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ABSTRACT
Feasibility for Use of a Seabed Gallery Intake for the Shuqaiq-II SWRO Facility,
Saudi Arabia

David Mantilla

Shuqaiq-II IWP is a combined RO water desalination and power plant facility. It operates
with an open intake that feeds the plant with 100,000 m3/h of raw water. The facility is
located 140 km north of Jizan, in a small bay where the run-off discharges of two wadis
converge. The run-off coming from the wadis are rich in alluvial sediments that
dramatically decrease the raw water quality at the intake point, causing periodic
shutdowns of the plant and increasing the operational cost due to membrane replacement.

Subsurface water intakes are an alternative for improving raw water quality, as they
provide natural filtering of the feed water as it flows trough the systems. In this type of
system water flow trough the sediment matrix is induced and during the percolation,
several physical, chemical and biological processes take place, cleaning the water from
particulate matter, resulting in high quality feed water that can be directly sent to the RO
process without any additional pretreatment.

A full hydrogeological profile of the seabed needs to be performed in order to determine
the applicability of one of these systems in each particular location. In this study, 1 km of
beach area at Shuqaiq-II IWP was surveyed. Ninety-one (91) samples from the shore and
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offshore sediments were collected and analyzed for hydraulic conductivity, porosity and
grain size distribution.

The laboratory analysis showed that the construction of the seabed galleries was
technically feasible, and the proposed intake system was design to meet the feed water
requirements for the RO facility (530.000 m3/d). The preliminary design consists of 17
cells in total, 16 of which will be in constant operation, and 1 alternate for whenever
maintenance is needed in one of the other cells. The seabed gallery design includes 5
layers of sands with a total depth of 5 m. A detailed underdrain design methodology is
presented. The system would be operated at an infiltration rate of 10 m/d and an average
hydraulic retention time of 7h. Each cell will have an area of 3.500 m2 that will supply
35.000 m3/d of feed water to each RO train.
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1. INTRODUCTION

Due to rapid population growth and the impact of climate change over global water
cycles, seawater desalination has gained attention during the last few decades as an
economically viable technology for the reliable supply of freshwater resources in water
scarce regions (Dawoud, 2005). Despite the important advances made in the last few
decades in membrane design and process optimization, desalination is still a costly,
energy intensive technology, with potential adverse environmental impacts.

Besides concentrated major constituents of sea water, such as Cl−, Na+, SO42 −, Mg2 +,
Ca2 +, K+, HCO3−, Br−, BO33 − and Sr2 +, the brine effluent contains high concentrations of
organic, inorganic and metallic compounds, originally present in the feed water, or
originating from residual or by-product reactions of chemicals used in the process. The
concentrate typically contains chlorine as a residual of antifouling additives, and
halogenated hydrocarbons and chloramines formed as disinfection by-products.
Organophosphonate-, polyphosphate- or polymer-type compounds, are also present as
residuals of common antiscaling additives. Ferric chloride used as coagulant, and several
anti-foaming and corrosion control agents are detected in important concentrations. The
concentrate also contains the backwash of rapid sand filters and membrane flushing,
which contain several cleaning solutions that can be either quite acid or alkaline. The
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ecotoxicological effects of the brine effluents over the marine ecosystems are difficult to
quantify, however, the potential environmental effects are mainly due to increased
temperature and salinity, and in a lower degree to the presence of metallic groups in the
concentrate (Zhou et al., 2013; Lattemann and Hoepner, 2008). The impact over the
marine environment of discharging the plant concentrate depends on the physicochemical
properties of the stream (waste concentration, temperature, pH etc.), and the
hydrographical and ecological features of the receiving environment. Therefore, shallow
and enclosed sites with abundant marine life are more sensitive than open-sea locations
with high mixing (Hoepner and Windelberg, 1996).

The use of conventional open-ocean intakes cause the need to use a significant amount of
the chemicals employed in most of the SWRO facilities (Fritzman et al., 2007). Openwater intakes deliver water of fluctuating and low quality because the feed water must go
through a conventional pre-treatment process that is chemically intensive and can
produce high amounts of waste in the form of sludge. The use of open water intakes
results in losses of aquatic organism by impingement when these collide with the intake
screens, or entrainment, when they are drawn into the plant together with the feed water.
Additionally, in order to control the growth of marine biota that could cause the blocking
of the intake pipe, periodical cleaning with chlorine of the intake system is required
(Missimer, 2009).

As the largest producer in the world of desalinated water, the adverse effects of
desalination over the aquatic ecosystems and its sustainability is a relevant discussion
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point in the development of water resources in Saudi Arabia. The chlorine discharge is
defined by the desalination capacities, and Saudi contributes 99% to the total free and
combined chlorine residual loads in the Red Sea (Hoepner and Lattemann, 2003). The
Red Sea is a rich and unique ecosystem, and efforts to maintain its ecological, social and
economic values are part of the agenda of the Kingdom (GCTA, 2006).

Seawater reverse osmosis (SWRO) is a highly sensitive process, for a considerable
amount of resources is employed in the pre-treatment of the feed water. Consequently, in
to order maintain the integrity of the membranes, stringent water standards must be
achieved. Improving feed water quality is an efficient way to reduce the CO2 footprint
and operational cost of the facility, as high-quality feed water extends the operational
time of the membranes (delaying its replacement), and reduces the energy expenditure
associate with increased Transmembrane Pressure (TMP) due to fouling (Kim et al.,
2009).

Fouling causes a decrease in the permeability of the membranes due to deposition of
colloidal and particulate matter on its surface. Three types are distinguishable: i) organic
fouling is cause by organic molecules ranging from low molecular weight compounds to
more complex biopolymers, humic and fulvic acids; ii) inorganic fouling or scaling,
caused by silica, iron (oxy)hydroxide and various aluminum silicate minerals; and iii)
biofouling, caused by attachment and aggregation of microorganism in complex
structures known as biofilms (Tang et al., 2011; Yun et al., 2006). Fouling is dependent
on the interaction between the membrane properties, hydrodynamic conditions and feed
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water composition (i.e. type and concentration of foulants present in the feed, pH, ionic
strength etc.) (Tang et al., 2011).

The different types of fouling usually occur simultaneously and synergistically, which is
particularly the case in organic-biofouling development (Berman et al., 2011). Aquatic
ecosystems are important sources of organic matter, which originates from the intense
biological activity in these environments. Marine gels are ubiquitous and abundant threedimensional networks of biopolymers imbedded in seawater. They constitute an
important fraction of the organic matter in marine ecosystems, and are organized in a size
continuum, ranging from dissolved and colloidal species of nanogels and microgels, to
particulate species of macrogels and Transparent Exopolymeric Particles (TEP) (Verdugo
et al., 2004). Marine gels are partially composed of highly surface-active polymers
containing fructose and rhamnose, 2-4 orders of magnitude more sticky than
phytoplankton or mineral particles (Engel, 1999). Due to their adhesive properties,
marine gels are crucial for the initial colonization of surfaces by microorganism in early
biofilm initiation on aquatic environments, and therefore, play an important role in the
biofilm formation in RO membranes (Berman et al., 2011).

To reduce the environmental impacts and carbon footprint of SWRO facilities, it is
necessary to decrease the consumption of chemicals while maintaining high quality feed
water. To achieve this, an attractive alternative is the replacement of open-water intakes
with subsurface-water intakes. Open-water intakes do not provide any type of treatment
to the feed water; therefore, complex and chemically intensive processes must be located
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downstream to guarantee the required water standards. On the other hand, subsurface
intakes take advantage of the natural filtration capacity of the shoreline rocks or seabed
sediments to remove turbidity, microorganisms and other organic compounds that could
reduce the efficiency of the RO process (Missimer, 2009; Shimokawa, 2012; Zheng et
al., 2010).

Subsurface intakes can be divided in two main categories, which include wells and
gallery intakes. The gallery system intake is based on the concept of slow sand filtration
(SSF), a reliable technology that has been used for the last two centuries in the water
industry (Barnett et al., 1991). In the seabed galleries, a drainage system is placed under
the seabed, and the feed water is pulled through layers of natural and engineered
sediments in order to achieve filtration. As in SSF, the treatment is based on chemical
and physical interactions with the sediment matrix. However the bulk of the treatment
involves the microorganisms attached to the surface of the sediment grains, which
degrade the different suspended and dissolved components that could cause fouling
(Huck and Sozanki, 2008). This natural biological process does not generate any type of
sludge as the pollutants are metabolized and assimilated into the dynamic biomass
colonizing the sediment matrix; which includes microorganisms and benthic fauna.
Relying on biological processes makes the treatment by seabed galleries a sustainable and
environmentally friendly alternative to the traditional open-water intakes (Missimer,
2009).
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In SSF the entire thickness of the filter presents biological activity, however, the bulk of
the treatment is performed in the top 20-40 cm. Removal of biodegradable compounds is
highly dependent on the amount of dissolved oxygen present in the feed water. As the
water percolates into the sediments, these compounds are rapidly consumed by aerobic
metabolism, consequently dropping the dissolved oxygen levels in the feed water. As the
dissolved oxygen levels drop, the anaerobic degradation of the biodegradable compounds
starts taking place. This type of metabolism is notably slower than its aerobic counterpart,
and the energy yields per gram of metabolized material is significantly lower. In
consequence, the deeper parts of the filters present lower microbial densities and slower
metabolic rates, contributing less to the total removal performance when compared to the
aerobic zones (Zheng et al., 2010). However, anaerobic zones become important once the
filter has reached a mature stage, as it retains the biomass that decayed and detached from
the upper aerobic parts of the system, contributing to the stability in time of the process
(Bar-Zeev et al., 2012).

SSF systems can remove up to 100% of suspended solids, more than 70% of the
remaining BOD (0,5 log removal) and 99% of the bacteria and algae (2 log removal), in
non-settled secondary effluents derived from activated sludge processes. Therefore, SSF
is a highly efficient process even under high loads of bacteria and organic material (Ellis,
1987). SSF has also proven to be an efficient technology for the removal of trace
contaminants such as PPCPs, endocrine disrupting compounds that are biodegradable,
and odorous substances such as geosmin (Huck and Sozanski, 2008). Additionally, up to
80% removal of cyanobacterial toxins in SSF systems have being reported. This includes
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a variety of toxins produced by the genera Microcystis, Oscillatoria, and Anabaena
(Keijola et al., 1988).

Of special interest is the performance of sand filtration systems in the removal of TEP.
Zheng and collaborators (2010) showed that a 50% TEP removal in slow sand filters
could increase the operating time of UF membranes from 12 hours to 30 days without
fouling. Removal of TEP is also observed in rapid sand filtration (one of the operational
units of conventional treatment), however, the removal rates achieved are comparatively
smaller than SSF, and the quality of the filtered water is not stable in time (Bar-Zeev et
al., 2012).

Subsurface water intakes such as Fukuoka seabed gallery in Japan are highly efficient at
turbidity removal. The Fukuoka system has being operating for the last 8 years and has
reliably reduced the feed water Silt Density Index (SDI) to 2.5 initially and to less than 2
during the last few years (Shimikawa, 2012). Other SSF systems have shown similar
results. In the system described by Desormeaux et al. (2009), the SDI was reduced to
<4.0 99% of the time and <3.0 90% of the time, the removal of suspended solids was
close to 99%, and the total organic carbon (TOC) concentration was reduced to less than
or equal to 2.0 mg/L. Must surprisingly, the system did not required any cleaning during
56 weeks, which was the total time of the pilot testing program. Consequently, the
improvement in the water quality lead to a diminishment of the fouling rates when
compared to other treatment technologies (coagulation-clarification, granular media
filters and ultrafiltration (UF) membrane processes).
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Seabed galleries have virtually no environmental impact during their operation, as no
chemicals are used. However, the footprint of these systems is important, causing an
important environmental impact during the construction time. Additionally, constructions
of these systems could be complex and may require significant capital cost investment.
Nevertheless, water standards could be entirely achieved by the seabed gallery, perhaps
eliminating the necessity of downstream pre-treatment processes, which significantly
reduces the operational cost of the plant. Savings in the operation of the facility are an
important aspect of equilibrating the increased capital cost associated with the gallery
construction.

Due to the low environmental impact, improved fouling reduction, and reduced
operational cost, SSF-based technologies are gaining attention as efficient process for the
pre-treatment of feed water in membrane-based treatment processes. The present study
aims to assess the technical feasibility of constructing a seabed gallery intake for the
Shuqaiq-II IWPP, a combined power plant and SWRO facility, located in the Jizan
Provence of Saudi Arabia.

Shuqaiq-II IWPP is the largest SWRO facility on the Red Sea coast, situated in proximity
to Shuqaiq-I, a power and thermal desalination plant. The facility currently operates with
an open intake that feeds the plant with 2,12 x 106 m3/d of raw water. 75% of the raw
water is directed to cooling systems for the power plant, while the remaining 25% is
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directed to the RO facility, where 16 trains of hollow fiber membranes are used to
produce 212,000 m3/d of fresh water, based on a 40% recovery rate.

The Shuqaiq coastline (Figure 1) extends for about 28 km and is characterized by some
productive biological ecosystems, such as coral reefs, mangrove stands, marshes,
sabkhas, alluvial fans, sea cliffs and fossiliferous reefs. It can be divided into two subregions; the north sub-region is characterized by narrow and intermittent beach pockets,
while the south sub-region commonly presents wide low-lying beach formations. Shuqaiq
coastline is characteristically dissected by several wadis along its whole extension, which
shape the hydrogeology of the seabed sediments (Alharbi et al., 2012). Surrounded by
Wadi Rim and Wadi Al-Birkah, the facility is significantly affected by the run-off
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coming from the wadis. Rich in alluvial deposits, the wadi effluents dramatically
decrease the raw water quality at the intake point, causing periodic shutdowns of the
plant and increasing the operational cost due to continuous membrane replacement.

Due to the proximity of Shuqaiq-II to several wadi discharge points, the raw water at the
intake point is of low and highly fluctuating quality. We are sure that a seabed gallery
intake will guarantee a constant high quality water supply for the RO process, while
mitigating the environmental footprint associate with the desalination process.
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2. METHODS

2.1 Hydrogeological profile

Field observations were conducted in order to describe the general characteristics of the
study area (e.g., coral reef and grass bed distribution, wave activity, etc). To evaluate the
feasibility of a seabed gallery, a full hydrogeological profile of the seabed sediments must
be performed. In this study 1 km of beach south of Shuqaiq-II IWP was surveyed (Figure
2a), and ninety-five (95) samples from the shore and offshore sediments were collected
along ten transects running perpendicular to the beach, and three (3) samples collected at
100, 150 and 200 m from the shore along Transect 1. Samples were collected every 10 m
along each transect (Figure 2b), and due to the proximity to the brine discharge,
temperature and salinity measurements of the whole study area were recorded every 10 m
from the discharge point during the first 200 m of shore, and thereafter at 50 m
increments.

After collection, the sediment samples were carefully washed with fresh water in order to
remove salts without removing any fine sediment. Washed samples were analyzed for
hydraulic conductivity, porosity and grain size distribution using standard laboratory
methods (ASTM, 2006; Wenzel, 1942; Taner and Balsillie, 1995).
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Figure 2. Sampling site at Shuqaiq-II IWPP. a) Location of the sampling site with respect to
the desalination plant. b) Detail of the sampling area.
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2.2 Underdrain system design

In order to maintain a homogeneous hydraulic loading rate in the gallery intake, it is
necessary to guarantee uniform flow rates along the pipe slots from end to end of the
drainage system. Flow along perforations is described by equation 1, where Cd is the
discharge coefficient (ranging from 0,5 to 0,7), A is the area of the slot, g the gravity
constant and Δh is the head differential outside and inside the pipe (equivalent to suction
head).

q (orifice) = Cd ⋅ A⋅ 2g⋅ Δh

(1)

€
To guarantee uniform flow across the pipe slots it is necessary to maintain similar suction
heads along the entire system. As water flows across pipeline systems, friction between
the fluid and pipe walls generates important energy losses; therefore, minimizing the
friction along the drainage system is imperative to maintain uniform suction heads across
the entire system.

2.2.1 Head loss calculations in pipes

The Darcy-Wiesbach equation (Eq. 2) describes the head loss along a pipe due to friction.
This equation is dependent on the friction coefficient (f ), which is at the same time a
function of the Reynolds number (Re). The calculation for the friction coefficient varies
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for laminar (Eq. 3) and turbulent flow, as the relation in between f and Re is no longer
linear at Re > 2200.

hL = f ⋅

€

f =

L Q2
⋅
d 2g⋅ A 2

64
Re

(2)

(3)

€
The Colebrook-White equation (Eq. 4) is therefore used to calculate f in turbulent flow.
Colebrook-White is not an explicit equation; therefore, in order to calculate a value for f,
a numerical method should be used. In this work, the Newton-Raphson method will be
used to calculate a numerical value for f in turbulent flows, as just three iterations are
necessary to reach convergence. A diagram for the calculation is shown in Appendix 1,
while a detailed description of this method can be found in Saldarriaga (2007).

⎡ Ks
1
2,51 ⎤
= −2log10 ⎢
+
⎥
f
⎣ 3,7d Re f ⎦

(4)

€
As the purpose of the underdrain system is to collect water from the bottom of the

gallery, Q is going to vary along the extension of the system. As Re is a function of Q
(Eq. 5), the friction coefficient will not be constant across the pipeline. Therefore, in
order to calculate f, the different pipes of the system will be analyzed in sections. The
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approach consists of calculating friction coefficients at the beginning and end of each
section, and based on these two computed values an average coefficient for the entire
pipe section was estimated. Breaking the pipe into sections will also allow calculating the
head loss portions of the pipe where flow is laminar, and portions of the pipe where flow
is turbulent. Consequently, in order to subdivide the system it is necessary first to
calculate the point at which the transition from laminar to turbulent flow takes place,
which can be done using Eq. 5.

Re =

Q⋅ L
A⋅ v

(5)

In lateral pipes, where water
collection takes place along the entire length of the pipe,
€
pipe sections were defined every 5 m after the laminar-turbulent transition point, while
the header pipe was divided in sections that corresponds to the distance in between to
connections with the lateral pipes.

Besides the influence of Q over the Reynolds number and the friction coefficient, the
flow along the pipe is also influences the values for hL. As the pipe is draining the water
from the gallery, Q is increasing inside the pipe from the far end to the header connecting
point following the relationship described in Eq. 6, where Qf and Q0 are the flows at the
end and beginning of the section respectively, q is the flow gained by unit length and x is
the total length of the section. Applying the Darcy-Weisbach equation to an infinitesimal
sized portion of the pipe will render the flow into the pipe negligible (Eq. 7 ).
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€

Q f = Q0 + qx

(6)

dh f
f Q2
8 f x Q2
= x
=
dx 2g dA 2 π 2 g d 5

(7)

€
By replacing Q in Eq. 7 with Qf from Eq. 6 and integrating, we obtain an expression that
allows us to calculate the hL in each pipe section (Eq. 8).

hf =

8
π g d5
2

∫

L
0

f x (Qi + qx) 2 dx

L

8 ⎡ 2
q 2 x ⎤
2
h f = 2 5 ⎢Qi x − Qi qx +
⎥
π g d ⎣
3 ⎦ 0

hf =

(8)

8 ⎡ 2
q 2 L ⎤
2
Q
L
−
Q
qL
+
⎢
⎥
i
π 2 g d 5 ⎣ i
3 ⎦

€
2.2.2 Head loss calculations in junctions

Head loss in junctions accounts for most of the energy losses in pipeline systems. Two
type of junctions are used in the design of the drainage system; i) T-junctions and ii)
cross junctions. Graphical representations are shown in Figure 3.
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The corresponding loss coefficients were calculated as described by Hager (2010), using
the equations for combining flow. For T-junctions the loss coefficient a was computed
separately for each branch using equations 9 and 10, where m =Az / Au , n=A0 / Au and q
=Qz / Qu. The energy loss was calculated separately for each lateral using the velocity at
the exit point of each lateral (Eq. 11).

f Branch 0 = 1 − 2m −1q 2 cos δ z − 2n −1 (1 − q) 2 cos δ 0 + [ n −1 (1 − q)]
f Branch z = 1 − 2m −1q 2 cos δ z − 2n −1 (1 − q) 2 cos δ 0 + ( m −1q)

€

V2
hL = f
2g

€

2

2

(9)

(10)

(11)

Cross-junction loss coefficients were calculated as two separate T-junctions as shown in
€
Figure 3b (Eq. 12 and 13). In this case the central channel was divided into two pipes of
equal diameter, and the head loss calculated independently. The total head loss for the
central channel was then defined as the sum of the head loss of the two sub-channels (Eq.
11).

f Branch Sub −channel 0 = q [2 − (1+ 2m −1 cos δ z ) q]

(12)

f Branch z = −1+ 4q + (m −2 − 2m −1 cos δ z − 2) q 2

(13)

€

€
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2.2.3 Point head loss calculations

To calculate the flow across the slots at each section of the drainage system, it is
necessary to first calculate the head loss at each point of the system. The total head loss is
defined as the sum of all the head losses that a water plug may experience while moving
from the selected point until reaching the pump end of the drainage system. Figure 4
shows a hypothetical drainage system, which will be used as example for calculating the
head losses at two selected points. The total head loss at point 1 will be equal to the hL
due to the flow across the slot, the hL due to friction in the second section of the lateral
and the friction in the first and second section of the header pipe, the hL experienced by
the lateral incoming flow when reaching the T-junction, and the hL experienced by the
line flow through the cross-junction. For point 2, the total head loss is equal to the hL due
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to the flow across the perforation, the hL due to friction in the first and second section of
the lateral, and the friction in the second section of the header pipe, and the hL
experienced by the lateral incoming flow when reaching the cross-junction.

2.3. Gallery design and sand layering

To avoid clogging of the drainage system it is necessary to limited the transport of sand
for the sand bed to the bottom drainage layer. To avoid sediment migration and clogging,
a series of layers of carefully graded gravels will be placed between the sand bed and the
drainage layer of the filter. Sizing of each layer was performed following the rules of
design for SSF described by Huisman and Wood (1974) as follow:
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For the top layer of the gravel support

d10 (top layer) / d15 (sand bed) ≥ 4
d10 (top layer) / d85 (sand bed) ≤ 4

For subsequent intermediate layers

d10 (intermediate layer) / d10 (upper layer) ≤ 4
d90 (intermediate layer) / d10 (intermediate layer) ≤ 1.4

For the bottom drainage layer

d10 (drainage bottom layer) ≥ 2*slot width
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3. RESULTS

3.1 Site description

Shuqaiq-II IWPP is located on the Red Sea coast in the Jizan Provence of Saudi Arabia.
The plant is bounded in the north by the brine outflow of Shuqaiq-I, a combined power
and thermal desalination plant facility, while in the south the beach area extends for about
8 km until it reaches the discharge point of Wadi Al-Birkah. The selected investigation
area is situated on the south side of the plant, 200 m away from the brine outflow of
Shuqaiq-II (Fig. 2a).

At the surveyed area the beach area is not protected by a bay, resulting in strong winds
and moderate wave activity. The sediments along the seabed were mainly composed of
fine sand, and solitary coral patches were only found at the limits of the sampling zone.
The coral ecosystems were highly impacted; fish densities were very low and coral
colonies were bleached and colonized by epiphytic algae. No algae patches where found
in the sandy sediments.

The Red Sea shoreline in this area is characterized by shallow and extended nearshore
sublittoral zones; however, at this location the sublittoral zone presented a smooth slope,

31
reaching water depths of 0.5 m and 3 m at 10 m and 80 m seawards from the coast line,
respectively. Accordingly, due to the smooth slope and the low tidal variation, the beach
presented a narrow intertidal region. No beachrock was present along the sampling area.
3.2 Water Salinity and Temperature

Due to the proximity to the concentrated effluent, water salinity and temperature at the
shore were measured along 2.3 km of coast. Within the plant discharge stream, the water
salinity and temperature were 40.1 mg/L and 39.1ºC respectively (Figure 5). As soon as
the water is discharged into the ocean the temperature dropped by about 5ºC and ranged
along the 3 km of coast from 34.5 to 36.6ºC, with an average of 35.2ºC (Figure 5b). For
the salinity parameter, at the discharge point the salinity only dropped 0.2 mg/L and
similar effluent salinities were found along the surveyed area. Salinity ranged from 40.1
to 39.1 mg/L, with an average salinity of 39.8 mg/L (Figure 5a) (Data measured in
September 2012).

The salinity and temperature measured along the surveyed area do not significantly differ
form the values observed at other locations in the south of the Red Sea. During the same
season water temperature and salinity values were recorded for 42 different locations
between Al-Lith and the border with Yemen, covering approximately 500 km of coast.
Salinity ranged between 42.3 to 38.1 mg/L, with an average of 41.2 mg/L, while
temperature ranged between 30.4 and 36.0 ºC, with an average of 33.8 (Data measured in
July 2012).
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At Shuqaiq-II 75% of the intake water is used for the cooling system of the power plant
while just 25% is used for the RO process. Before discharge, the concentrate from the RO
(which accounts 15% of the original intake water) is diluted with the water used for
cooling, equilibrating the salinity levels at the discharge. On the other hand, recorded
temperature levels present slightly higher values when compared with the other Red Sea
locations. As the bulk water in the discharge comes directly from the cooling system, the
temperature differential between the plant effluent and the seawater is more notorious.
However, once the plant effluent is discharged into the sea its temperature drops for
about 5ºC (Figure 5b). This could be related with the intense wave activity (and therefore
mixing) at the coast, which helps to equalize the water parameter changes between the
naturally occurring seawater and the plant effluent.

3.3 Hydrogeologic profile

The feasibility of a seabed gallery is mainly influenced by the natural ability of the
sediments to allow vertical water flow. Hydraulic conductivity is a measurement of the
ability of water to be transmitted throughout sediment, which is closely related to several
physical characteristics of the sediments such as the grain size distribution, packing, grain
shape, porosity and mud content.
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3.3.1 Sediment Grain Size Properties

The grain sizes ranged from 0.11 to 2.82 mm, with an average of 0.48 mm (Figure 6a and
7a). Several samples showed mean grain sizes significantly higher than the average (over
1 mm) due to the presence of coral debris. When excluding these samples, the sediments
along the first 20 m seawards from the shoreline present the highest grain sizes with an
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average of 0.58 mm, while past the first 20 m the diameters average 0.28 mm. Significant
mud content was observed at the vicinity of the effluent discharge (from T0 to T3)
(Figure 6b) after the first 20 m seawards from the shoreline. The mud percentage ranged
from 0.21 to 8.23, with an average of 2.27 (Figure 7b). Sediment samples collected along
transect 1 (T1) at 100, 150 and 200 m seawards from the coast, showed 8.87, 21.86 and
22.19 % mud content respectively. This suggests higher sedimentation rates at farther
distances from the shore.

3.3.2 Sediment Porosity and Hydraulic Conductivity

Porosity ranged from 0.31 to 0.48, averaging 0.43 (Figure 7c). The porosity does not
follow the same spatial distribution as the mud concentration, as high porosity values
were observed in were observed in zones of high mud content (Figure 6c). However, the
spatial assembly of the hydraulic conductivity is qualitatively similar to the mud
distribution and significantly different from the porosity spatial variation, suggesting that
mud percentage has the most impact on the measured hydraulic conductivity of the
sediments in the study area (Figure 6d). Sediments showed hydraulic conductivities
ranging from 5.6 to 17.51 m/d, averaging 11.3 m/d (Figure 7d).
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Figure 7. a) mean grain size, b) mub content, c) porosity and d) hydraulic
conductivity range values of the sediments at the surveyed area.
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4. FEASIBILITY AND SYSTEM DESIGN

4.1 General Site Feasibility

The feasibility of the intake system depends on five factors: i) the type of the natural
bottom sediments, ii) the sedimentation rate of fine sediments, iii) the tidal range, iv) the
underlying site geology, and last but not least v) the impact on the marine ecosystems.

Sediments in the study area are mainly sandy with low mud concentrations, indicating
general low deposition rates for very fine particles. Sediments with high mud
concentrations (up to 8%) were found in approximately 40% of the surveyed area,
however, the average hydraulic conductivity in the patch is close to 9 m/d. The sampling
was performed during the summer season, when the tide levels drop to a maximum of 0.5
m below average level and constitutes the lowest tide of the year (Bird, 2010). Daily tidal
range is about 20 to 30 cm (Alharbi et al., 2012). Therefore, the shallowest part of study
area is always covered by seawater. No hard rock was observed underlying the
sediments. The unconsolidated nature of the sediment will necessitate the use of sheetpiling to stabilize the excavated areas during construction.
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The study area does not contain sea grasses that could interfere with the performance of
the intake system (leave breakoff). The ecosystems surrounding the area are highly
impacted and the corals within the surveyed area were totally bleached. The construction
of a seabed gallery intake will diminish the chemical loads discharged into the
environment, alleviating some of the impact caused by the facility. Additionally, the
moderate wave activity at Shuqaiq could help to stir up the top layer of the seabed
sediments, reducing the risk of clogging. Based on the data collected in this study, the
construction of a seabed gallery intake at Shuqaiq-II is technically feasible.

4.2 Gallery Cell Design

A seabed gallery design follows the typical configuration of a slow sand filter (SSF),
commonly used in water treatment facilities in the past. Due to the low infiltration rates at
which SSF operates (1.2 – 9.8 m/d), extensive areas are required to achieve sufficient raw
water supply using the typical design criteria. In order to reduce the footprint and at the
same time meet the water quantity and quality demands for Shuqaiq-II, the proposed
seabed gallery intake would operate at 10 m/d, which corresponds to the highest
infiltration rate reported in these systems.

Higher infiltration rates and increased loading rates could eventually clog the system and
require periodical scraping of the uppermost layer. However, gallery systems in the
marine environment are less prone to clogging than a traditional SSF in a water treatment
plant. A pilot-scale study of a seabed gallery intake at the City of Long Beach, California

39
has been operated at an infiltration rate of 9 m/d for a period lasting longer than 6 months
without any evidence of clogging (LBWD, 2010). The seabed gallery at Fukuoka, Japan
has being operating for the last 8 years without any clogging. This has been attributed to
the steering effect of the wave activity as well as bioturbation caused by sedimentingesting, benthic marine organisms that degrade the organic compounds and excrete
fecal pellets that have no detrimental effect on the permeability of the sediments (Sesler
and Missimer, 2012).

Frequently, infiltration rate is associated with the removal performance in SSF systems.
However, more important than the infiltration rate by itself is its influence over the empty
bed contact time (EBCT). As biological processes perform the bulk of the pollutant
removal, longer contact times with the microorganisms colonizing the sediment matrix
will result in improved removal rates. However, the influence of EBCT over removal is
not linear, as changes in the dissolve oxygen concentration will further limit the
metabolic activity of the microorganism (Huck and Sozansky, 2008). Therefore, the
EBCT in the seabed gallery intake should be long enough to allow biological process to
take place while maintaining a reasonable size (area) of the system. The intake at
Fukuoka successfully operates with a contact time of 7 h; consequently, the proposed
system for Shuqaiq-II will operate under the same design conditions. Based on the
selected infiltration rate of 10 m/d, to achieve 7 h of contact time, a 3 m thick upper layer
would be used. The gallery cell design includes 5 layers of sand and gravel with a total
depth of 5 m (Figure 8). In order to prevent sediment infiltration from the upper layers
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into the bottom layers and intake screens, the layers of the filter media were carefully
graded according to the SSF design guidelines presented by Huisman and Wood (1974).

At the bottom, the filter would contain a gravel layer with a mean diameter of 10 mm and
a hydraulic conductivity of 100 m/d. This would allow a more uniform distribution of the
pressure head loss over the area of the filter and maintain more uniform infiltration rates
across the system. The infiltration screens will be placed in this layer at a distance of 25
cm from the base of the filter, facilitating the pumping and drainage of the filter.

4.3 Site Optimization
Shuqaiq-II IWP operates with an open intake that feeds the plant with 100,000 m3/h of
raw water. About 75% of the raw water is directed to cooling systems for the power
plant, while the remaining 25% is directed to the RO facility, where 16 trains of hollow
fiber membranes are used to produce 212,000 m3/d of fresh water, based on a 40%
recovery rate. The amount of surface area required for the development of the system is
the major factor that affects construction cost. Therefore, in order to reduce the footprint,
the proposed intake system was designed to meet the feed water requirements for the full
SWRO facility (530,000 m3/d) due to its high sensitivity to the water quality (poor at the
site). The feed water for the cooling system would still be supplied by the existing openocean intake, as the current raw water quality does not have any major impact on the
performance of the power plant.
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Based on the selected infiltration rate, the minimum area for the intake is 53,000 m2. In
the initial design this area would be divided in 8 cell galleries with an individual area of
6625 m2 each (Figure 8). Each cell would supply feed water for two RO trains. An extra
gallery would be constructed in order to supply emergency capacity in case maintenance
is needed on any of the operating cells or for backup based on pump failure. This
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redundancy also allows operating all cells at a lower infiltration rate during periods of
poor water quality, such as increased turbidity after storm discharge of any of the wadis
in the vicinity of the plant or an algal bloom.

To reduce the offshore construction cost, each gallery would extend along the coast for
100 m and project 70 m offshore. The distance in between galleries would be 10 m,
requiring a total shore length of 990 m, covering the full extension of the surveyed area.

4.4 Underdrain design

To guarantee a homogeneous EBCT in the whole extension of the filter, it is necessary to
maintain a uniform flow along all the slots in the underdrain system. Water flow trough
the slots is controlled by the suction head provided by the pump. Differences in the
suction head across the system are a consequence of head loss due to friction between the
water and the walls of the pipe. Therefore, in order to calculate the suction head change
and its influence over the inflow of water, it is necessary to determine the energy loss
along the entire system.

The first tested underdrain configuration for the preliminary cell dimensions is shown in
Figure 9a. In this system, the laterals are oriented horizontally and spaced every 4 m. The
system is composed of 34 laterals (each 50 m long) that connect to the central header pipe
in 17 different points, resulting in one T-junction and 16 cross-junctions. Different header
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and lateral pipe diameters were tested, 30, 40 and 50 cm for the header pipe, and 15, 20,
25 and 30 cm for the laterals.

To calculate the head loss in the lateral pipes, a constant water inflow rate per unit length
was assumed (4.6x10-5 m3/m s). Accordingly, it was assumed that each lateral discharged
into the header pipe a flow of 2.3x10-3 m3/s. Per section, the head loss along the header
and lateral pipes showed values around 10-5 and 10-4 m, with the larger diameters always
presenting the lowest energy losses. On the other hand, the head loss in the intersections
was in most of the cases around 10-3 m, with values of 10-4 m for just the T-junction.

To calculate the head loss through the slots, a slot area of 9x10-5 m2 and a slot density of
23 perforations/m were assumed. To supply 4.6x10-5 m3/m/s, each slot must contribute
water with a flow quantity of 2x10-6 m3/s, which requires a suction head of 7x10-5 m to
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force the water to pass through the slot (equivalent to the hL for the flow across the
orifice).

Figure 9a shows the farthest (p1) and closest (p2) point to the pump, which will
experience the highest and lowest head losses, respectively. To guarantee a flow of 2x106

m3/s through the slot at p1, the residual suction head must be 7x10-5 m (hL orifice). To

achieve this, the suction head delivered by the pump (hp) must be equal to the sum of the
total head loss due to friction at p1 (hL1) plus the head loss due to flow through the
perforation (hL orifice).

Due to differences in friction energy losses, the residual suction head and flow through
the slots at p1 and p2 will be different. When using a header and lateral diameter of 40
and 20 cm respectively for the design show in Figure 9a, the ratio between the flow
through the slots at p2 and p1 is 27, indicating that the flow at p2 is 27 times higher than
the flow at p1 in this system. Increasing the diameter of the header and lateral pipes to 50
and 30 cm, respectively, reduces the flow ratio p2/p1 to a value of 20. However, this
value is still far from suggesting a homogeneous hydraulic loading rate along the system.

To mitigate the flow differences between p1 and p2, it is necessary to diminish the energy
losses due to friction. The major factor influencing the friction head loss was the number
of junctions, followed by the diameter of the pipes. Therefore, a more efficient
underdrain system must contain fewer junctions and wider pipes.
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Figure 9b shows the second iteration of the design for the underdrain system. This system
had the same spacing and amount of laterals as the first design; however, the number of
junctions between p1 and p2 is reduced to 10, plus an extra central junction in the header
pipe. This system was calculated using 50 and 30 cm diameter pipes for the header and
the laterals respectively. However, even with a lower amount of junctions, the p2/p1 flow
ratio was 13.5, which is still high for a reasonable homogenous underdrain.

The third design iteration is shown in Figure 10. As in Figure 9a, in this system the
laterals are horizontally oriented. However, the spacing between laterals was increased
from 4 to 5 m, and most importantly, the cell width was reduced from 70 to 35 m. This
size reduction reduces the flow in the pipes and as well as the number of connections
from 17 to 6. Due to the reduced cell size, the number of cells in the system would be
doubled, resulting in a configuration of 16 cells (each cell feeding one RO train) plus an
extra cell gallery to supply emergency capacity (Figure 10 and Figure 11).

The major factors influencing the head loss in the junctions is the fluid velocities and the
ratio between the cross sectional areas of the different arms. In order to maintain low
velocities and small values for the cross sectional area ratio, the original pipe diameters
of 50 and 30 cm for the header and lateral pipes were maintained. With half of the flow
and no variation in the pipe diameters, water velocities were significantly reduced.
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Figure 10. a) Final gallery system configuration and b) underdrain system detail.
Lateral pipes are draw in dashed lines. Differences in the dash patterns represent
differences in slot densities.
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The resulting system showed a p2/p1 flow ratio of 4.7. Varying the slot densities at the
laterals could help to compensate for these flow differences. Even with higher residual
suction heads in the first few laterals of the system, lower slot densities would equalize
the amount of water flowing into the pipe, helping to compensate for the differences in
flow caused by changes in the residual suction heads along the system.

Slot densities will not only vary between laterals but also along each element. Differential
flow across the slots in the laterals could be an important source of variation in the
overall hydraulic loading rate. Laterals 3-6 showed a 10% flow variation between the far
end and the header end, while laterals 1 and 2 showed 87 and 22% flow variation,
respectively.

The values for the friction hL at the different points of the underdrain system range
between 10-2 to 10-1 m, while the hL for the flow trough the slot is 7x10-5 m. Since the
suction head is equal to hL due to friction at p1 plus hL across the perforation, the residual
suction values in the first two laterals of the system (the distant laterals from the pump
end) will be closer to 10-5. The equation for describing the flow across a perforation is a
function of the square root of the residual head loss, therefore, higher changes in flow
across the perforation are observed at residual suction values closer to zero. As the hL
values get closer to zero in the first two laterals, the flow variations become important
within the lateral element. This is especially the case of lateral 1, which represents the
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smaller residual suction values along its whole extension, causing important variations in
the flow at different sections of the pipe.

To compensate for the flow variations along each lateral element, the slot densities would
vary across the pipe to guarantee a final flow of 3.37x10-2 at the header end of all the
laterals. Appendix 2 has the specific slot density values per lateral and lateral sections for
the proposed system.
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5. CONCLUSIONS

The hydrogeological characteristics of the study area confirmed the technical feasibility
for the development of a seabed gallery intake system for the Shuqaiq-II IWPP. The
surveyed area is fully covered by water year round, and the hydraulic conductivity allows
a high infiltration rate that results in a lower footprint system. Movement of sand across
the bottom would not significantly affect the operation of the gallery cells as designed.
However, the rather fine nature of the native sand sediments could affect the filter if
layers greater than 0.3 m in thickens were deposited over (i.e. deposition by wadi runoff).
A detailed underdrain design methodology is presented, in order to evaluate the effect of
different design configurations over the uniformity of the hydraulic loading rates within
the system. For the proposed underdrain system, the flow at the closest slot to the pump
was 4-fold higher than the flow at the farthest slot from the pump. To compensate for
these flow differences the laterals were designed such as the slot densities increases at the
distal laterals of the system (the farthest laterals from the pump).

The seabed gallery intake system would considerably improve the operation of the
facility, as the provision of consistently high quality water will help to mitigate the
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fouling of the RO membranes. Additionally, pre-treatment by seabed galleries is
sustainable and chemical-independent, diminishing the carbon footprint of the
desalination process, and alleviating some of the possible adverse effect of the plant
concentrate over the surrounding ecosystems by having lower chemical discharges.
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Figure 12. friction factor calculation by the Newton-Raphson method.
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*I correspond to transect. Therefore I0 corresponds to T0 and so on.
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