time intensive use of permeameter
measurements may not be necessary and it will be easier to investigate the geological
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characteristics of the area on this site if any site expansion plan was required in the
future. Also, the use of grain size data can be used in the screening process to assess other
sites for potential development of gallery type intake systems in a cost-effective manner.
The applicability of the relationship between the grain size methods and the permeameter
measurements for this type of geology cannot be extrapolated to other types of natural
filtration systems, such as dune filtration and wadi ARR systems, without completing
similar investigations.

Based on the field observations, tide range, sediment types and laboratory measurements,
the site is confirmed to be feasible for design and construction of a seabed filtration
system. Due to the limited size of the studied area, a preliminary seabed filter design
concept was developed for one train only in a RO plant with a raw water capacity of
25,000 m3/day. A surface area of 5000 m2 would be required to construct the gallery
based on a very conservative infiltration rate of 5 m/day. The filter consists of multiple
layers of graded sands to prevent the infiltration of the fine sediments from the upper
layer into subsequent underlying layers. At the same time, a geofabric layer would be
installed to prevent any invasion of fine-grained sediments into the filter from the sides.
Since the study area was small and the need for future water supply is large, an expansion
plan of the intake system for the future needs was considered based on the assumption
that the geological conditions of the surrounding area are similar to the studied site. The
expansion plan covers the need for an RO plant consisting of six trains with a total raw
production capacity of 150,000 m3/day (product water production of 60,000 m3/day). The
suggestion is to have six primary galleries and one standby for emergency and
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maintenance events with a total surface area of 35,000 m2 based on the same infiltration
rate. The available standard sizes and non-corrosive components of pipes (HDPE) and
screens (PVC) would be used to construct the filter in order to reduce maintenance
requirements. Each gallery would contain an independent pipe to the onshore RO
treatment facility and a pumping system with a VFD control system. The redundancy of
the pipes, pumps and number of galleries are very important for reliability considerations
to protect the operation of the system from maintenance issues, pump failures, tsunami
events, and storm events.
Additional field and engineering investigations would be required to develop a final
design for a seabed filtration intake system at KAEC site and other seabed filtration
systems in general. These additional investigations should consider that the potential
seabed site is located close to a planned seaport and ship channel. So, it is important to
assess changes in water turbidity anticipated from these facilities and associated
activities. Ship movements might cause the mobilization of muddy sediments into the
seabed filter area, which could plug the upper layer of the filter and cause the need for
maintenance to be performed.
During the analysis of the marine sediments, it was found that hydraulic conductivity
measurements made using a permeameter have some potential error problems. In case of
analyzing muddy sediments in the lab, care should be taken when measuring the
hydraulic conductivity to assess if any significant changes in the time were occurring
because of trapped air removal. Also, it was found that some of the fine sediment can be
washed from the column if it is run for a lengthy period of time and the silt/clay fraction
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is large. In such cases, where percentage of mud is high it is recommended to use the
both chambers (the lower and the upper cells) to reduce the amount of washed mud and
to guarantee more accurate results. Using a thicker section of sediment slows the flow of
water through it and reduces the potential for flushing of the mud (increase from 5 to 12
cm).

100

REFERENCES
1.

Perlman, H. Where is Earth's water located? USGS 2011; Available
from:http://ga.water.usgs.gov/edu/earthwherewater.html.

2.

Meeting
the
global
water
challenge.
March,
2007;
Available
from:http://web.worldbank.org/WBSITE/EXTERNAL/NEWS/0,,contentMDK:21
259263~pagePK:64257043~piPK:437376~theSitePK:4607,00.html.

3.

Missimer, T.M., Water Supply Development, Aquifer Storage, and Concentrate
Disposal for Membrane Water Treatment Facilities. Second ed. Methods in Water
Resources Evaluation2009: Schlumberger Water Services.

4.

Ministry of Water and Electricity, Annual Report, 2010: Riyadh,Saudi Arabia. p.
103.

5.

Heather Cooley, P.H.G., and Gary Wolff, Desalination, with a grain of salt, June,
2006, Pacific Institute.: Oakland,California. p. 88.

6.

Pankratz, T., IDA Desalination Yearbook 2011-2012October, 2011, Oxford ,
United Kingdom: Global Water Intelligence.

7.

Pankratz, T., An overview of Seawater Intake Facilities for Seawater
Desalination, , in The Future of Desalination inTexas,2004, Water Development
Board: Texas.

8.

CSIR, Environmental Impact Assessment for the Proposed Desalination Project at
Mile 6 near Swakopmund, Namibia, Final EIA Report,Appendix C.2: Sea water
Intake and Discharge Options October,2009, Nambia water corporation ltd:
Stellenbosch.

9.

Zander, A., Elimelech, M., Furukawa, D., Gleick, P., Herd, K., Jones, K.,
Rolchigo, P., and S. Sethi, Tonner, J., Vaux, H., Weis, J., Wood, W.,
Desalination: A national perspective,2008, Washington, D.C.: The National
Academies Press.

10.

Gille, D., Seawater intakes for desalination plants. Desalination, 2003. 156(1-3):
p. 249-256.

11.

N.N. Li, A.G.F., W.S.Winston Ho, T.Matsuura, Advanced Membrane Technology
and Applications,2008, New Jersey: John Wiley & Sons.

12.

Ismail, S., Galeelah Desalination Plant in RAK Resumes Operations, June,2009,
Khaleej Times.

101
13.

Berktay, A., Environmental Approach and Influence of Red Tide to Desalination
Process in the Middle East Region. International Journal of Chemical and
Environmental Engineering, 2011. 2(3): p. 183-188.

14.

Missimer, T.M., Maliva, R.G., Thompson, M.,Manahan, W.S. and Goodboy,K.P.,
Reduction of seawater reverse osmosis treatment costs by improvement of raw
water quality: Innovative intake designs. The International Desalination & Water
Reuse Quarterly, 2010. 20( 3): p. 12-22.

15.

Ray, C., G. Melin, and R.B. Linsky, Riverbank filtration: improving source-water
quality,2002, Netherlands: Kluwer Academic Publishers.

16.

Voutchkov, N., SWRO desalination process: on the beach-seawater intakes.
Filtration & separation, 2005. 42(8): p. 24-27.

17.

Hellmann, D.-H., Rosenberger, H.F.R., and Tusel, E. seawater intake systems for
desalination plants,in Proceedings. in International Desalination Association
World Congress on Desalination and Water Reuse. 2002. Manama, Bahrain.

18.

AWWA, Reverse osmosis and nanofiltration. 2nd ed. Manual of water supply
practices-M46, ed. R. Bergman,2007, USA: American Water Works Association.

19.

David, B., J.P. Pinot, and M. Morrillon. Beach Wells for Large-Scale Reverse
Osmosis Plants: The Sur Case Study. in IDA World Congress - Atlantis. 2009.
The Palm – Dubai, UAE.

20.

Williams, D.E., and Kyle, R. J. Utilization of subsurface slant and vertical intake
systems for desalination feed water supplies. in Proceedings of the American
Membrane Technology Association Conference on Desalination and Exposition.
2001. Reno, Nevada: GEOSCIENCE Support Services, Inc.

21.

Peters, T., D. Pintó, and E. Pintó, Improved seawater intake and pre-treatment
system based on Neodren technology. Desalination, 2007. 203: p. 134-140.

22.

Jones, A.T. and R.L. Campbell. Sea water desalination: a generalized model for
feedwater intakes. in Proceedings of MTS/IEEE, OCEANS. 2005. Oases
Desalination Int. Ltd.

23.

MALIVA, R.G. and T.M. MISSIMER, Self-cleaning beach gallery design for
seawater desalination plants. Desalination and water treatment, 2010. 13(1-3): p.
88-95.

24.

Water Globe Consulting, L., Seawater Desalination Project at Huntington Beach,
APPENDIX AA Evaluation of Alternative Desalination Plant Subsurface Intake
Technologies, March, 2010, DUDEK.

102
25.

Williams, D.E., Research and Development
for Horizontal/Angle Well
Technology in Desalination and Water Purification Research and Development
Program October 2008.

26.

Under-Ocean Floor Seawater Intake and Discharge Test Plan, April 1, 2009, Long
Beach Water Department: California.

27.

Pankratz, T., Seawater Desalination Technology Overview, in Presentation for
Georgia Joint Comprehensive Desalination Study CommitteeAugust,2006: St.
Simons Island, Georgia.

28.

Missimer, T.M. Alternative Subsurface Intake Designs for Seawater Desalination
Facilities. in Desalination Intake Solutions Workshop. Worcester, Massachusetts:
Schlumberger Water Services USA Inc.

29.

Ray, C. and R. Jain, Drinking Water Treatment: Focusing on Appropriate
Technology and Sustainability2011: Springer Verlag.

30.

Crittenden, J.C.T., R. Rhodes; Hand, David W.; Howe, Kerry J.; Tchobanoglous,
George Water Treatment: Principles and Design. Second ed 2005 Hoboken, New
Jersey,John Wiley & Sons.

31.

Scholz, M., Wetland systems to control urban runoff,2006, Amsterdam, the
Netherlands: Elsevier Science. 360.

32.

Huisman, L. and W. Wood, Slow sand filtration,1974, Geneva: World Health
Organization

33.

Rust, M., Typical cross section of a slow sand filter, Civil Engineering Dept.
Virginia Tech: Virginia.

34.

Ratnayaka, D.D., M.J. Brandt, and K.M. Johnson, Twort's water supply. 6th
ed,2009, United Kingdom: Butterworth-Heinemann,Elsevier.

35.

Tanner, W.F., and Balsillie, J. H, Environmental clastic granulometry. Florida
Geological Survey Special Publication 40, 1995: p. 142

36.

Wenzel, L.K., Methods for determining the permeability of water-bearing
materials with special reference to discharging-well methods. U. S. Geological
Survey Water-Supply Paper 887, 1942: p. 192.

37.

Standard test method for permeability of granular soils, in ASTM Standard
D2434-682006, American Society for Testing and Materials. p. 5.

38.

Operating instructions (Combination Permeameter) Model:25-0623 (K-605A),
ELE, international Ltd.: USA.

103
39.

Batu, V., Aquifer hydraulics: a comprehensive guide to hydrogeologic data
analysis,1998, New York: Wiley.

40.

Sperry, J.M. and J.J. Peirce, A model for estimating the hydraulic conductivity of
granular material based on grain shape, grain size, and porosity. Ground Water,
1995. 33(6): p. 892-898.

41.

Fair, G.M. and L.P. Hatch, Fundamental factors governing the streamline flow of
water through sand. J. Am. Water Works Assoc, 1933. 25(11): p. 1551.

42.

Barr, D.W., Coefficient of permeability determined by measurable parameters.
Ground Water, 2001. 39(3): p. 356-361.

43.

Knödel, K., G. Lange, and H.J. Voigt, Environmental geology: handbook of field
methods and case studies,2007: Springer Verlag.

44.

Alvarez, P.J.J. and W.A. Illman, Bioremediation and natural attenuation: process
fundamentals and mathematical models2006, Hoboken,N.J.: John Wiley.

45.

Lehr, J.H., Keeley, J.W., Lehr, J.K. ,Kingery, T.B., Water encyclopedia: ground
water,2005, Hoboken, New Jersey: John Wiley & Sons.

46.

Alyamani, M.S. and Z. Şen, Determination of Hydraulic Conductivity from
Complete Grain Size Distribution Curves. Ground Water, 1993. 31(4): p. 551555.

47.

Boadu, F.K., Hydraulic conductivity of soils from grain-size distribution: new
models. Journal of Geotechnical and Geoenvironmental Engineering, 2000.
126(8): p. 739-747.

48.

Carrier, W.D., Goodbye, Hazen; Hello, Kozeny-Carman. Journal of Geotechnical
and Geoenvironmental Engineering, 2003. 129(11): p. 1054-1056.

49.

Saudi Aramco Tide Tables - Red Sea,2009, Environmental Protection department,
Saudi Aramco.

50.

Flügel, E., Microfacies of carbonate rocks: analysis, interpretation and
application,2004, Berlin: Springer Verlag. 976.

