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1. INTRODUCTION

This document was written to study the dispersion in near field of brine
discharged by the Agaba SWRO Desalination Plant, with a 300 M m?3/year

capacity for two conversion rates: 42% & 45%.

In the near field (initial mixing area) where the highest hypersaline
discharge dilution is achieved mainly due to the turbulent phenomena associated
with the quantity of movement transferred with the discharge. In this region, the
initial dilution process mainly depends on the discharge parameters (diffuser
type, number of outlet ports, diameter of the outlet ports, etc.) meaning this is

the process where the designer can work to improve the discharge dilution.

Once the possible scenarios have been analysed and the design criteria
established, the brine discharge for different alternatives will be modelled by

BriHne-Jet-Spreading model.
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2. SCOPE OF WORK

The aim of this study is to design the diffuser to fulfil with environmental

regulations.

Two scenarios are modelled considering:

- Case 1 - Desalination plant overall recovery 42%

— Case 2 - Desalination plant overall recovery 45%

REPORTS
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3. MODEL DESCRIPTION

A widely contrasted model for near field study shall be used: briHne.

“Brl[Hne” tools are a set of numerical models developed by the
Environmental Hydraulics Institute of Cantabria (IH Cantabria) to simulate the
behaviour of brine discharges from the desalination plants. These tools have
arisen as an extension of the research carried out in the MEDVSA project
(www.medvsa.es), in which a methodology to design brine discharges was
developed for the Ministry of the Environment and Rural and Marine Affairs of
Spain. Within the scope of the project, a critical assessment and validation of the
most used commercial models to simulate brine discharges (Cormix, Visual
Plumes and Visjet) was carried out, Palomar et al. (2012, a, b). Conclusions
revealed significant shortcomings and a poor agreement with experimental data

when simulating this type of disposals.

To overcome the commercial model’s shortcomings and with the aim of
having more feasible models that can be constantly improved and updated, the

Environmental Hydraulics Institute has developed the “brlIHne” tools.

These tools are based on dimensional analysis and integration of
differential equations with mathematical approaches scientifically supported.
They have been designed with an optimized interface, very intuitive and easy to
use. BrlHne models have an instantaneous execution and once run, a “pdf”
report is provided, including the flow main variables evolution to characterize the
discharge behaviour. Plots are also an output of the models to better understand

the results.

An important advantage of “brlHne” discharges is the re-calibration with

experimental data obtained by tests carried out in IH Cantabria by the use of non-
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intrusive optical laser techniques PIV (Particle Image Velocimetry) and PLIF
(Planar Laser Induced Fluorescence). These techniques allow obtaining
synchronized velocity and concentration values within the flow with a high
quality and a large spatial and time resolution. For this reason, the re-calibrated
“brlHne” tools present a good agreement with experimental data and therefore

they are feasible models to simulate actual desalination plant discharges.

In the end, the brlIHne-Jet-Spreading model will be used since it simulates
the behaviour of the flow in the complete near field region including not only the
jet path but also the spreading layer, which makes it possible to establish the
initial conditions (speed and concentration profiles) for coupling with the far field

model.

The BrlHne-Jet-Spreading model applies the dimensional analysis
formulas presented by Pincince et al. (1973), and later by Roberts et al. (1987) for
jets. For the spreading layer, formulas are used as presented by Roberts et al.
(1997). These formulas have been generally used to characterize the behaviour
of flow at unique points along the path such as the maximum height or impact

point on the bed or the end of the near field.

Moreover, the results of the model were validated with experimental data
published by other authors (Roberts et al. (1997), Cipollina et al. (2005), Kikkert et
al. (2007), Shao et al. (2010), Papakonstantis et al. (2011a), Papakonstantis et al.
(2011b), for all discharge angles simulated by the model. The validation shows
very good correlation between the numerical results of brlHne-Jet-Spreading,
especially as refers to the characteristics of the jet at the maximum height, point
of return, and end of the near field (spreading layer), and the experimental data

published by various authors.
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What follows is a sample diagram of the outfall in the model where the

flow axis is represented with a dotted line. The concentration axis (X, Zc) is

defined as a line that joins the maximum concentration points of each flow

section. Moreover, the variables are shown at the characteristic points in the flow

path.

REGION DE CHORRO

Ha

CAPA ESPARCIMIENTO LATERAL

(“spreadinglayer”)

14
Xn, Sn

Figure 1. Diagram of the outfall simulated by the Brihne -Jet- Spreading model

In this case, a single discharge outlet will be simulated with the

corresponding flow for that outlet. Once the discharge outlet is modelled based

on the plume width, a separation between outlets will be defined to guarantee

there is no mix between contiguous plumes.
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4, INPUT DATA

4.1. AMBIENT CONDITIONS

According to the baseline data, the following values were taken into

account:

Ambient conditions

Salinity Temperature

40,80 g/I 28 °C

From the previous data, the density obtained for seawater is 1,026.67

kg/m3

4.2. BRINE EFFLUENT CHARACTERISTICS

Following the desalination process study by the plant engineering team,

the design data for the brine effluent is as follows:

Brine effluent characteristics
Brine flow Salinity Temperature

Casel-overall | 48756 m3/d | 70.345 psu _
recovery 42% 29° C (ambient +

Case 2 — overall 1 deg C)
recovery 45% 43,152 m3/d 74.18 psu

The resulting brine densities are 1,048.73 kg/m3 and 1,051.68 kg/m3

respectively.
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4.3. DIFFUSER SET-UP

The following diffuser configurations have been considered as an input to

check the brine model dispersion in the near-field region.

4.4. CASE -1 OVERALL RECOVERY 42%

Diffuser system features -Case 1

Parameters

Number of Diffusers

30

Diameter of the Diffuser Port (ID):

300 mm

Velocity of each diffuser:

6.40 m/s

Separation between diffusers:

156.6m

Diffuser angle to the horizontal:

60 °

Depth of seabed at the diffusers

-25m

As can be seen, 30 outlet ports with an ID 300 mm comprises the diffuser

system. Each port is separated 15.50 m (total length of 217 m). Outlet ports are

arranged by pairs, back to back.

45. CASE -2 OVERALL RECOVERY 45%

Diffuser system features -Case 2

Parameters

Number of Diffusers

30

Diameter of the Diffuser Port (ID):

300 mm

Velocity of each diffuser:

5.65 m/s

Separation between diffusers:

12.70 m

Diffuser angle to the horizontal:

60 °

Depth of seabed at the diffusers

-25m
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Same concept is used for case - 2 diffuser set-up in terms of total number

of diffusers and outlet port inner diameter.

4.6. ENVIRONMENTAL REGULATIONS

According to the environmental regulation at the zone, the maximum
admissible increase of salinity concerning ambient salinity (seawater) is 2% at

100 m from the discharge point.

Considering the most restrictive recovery case, the initial dilution required

can be calculated by the following expression:

(Sefl — Sinic)
Di

Sfinal = Sinic +
Where:

— Sinic = Initial salinity (40.80 psu)
— Sefl = Brine salinity (74.20 psu)
— Sfinal = Final salinity (40.80 psu + A2% = 41.62 psu)

Therefore, the minimum initial dilution to be achieved is 1:40.90
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5. CALCULATION AND RESULTS

The previous diffuser set-up for both cases has been studied to check
whether complying with the environmental regulation previously indicated,

taking into consideration the minim initial dilution to be achieved.

Results for both cases are summarized below:

5.1. CASE -1 OVERAL RECOVERY 45%

Near-field modelling was carried out considering all input data given. The
diffuser design stated above was considered to check whether comply with

excess salinity requirement at the end of the near field region.

For this case, the dilution achieved is 1: 68.60 at the end of the near filed

region (spreading layer) which is higher than required.

The resulting horizontal location of the spreading layer at the end of the
near field region is 68.60 m from the discharge point. Further from this boundary
the far-field region begins, where the hydrodynamic forces (currents, wind, etc)

take their place and govern plume behavior.

Moreover, the salinity obtained at the same point is 41.20 psu which
represents an increment of 1.06% concerning seawater salinity, resulting lower

than the admissible salinity (2% more than ambient salinity, i.e 41.616 psu).

Therefore, compliance with Environmental regulations is justified.

A brief summary of modeling results is shown in the following table:
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briHne Results

Jet flow behavior

Spreading layer flow

behavior
Hmax
Flow per (m)
0 .
orts | 8 ISDI()nR";‘(:’ diffuser (m\;s) dilution | Xi(m) | relative | R=2B | dilution ()::) S?I,::Sx
P port(m3/s) to port P
nozzle
30 60 300 0.45 6.40 35.80 28.22 19.90 8.30 68.60 68.63 41.23
where:

— NP° ports, the number of outlet ports,

— 0O, the angle with the horizontal line,

— ID, the inside diameter of the outlet port,

— 'V, the jet output speed,

— Dilution (jet flow behaviour), centerline dilution at the impact point.

— Xi, centerline horizontal location of the impact with bottom point.

— Hmax, the maximum jet height, relative to port nozzle.

— R, the radius of the plume,

— Dilution (spreading layer flow behaviour), centerline dilution of the

spreading layer at the end of the near field region.

— Xn, the horizontal reach of the spreading layer.

As can be seen in the previous table the plume’s radius (radial distance

from the certerline to where concentration is 6% of that at the centerline) is 8.30

m. The following graph illustrates it:
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Concentration centerlineg and azimuthal boundaries (plan view)
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Figure 2. Plume’s radius case 1. Plan view.

Thus, as the separation between outlet ports is more than 9.60 m, no
merging between discharge plumes are expected, otherwise, if plumes are

merged the resulting dilution will be affected.

Further details concerning the plume behaviour are included in addendum

5.2. CASE -2 OVERAL RECOVERY 42%

For this case, the dilution achieved is 1: 56.90 at the end of the near filed

region (spreading layer) which is higher than required.

The resulting horizontal location of the spreading layer at the end of the
near field region is 56.93 m from the discharge point. Further from this boundary
the far-field region begins, where the hydrodynamic forces (currents, wind, etc)

take their place and govern plume behavior.

REPORTS

| N ( REA | N AQADI_REP03_r0_Near field st;édgy;.r:iao;:?
o~ NGENIERIA \REATIVA .
k\ Consultores en Obras Maritimas jc



'|'.|; TETRA TECH AQABA SRWO DESALINATION PLANT

REPORT N° 03: DIFFUSER DESIGN - INITIAL DILUTION STUDY

Moreover, the salinity obtained at the same point is 41.38 psu which
represents an increment of 1.44% concerning seawater salinity, resulting lower

than the admissible salinity (2% more than ambient salinity, i.e 41.616 psu).
Therefore, compliance with Environmental regulations is also justified.

A brief summary of modeling results is shown in the following table:

briHne Results
Jet flow behavior spreading Ia.yer flow
behavior
Hmax
e ID(mm); Flow per Vv Xi (m) Xn Sal,max
or_ts 0(2) SDR 26' diffuser (m/s) dilution (m) relative | R=2B | dilution (m) ( ’su)
P port(m3/s) to port P
nozzle
30 60 300 0.40 5.65 29.70 23.40 16.51 6.90 56.90 56.93 41.38

Likewise, the adopted separation between diffusers is higher than the
resulting plume’s radius (6.90 m according to model results). Consequently, no

merging between continuous discharging ports is expected.

_Concentration centerline and azimuthal boundaries (plan view)

’ —
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Y (m)
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Figure 3. Plume’s radius case 2. Plan view.

Further details concerning the plume behaviour are included in addendum
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ADDENDUM 1:
BRIHNE MODEL RESULTS. CASE -1
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ADDENDUM 2:
BRIHNE MODEL RESULTS. CASE -2
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AA Abu Alanda

AAWDC Agaba-Amman Water Desalination and Conveyance
AAWDCP Agaba-Amman Water Desalination and Conveyance Project
ADC Aqgaba Development Corporation

Aol Area of Influence

ASEZA Aqgaba Special Economic Zone Authority
AW Aqgaba Water Company

AWDR Aqgaba Water Distribution Reservoir
BOT Build-Operate-Transfer

BPS Booster Pump Station

BPT Break Pressure Tank

CAPEX Capital Expenditure

CIP Cleaning-in-Place

CO Carbon Monoxide

DAF Dissolved Air Flotation

DMF Dual Media Filtration

EIB European Investment Bank

ERI Economic Resilience Initiative

ESIA Environmental and Social Impact Assessment
EU European Union

GRP Glass Reinforced Plastic

HDPE High Density Polyethylene

IPS Intake Pumping Station

Km Kilometre

MCM Million Cubic Meters

MoEnv Ministry of Environment

MoM Minutes of Meeting

MWI Ministry of Water and Irrigation

MF Microfiltration

NO2 Nitrogen Dioxide

Os Ozone

oD Outside Diameter

O&M Operation and Maintenance

OPEX Operational Expenditure
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PAP Project Affected Person

PM10 Particulate Matter (diameter < 10 microns)

PS Pumping Station

RGT Regulating Tank

RO Reverse Osmosis

RSDS Red Sea Dead Sea

SMBS Sodium Meta Bisulphite

SO, Sulphur Dioxide

SWRO Sea Water Reverse Osmosis

TA Technical Assistance (Referring to the team working on this project as part of a WYG-
Led consortium under the ERI-ITA multi-facility contract)

TDS Total Dissolved Solids

ToR Terms of Reference

UAE United Arab Emirates

UF Ultrafiltration

USAID United States Agency for International Development
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1. Brine Discharge Risk Assessment

1.1. Overview of the Assessment and Proposed Mitigation

As mentioned previously in this ESIA study, the AAWDC Project is designed to deliver 300 MCM/year of
desalinated water from abstracted seawater from the Gulf of Agaba. Reverse Osmosis (RO) reject brine and the
pretreatment backwash waste, after solids treatment, are planned to be discharged back into the marine
environment.

The desalination facilities discharging brine into the Red Sea have been identified. There is approx. a 7 million
m3/d desalination capacity already in operation or in construction on the Red Sea. Currently, there are no large
scale SWRO plants in the Gulf of Agaba except from Egypt that has some smaller scale SWRO facilities on the
Gulf of Agaba with production sizes of 5,000 - 20,000 m3/d.

The AAWDCP SWRO desalination plant will produce a reject brine with a salinity concentration of 1.7-1.8 times
higher than the ambient seawater salinity. This brine needs to be discharged to the Gulf of Agaba without causing
significant damage to the marine environment; this disposal route cannot be avoided. The reject brine is proposed
to be discharged into the sea at the new Industrial Port of Agaba. The borders of three other nations share the Gulf
of Agaba within approximate distances of less than 15 km from the location of brine discharge, namely Saudi
Arabia (1.5 km), Egypt (13 km) and Israel (14.5 km).

The Gulf of Agaba is a unique environment, which contains some of the world’s most important and potentially
sensitive flora and fauna. Considering the Project baseline conditions, such an important marine environment
demands that the best practice for brine clean-up and dispersion is achieved.

Desalination plants in many countries are regulated for brine discharges using mixing zones and end of pipe
discharge limits to protect the flora and fauna from excessive salinity and chemicals. The internationally used
mixing zones regulations require the brine to disperse to 2- 5% above ambient within 100-150 m from the diffusers.
The Saudi Red Sea mixing zone requirement of salinity less than or equal to 2% above ambient seawater salinity
at 100 m from the diffusers is among the most protective mixing zone regulations in the world, and is
recommended to be adopted for this Project.

Brine dispersion modelling was carried out, which demonstrates that a well-designed outfall diffuser system can
achieve brine dispersion to a salinity of 1.3 - 2% above the ambient seawater salinity at 100 m from the diffusers. It
is anticipated that a dispersion of less than 2% should provide protection for the local flora and fauna outside of the
mixing zone. It is, however, recommended that long term Whole Effluent Toxicity (WET) testing is carried out by
the Project Developer during plant construction and early plant operation with real plant generated brine effluent to
confirm the dilution needed to have no observable impact on the flora and fauna outside of the 100 m mixing zone.

SWRO results in a cleaner and an environmentally far less disruptive brine discharge than the brine generated by
thermal desalination plants, as there is no large temperature increase of brine (only 0.5 to 1 °C), no discharge of
heavy metals like copper from heat exchanger tubes, no antifoams and less antiscalants (since no calcium
sulphate scale potential is anticipated by SWRO). The brine from SWRO plants themselves have also become
cleaner over the past 20 years because of the increased experience in operating large scale SWRO facilities using
polyamide spiral wound membranes. The average iron coagulant dosages typically used by SWRO plants in the
region are lower at 0.5 mg/l -1 mg/l, acid dosing and polymer aids for coagulation are now rarely used, and real RO
membrane antiscalant doses used are lower than antiscalant software predictions, chlorine used for intake fouling
control is typically dosed in a shock manner and not used continuously or avoided completely with the use of
intake pigging systems. Pre-treatment solids are generally not discharged with the brine in marine waters of
environmental sensitivity.

Our study of the chemicals that could be discharged with the brine revealed two chemicals of particular concern,
antiscalant and chlorine produced disinfection by-products (THMs).

1. First pass SWRO antiscalants are intended for calcium carbonate scale control and are used as a result of
conservative membrane supplier warranty conditions. It may be possible for the Project Developer to
eliminate the use of antiscalant due to low retention time relative the scale induction time. This should be
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pilot tested during the construction of the SWRO desalination plant by the Project Developer. If antiscalant
is determined to be essential, then it must be nitrogen free and biodegradable to prevent the addition of
these nutrients to a very low nutrient and sensitive marine environment, where it is established that nitrogen
is the limiting factor for primary productivity.

2. Shock dosing of chlorine is commonly used to control barnacle fouling on the sea intakes of SWRO plants
and continuous/pulse chlorine dosing is very often used to protect the intakes of power stations from the
same marine fouling. Although residual chlorine itself can be eliminated from the brine at the SWRO plant
using dechlorination chemicals such as Sodium Bisulphite (SBS), the use of chlorine generates
carcinogenic by-products, THMs, which cannot be eliminated from the brine with dechlorination and would
end up discharged into the marine environment with the generated RO brine. Due to the very special and
sensitive nature of the AAWDCP marine environment, the use of chlorine for RO pretreatment and intake
system fouling control shall be avoided unless there is not a feasible technical alternative such as manual
cleaning by divers and/or mechanical pigging.

3. In particular, the intake pipelines from the sea to the shore Intake Pump Station (IPS) must have a
macrofouling strategy to enable sufficient seawater supply ensuring SWRO plant availability. The intake
pipelines to the shore IPS are anticipated to be relative short, less than 200 m, and it should be possible to
maintain hydraulic intake capacity in these short pipelines by the use of divers’ cleaning or by the use of
mechanical pigging without the use of chlorine.

4, However, two large diameter (> 2.3m) pipelines are anticipated to convey seawater from the IPS to the
SWRO plant at a distance of approx. 3 km. If these pipes can be mechanically pigged, then chlorine dosing
should not be needed for intake fouling control. However, if mechanical pigging is not technical feasible,
then, the pipelines fouling control strategy will require the intake pipes to be manually cleaned, and the use
of shock or continuous chlorination will likely be essential to reduce the frequency of manual pipe cleaning
required and maintain the set plant availability.

It is considered that a precautionary principle is appropriate relative to the type of waste being generated by the
SWRO process that could be allowed to be discharged to the sea taking also into account that the desalination
facility must also be operable and maintain plant availability. This precautionary principle emanated from the
detailed review and assessment of brine discharge impacts relative to the AAWDC Project, was supplemented by
dispersion modelling in the near and far field and resulted to the following ESIA requirements for the Project:

e The high salinity reject brine shall be dispersed very rapidly in the ambient seawater in a small mixing
zone. The salinity at a distance of 100 m from the diffusers shall be less than or equal to 2% above the
ambient seawater salinity.

e The brine shall be chemically clean as practical. Chemicals or ions, that do not already exist in the local
ambient seawater shall not be discharged to the Gulf of Agaba unless there is no practical alternative for
an operable SWRO desalination facility.

e No RO membrane spent cleaning chemicals that are organic, biocides, or phosphorus/nitrogen nutrient
sources shall be discharged with the brine. Neutralised salts of simple acids and bases can be allowed to
be discharged with the brine.

e Solids removed by the seawater pre-treatment, post treatment, and membrane cleaning shall be collected
and treated by a solids treatment system with sludge thickening and dewatering for off-site disposal as a
sludge cake. Due to their low volume, post treatment backwash waste can be sent to a buffering tank but
the high solids content stream from the bottom of the buffering tank shall be sent to the solids treatment
system and not to the brine chamber for direct outfall disposal.

e Appropriate end of pipe discharge limits for Iron, Chlorine Residual (zero), THMs, Turbidity, Dissolved
Oxygen, and pH are set out as follows:

- Dissolved oxygen shall be = 3.5 mg/I

- Turbidity shall be <5 NTU (90% ile) plus ambient intake seawater turbidity; and < 10 NTU (100% ile)
plus ambient intake seawater turbidity

- Total Iron shall be < 0.3 mg/l on average, < 0.5 mg/l maximum

- Residual Chlorine shall be zero

- Zero increase in THMs concentration above ambient, where the limit concentration for THMs will be
the ambient measured THMs multiplied by the plant concentration factor (at overall recovery).

- pH=7and<9
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e The use of chlorine for fouling control and RO pretreatment shall be avoided unless there is not technical
alternative. If chlorine is used then THMs concentration in the brine before outfall disposal shall be
monitored daily during operation.

Moreover, during the construction of the intake and outfalls, enhanced protection of marine environment is
envisaged by including the following key measures:

e Minimise the excavation of the seabed to that required to ensure intake pipe and outfall pipe stability (i.e.,
minimum trench for gravel bed).

e Fully bury the intake and outfall pipes only in the surf zone.

e Use of silt curtains to minimise the turbidity impact of dredging.

e Relocation of corals that are located in the path of the intake and outfall pipelines where this is safe for
divers to do so and by following an approved transplantation protocol.

Whereas during the operation of the SWRO desalination plant there shall be comprehensive monitoring and
reporting of the combined brine flow and quality parameters and the sludge treatment liquors flow and turbidity, as
set out in Section 2.11.2 ‘Marine Environmental Monitoring' of the ESMP.

. The true dispersion path and extent of the brine plume shall be mapped by Conductivity Temperature, Depth
(CTD) profile investigation during the different seasons by the Project Developer. The long term condition of the
marine environment in the path of the brine plume shall be monitored as part of the BOT Developer’'s
responsibilities. The Project ESMP (Sections 2.9.2 to 2.9.5) comprises the detailed mitigation/management
measures relative to brine discharge during the pre-construction, construction, and operation phases of the
AAWDC Project. All these measures emanated from the parallel assessment undertaken by the ESIA team and
presented to the EIB and the Project Promoter as a standalone report named ‘Task 1.3 — Brine Discharge Risk
Assessment’.

1.2. Near Field Dispersion Modelling Results
The Brihne Model was used to assess the brine dispersion impact of the diffusers. The relative report and model
results for near field modelling are appended to this ESIA study (Annex 1 refers).

The diffuser configuration for the Brihne Model was established using the Roberts Abessi equations. To ensure
validity of the Roberts equations, the Froude number has to be greater than or equal to 20 to ensure the equations
were valid.

Two scenarios are examined:

e Scenario 1 - Desalination Plant Recovery 45%
e Scenario 2 - Desalination Plant Recovery 42%

The key information obtained from the Model is presented below.
Scenario 1, SWRO overall plant recovery: 45%

e Inputs for the Brihne Model are as follows:

o Diffuser Port Diameter: 300 mm

e Number of Diffusers: 30 arranged as 15 diffuser pairs back to back
e Angle of the Diffusers: 60 deg. from the horizontal
e Velocity of Diffuser: 5.65 m/s

e Qutfall pipe Manifold diameter: 25m

o Diffuser height above Manifold: 1.0m

o Diffuser height above seabed: 3.5m

e Ambient Sea Water Salinity: 40.8 PSU

e Brine Discharge Salinity: 74.2 PSU

e Temperature of Seawater: 28 °C

e Temperature of Brine: 29 0C

e Density of Seawater: 1,026.55 kg/m?

e Density of Brine: 1,051.68 kg/m?

Near Field Brihne Model Results for 45% Recovery

[ESIA Study — Brine Discharge Risk Assessment Report] Tetra Tech, [19% January 2022] | 5
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A summary of the Brihne near field modelling results for this scenario is provided in Table 1, AND Figure 1-1 and
Figure 1-2.

The most important findings from the near field modelling are as follows:
Confirmation of Mixing Zone 2% above Ambient @ 100m from diffusers is achievable.

A mixing zone requirement of achieving no more than 2% salinity above the ambient at 100m from the diffusers
can be comfortably achieved at this location in the near field. The 2% above ambient salinity is shown to be
achieved at a distance of 38 m from the diffusers (Figure 1-2 refers). The model indicated that at the end of the
near field, i.e., at 56 m from the diffusers, the brine plume salinity concentration would be just 1.4 % above the
ambient. These would all be excellent results for protecting the flora and fauna from brine elevated salinity.

Confirmation of Plume Height for 45% Recovery

The maximum plume height reached above the sea bed is 20.15 m using the Brihne model (Figure 1-1 refers). It is
noted that the maximum plume height above seabed established by the Brihne model, is higher than that
calculated using the Roberts/Abessi equation (2.25 x Froude x Do + 3.5) = 17.7 m. Allowing a margin of 5 m on
Roberts/ Abessi maximum brine plume height gives a water depth of approx. 23 m, which should be sufficient to
ensure that the brine plume does not reach the sea surface.

Spread Layer Height for 45% Recovery

The Brihne model indicated that the end of the near field will be at a distance of approx. 56 m from the diffusers. By
this distance, the plume has hit the seabed and spread out as a layer and lost its forward momentum impacted by
the diffusers. The brine plume spread layer thickness is established from the Brihne model as approx. 3.1 m. The
top of brine plume spread layer has a salinity concentration of just 25% of the maximum concentration in the
spread layer.

Until the end of the nearfield region is reached, brine plume dispersion has been caused by turbulent entrainment
resulting from by the high velocity jet diffusers. After the end of near field distance of 56 m, the brine plume will
flow as density current along the sea bed flowing the seabed bathymetry into deeper water. The brine plume will
very gradually become more diluted to the local low ambient currents and by concentration diffusion. The path of
brine plume and the further concentration reduction with distance will be established with the far field modelling.

Diffuser Manifold Length

The minimum required separation of the diffuser pairs is given by the Roberts Abessi equation
Minimum Separation = 2 x Froude *Do = 2x21.1*0.3= 12.7m

The total length of the diffuser section would be = (15-1) *12.7 =178 m.

Tables and Graph Outputs for 45% Recovery Scenario

Table 1-1:Brihne Model Near Field Brine Dispersion Result Summary

Symbol ‘ Description Measure Units

Zm Centerline peak of the jet trajectory (relative to the port nozzle) 12.57 m

Xm Xm, horizontal location of the plume centerline peak height point 13.23 m

2t Maximum plume rise height relative to the port nozzle 16.51 m

Nozxle

2t Maximum plume rise height relative to the bottom 17.51 m

ground

Sm Sm, centerline dilution at the jet maximum height (peak) 11.70

Cm Cm, centerline saline concentration at the jet maximum height (peak) 43.70 PSU

bm Radius at the jet maximum height (radial distance from the centerline to 19 m
where concentration is 50% of that at the centerline, C=50%Cc) )

m Radius at the jet maximum height (radial distance from the centerline to 57 m
where concentration is 25% of that at the centerline, C=25%Cc) '

[ESIA Study — Brine Discharge Risk Assessment Report] Tetra Tech, [19% January 2022] | 6
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Symbol ‘ Description Measure Units

- Radius at the jet maximum height (radial distance from the centerline to 39 m
where concentration is 6% of that at the centerline, C=6%Cc) '
Centerline horizontal location of the return point (where the jet axis reaches

Xr . 20.87 m
the port height level)

Sr Centerline dilution at the return point 33.5

Cr Centerline saline concentration at the return point 41.8 PSU

br Jet radius at the return point (radial distance from the centerline to where 34 m
concentration is 50% of that at the centerlinee, C=50%Cc) )

" Jet radius at the return point (radial distance from the centerline to where 49 m
concentration is 25% of that at the centerline, C=25%Cc) '

Rr Jet radius at the return point (radial distance from the centerline to where 6.9 m
concentration is 6% of that at the centerline, C=6%Cc) '

Xi Centerline horizontal location of the impact with bottom point 234 m

Si Centerline dilution at the impact point 29.7

Ci Centerline saline concentration at the impact point 41.9 PSU

Xn Horizontal location of the spreading layer at the end of the near field region 56.9 m

hn Thickness of the spreading layer at the end of the near field region 3.18 m

Sn Centreline dilution of the spreading layer at the end of the near field region 56.9

cn C_:enterlir_1e saline concentration of the spreading layer at the end of the near 41.4 PSU
field region

un Centerline velocity of the spreading layer at the end of the near field region 0.10 m/s

[ESIA Study — Brine Discharge Risk Assessment Report]
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Figure 1-2: Salinity Percentage Above Ambient with Distance from Diffuser (45% Recovery)
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Scenario 2, SWRO overall plant recovery: 42%
Inputs for the Brihne Model are as follows.

o Diffuser Port Diameter: 300 mm

e Number of Diffusers: 15

e Angle of the Diffusers: 60 deg. from the horizontal

e Velocity of Diffuser: 6.4 m/s

e Outfall pipe Manifold diameter: 25m

o Diffuser height above Manifold: 1.0m

e Diffuser height above seabed: 35m

e Ambient Sea Water Salinity: 40.8 PSU

e Brine Discharge Salinity: 70.345 PSU

e Temperature of Seawater: 28 °C

e Temperature of Brine: 29 °C

e Density of Seawater:
e Density of Brine:

1,026.55 kg/m?
1,048.73 kg/m?3

Near Field Brihne Model Results for 42% Recovery

A summary of the Brihne near field modelling results for this scenario is provided in Table 1-2 and Figure 1-3
Figure 1-4 below.

The most important findings from the near field modelling for this scenario are as follows:
Confirmation of Mixing Zone 2% above Ambient @ 100m from diffusers is achievable.

A mixing zone requirement of achieving nor more than 2% salinity above the ambient at 100 m from the diffusers
can be comfortably achieved this location in the near field. The 2% above ambient salinity is shown to be achieved
at a distance of 23.5 m from the diffusers (Figure 1-4 refers). The model indicated that at the end of the near field,
at 69 m from the diffusers, the brine plume salinity concentration would be just 1.3 % above the ambient seawater
salinity. These would all be excellent results for protecting the flora and fauna from elevated salinity.

Confirmation of Plume Height for 42% Recovery

The maximum plume height reached above the sea bed is 23.45 m using the Brihne model (Figure 1-3 refers). It is
noted that the maximum plume height above sea bed established by the Brihne model, is higher than that
calculated using the Roberts/Abessi equation (2.25 x Froude x Do + 3.5) = 20.7 m. Allowing a margin of 5 m on
Roberts/ Abessi maximum plume height gives a water depth of approx. 25.5 m which should be sufficient to ensure
that the brine plume does not reach the sea surface.

Spread Layer Height for 42% Recovery

The Brihne model indicated that the end of the near field will be at a distance of approx. 69 m from the diffusers. By
this distance, the plume has hit the sea bed and spread out as a layer and lost its forward momentum impacted by
the diffusers. The brine plume spread layer thickness is established from the Brihne model as approx. 3.8 m. The
top of brine plume spread layer has concentration of just 25% of the maximum concentration in the spread layer.

Until the end of the nearfield region is reached brine plume dispersion has been caused by turbulent entrainment
resulting from by the high velocity jet diffusers. After the end of near field distance of 69 m the brine plume will flow
as density current along the sea bed flowing the seabed bathymetry into deeper water. The brine plume will very
gradually become more diluted to the local low ambient currents and by concentration diffusion. The path of brine
plume and the further concentration reduction with distance will be established with the far field modelling.

Diffuser Manifold Length

The minimum required separation of the diffuser pairs is given by the Roberts Abessi equation:
Minimum Separation = 2 x Froude *Do = 2x25.5*0.3= 15.3m

The total length of the diffuser section would be = (15-1) *12.7 = 214 m.

[ESIA Study — Brine Discharge Risk Assessment Report] Tetra Tech, [19% January 2022] | 9
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Tables and Graph Outputs for 42% Recovery Scenario

Table 1-2:Brihne Near Field Brine Dispersion Modelling Result Summary

engicon

Symbol ‘ Description Measure Units

Zm Centerline peak of the jet trajectory (relative to the port nozzle) 15.16 m

Xm Xm, horizontal location of the plume centerline peak height point 15.96 m

Zt Nozxle | Maximum plume rise height relative to the port nozzle 19.90 m

Zt ground | Maximum plume rise height relative to the bottom 20.90 m

Sm Sm, centerline dilution at the jet maximum height (peak) 14.10

Cm Cm, centerline saline concentration at the jet maximum height (peak) 42.90 PSU

bm Radius at the jet maximum height (radial distance from the centerline to where 23 m
concentration is 50% of that at the centerline, C=50%Cc) '

m Radius at the jet maximum height (radial distance from the centerline to where 33 m
concentration is 25% of that at the centerline, C=25%Cc) ’

Rm Radius at the jet maximum height (radial distance from the centerline to where 47 m
concentration is 6% of that at the centerline, C=6%Cc) )
Centerline horizontal location of the return point (where the jet axis reaches the

Xr . 25.17 m
port height level)

Sr Centerline dilution at the return point 40.4

Cr Centerline saline concentration at the return point 41.5 PSU

br Jet radius at the return point (radial distance from the centerline to where 42 m
concentration is 50% of that at the centerlinee, C=50%Cc) )

" Jet radius at the return point (radial distance from the centerline to where 5.9 m
concentration is 25% of that at the centerline, C=25%Cc) )

Rr Jet radius at the return point (radial distance from the centerline to where 8.3 m
concentration is 6% of that at the centerline, C=6%Cc) )

Xi Centerline horizontal location of the impact with bottom point 28.2 m

Si Centerline dilution at the impact point 35.8

Ci Centerline saline concentration at the impact point 41.6 PSU

Xxn Horizontal location of the spreading layer at the end of the near field region 68.6 m

hn Thickness of the spreading layer at the end of the near field region 3.83 m

Sn Centreline dilution of the spreading layer at the end of the near field region 68.6

Cn Cer_1ter|ine saline concentration of the spreading layer at the end of the near field | 49 5 PSU
region

un Centerline velocity of the spreading layer at the end of the near field region 0.10 m/s
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Indicative Outfall Diffuser Manifold

The Brihne near field modelling provided the area of the true near field mixing zone and the brine plume maximum
heights requiring a water depth of approx. 25 m to 29 m.

Figure 1-5 below shows a potential 200m diffuser manifold in (green) starting at a water depth of approx. 25 - 30

RN, S el

Figure 1-5: 200m Outfall Diffusers Manifold at 25m water depth

1.3. Far Field Dispersion Modelling Results

The near field modelling results indicated that brine salinity will be diluted to less than 2% above the ambient
salinity within 100 m from the diffusers, this should already provide the greatest protection for the marine flora and
fauna in the far field region beyond 100 m from the diffusers.

Far Field modelling was carried out by using the Mohid far field model. The respective report and calculations are
appended to this ESIA study (Annex 1 refers).

The expected far field brine plume dispersion for the scenario of 45% recovery RO plant is presented in Figure 1-6.
The figure shows that the brine plume starting at < 2% above ambient salinity will slowly become more diluted over
several kilometres by underwater currents, brine rolling downslope under gravity and concentration diffusion. The
brine plume will travel as density current, following the bathymetry under gravity to deeper waters.

Table 1-3 shows the concentration of brine at different distances from the diffusers. It can be observed from the
table that the brine concentration continues to be diluted in the far field. At distances of approx. 1.5 km from the
diffusers it would be difficult to observe the brine plume because the salinity concentration is less than 0.1 PSU
above the ambient salinity, which is the sensitivity of many CTD instruments used to monitor brine plumes.

[ESIA Study — Brine Discharge Risk Assessment Report] Tetra Tech, [19% January 2022] | 12
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Figure 1-6: Far Field Brine Dispersion 45% recovery (note: ambient salinity 40.8 PSU)

Table 1-3: Far Field Brine Salinity Concentration with Distance from Diffusers (Note: Ambient Salinity 40.8
PSU)

Maximum Salinity (PSU) from the Diffusers

Scenario
1000m 2000m 3000m
Mean Wind North 41.02 40.94 40.85 40.84
90" Percentile Wind North 41.02 40.93 40.85 40.84
90" Percentile Wind South 41.02 40.93 40.85 40.84

Impact of the brine plume on Intake salinity

Because the brine plume is slightly denser than the seawater in the far field region it will therefore travel downslope
as a density current to deeper waters, very little of brine plume can recirculate to the desalination plant intake
towers provided that those intake towers are located in shallower depths than the outfall diffusers. Figure 1-7
shows the results of the Mohid far field model for the impact of salinity on the intake towers. The ambient salinity
was taken as 40.8 PSU, and the salinity elevation due to the brine is less than 0.012 PSU. Therefore, the salinity
increase caused by recirculation brine to the intake can be considered as negligible.
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Figure 1-7: Salinity Concentration Recirculation to the Intake Towers from Brine
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Result Report briIHne_JET_SPREADING Version (1.0) - Project 'AQADI_Near dilution

study '

CASE 1

Input data

Ambient Conditions Average depth at discharge point [Ha (m)] 25
Salinity [Ca (psu)] 40.8
Density [rho_a (Kg/m3)] 1026.55
Brine effluent characteristics |Saline concentration [Co (psu)] 70.345
Density [rho_o (Kg/m3)] 1048.73
Jet discharge velocity [Uo (m/s)] 6.4
Brine discharge configuration |Port diameter [do (m)] 0.3
Discharge angle [thettag_o (sexaseg)] 60
Altura de la boquilla respecto al fondo [ho (m)] 1
Initial fluxes and length scales
Qo, brine flow rate (discharge volume flux) 0.45 m3/s
Mo, discharge momentum flux 2.90 m4/s2
Jo, discharge buoyancy flux 0.10 m4/s3
Qco, discharge flux of contaminant mass 13.37 psu*ma3/s
LQ, Flux - Momentum length scale 0.27m
LM, Momentum - Buoyancy length scale 7.18m
Densimetric Froude Number, Fo 25.4
Jet flow behavior
Zm, centerline peak of the jet trajectory (relative to the port nozzle) 15.16 m
Xm, horizontal location of the centerline peak point 15.96 m
Zt, maximum rise height relative to the port nozzle 19.90 m
Zt_bottom, maximum rise height relative to the bottom 20.90 m
Sm, centerline dilution at the jet maximum height (peak) 14.1
Cm, centerline saline concentration at the jet maximum height (peak) 42.9 psu
bm_50%, radius at the jet maximum height (radial distance from the centerline to where 2.3m
concentration is 50% of that at the centerline, C=50%Cc)
rm_25%, radius at the jet maximum height (radial distance from the centerline to where 33m
concentration is 25% of that at the centerline, C=25%Cc)
Rm_6%, radius at the jet maximum height (radial distance from the centerline to where 47 m
concentration is 6% of that at the centerline, C=6%Cc)
Xr, centerline horizontal location of the return point (where the jet axis reaches the port 25.17m
height level)
Sr, centerline dilution at the return point 40.4
Cr, centerline saline concentration at the return point 41.5 psu
br_50%, jet radius at the return point (radial distance from the centerline to where 42m
concentration is 50% of that at the centerlinee, C=50%Cc)
rr_25%, jet radius at the return point (radial distance from the centerline to where 59m
concentration is 25% of that at the centerline, C=25%Cc)
Rr_6%, jet radius at the return point (radial distance from the centerline to where 8.3m
concentration is 6% of that at the centerline, C=6%Cc)
Xi, centerline horizontal location of the impact with bottom point 28.22 m
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Si, centerline dilution at the impact point 35.8
Ci, centerline saline concentration at the impact point 41.6 psu

Spreading layer flow behavior (at the end of the near field region)

Xn, horizontal location of the spreading layer at the end of the near field region 68.63 m
hn, thickness of the spreading layer at the end of the near field region 3.83m
Sn, centerline dilution of the spreading layer at the end of the near field region 68.6
Cn, centerline saline concentration of the spreading layer at the end of the near field region 41.2 psu
Un, centerline velocity of the spreading layer at the end of the near field region 0.10 m/s

Variables evolution graphs
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Jet flow
X Zc Lc Sc Cc rho_c theta R Uc Fc
0.00 0.00 0.00 1.00 70.35 1048.66 60.00 0.15 6.40 25.42
0.41 0.71 0.82 1.02 69.85 1048.29 59.54 0.15 6.40 25.42
0.83 1.40 1.63 1.25 64.35 1044.17 58.89 0.35 6.40 24.86
1.24 2.08 2.43 1.57 59.66 1040.66 58.74 0.48 5.06 23.59
1.65 2.75 3.22 1.90 56.36 1038.19 58.26 0.61 4.18 22.61
2.06 3.41 3.99 2.22 54.09 1036.49 57.77 0.73 3.57 21.49
2.48 4.05 4.76 2.54 52.45 1035.27 57.25 0.86 3.11 20.26
2.89 4.69 5.52 2.88 51.06 1034.23 56.71 0.99 2.75 18.97
3.30 5.31 6.26 3.22 49.97 1033.41 56.15 1.12 2.47 17.91
3.71 5.91 7.00 3.56 49.09 1032.76 55.57 1.25 2.24 17.02
4.13 6.51 7.72 3.90 48.38 1032.22 54.93 1.43 2.05 16.27
4.54 7.08 8.43 4.24 47.77 1031.77 54.23 1.60 1.89 15.61
4.95 7.65 9.13 4.57 47.26 1031.38 53.43 1.77 1.75 15.03
5.36 8.19 9.81 4.91 46.81 1031.05 52.45 1.92 1.64 14.47
5.78 8.71 10.48 5.26 46.42 1030.75 51.30 2.06 1.53 13.94
6.19 9.21 11.13 5.61 46.07 1030.49 50.01 2.19 1.44 13.42
6.60 9.69 11.76 5.96 45.76 1030.26 48.64 2.32 1.33 12.90
7.01 10.14 12.37 6.31 45.48 1030.05 47.27 2.47 1.24 12.39
7.43 10.57 12.97 6.66 45.24 1029.87 45.96 2.64 1.15 11.88
7.84 10.99 13.55 7.01 45.02 1029.71 44.71 2.81 1.07 11.39
8.25 11.39 14.12 7.35 44.82 1029.56 43.52 2.98 1.01 10.92
8.67 11.77 14.69 7.68 44.65 1029.43 42.31 3.14 0.95 10.47
9.08 12.13 15.24 8.00 44.49 1029.31 40.99 3.28 0.90 10.05
9.49 12.48 15.78 8.32 44.35 1029.21 39.48 3.42 0.84 9.67
9.90 12.80 16.31 8.63 44.22 1029.11 37.74 3.55 0.79 9.32
10.32 13.11 16.82 8.94 4411 1029.02 35.76 3.65 0.75 8.98
10.73 13.39 17.32 9.26 43.99 1028.94 33.58 3.71 0.71 8.67
11.14 13.65 17.80 9.59 43.88 1028.86 31.28 3.75 0.68 8.38
11.55 13.88 18.28 9.93 43.78 1028.78 28.95 3.77 0.65 8.13
11.97 14.10 18.74 10.28 43.67 1028.70 26.65 3.81 0.62 7.91
12.38 14.29 19.20 10.64 43.58 1028.63 24.41 3.87 0.59 7.71
12.79 14.47 19.65 11.00 43.49 1028.56 22.22 3.95 0.57 7.52
13.20 14.62 20.09 11.37 43.40 1028.50 20.05 4.03 0.55 7.34
13.62 14.76 20.52 11.74 43.32 1028.43 17.82 4.10 0.53 7.17
14.03 14.88 20.95 12.12 43.24 1028.37 15.44 4.17 0.51 7.01
14.44 14.98 21.38 12.52 43.16 1028.32 12.82 4.25 0.49 6.85
14.85 15.06 21.80 12.93 43.09 1028.26 9.91 4.35 0.47 6.70
15.27 15.12 22.22 13.35 43.01 1028.21 6.73 4.48 0.45 6.56
15.68 15.15 22.63 13.79 42.94 1028.15 3.31 4.60 0.43 6.44
16.09 15.16 23.04 14.25 42.87 1028.10 -0.31 4.73 0.42 6.32
16.51 15.14 23.46 14.70 42.81 1028.05 -4.14 4.84 0.41 6.22
16.92 15.09 23.87 15.13 42.75 1028.01 -8.28 4.96 0.40 6.13
17.33 15.01 24.29 15.56 42.70 1027.97 -12.88 5.07 0.39 6.03
17.74 14.88 24.72 15.97 42.65 1027.93 -18.13 5.18 0.38 5.93
18.16 14.72 25.16 16.39 42.60 1027.90 -24.00 5.30 0.37 5.84
18.57 14.49 25.62 16.85 42.55 1027.86 -30.47 5.41 0.35 5.77
18.98 14.21 26.12 17.40 42.50 1027.82 -37.31 5.52 0.34 5.72
19.39 13.84 26.66 18.09 42.43 1027.77 -43.45 5.63 0.33 5.71
19.81 13.40 27.27 18.96 42.36 1027.72 -48.57 5.76 0.32 5.75
20.22 12.87 27.95 20.06 42.27 1027.65 -53.42 5.89 0.32 5.84
20.63 12.24 28.68 21.45 42.18 1027.58 -58.37 6.03 0.32 5.99
21.04 11.48 290.47 23.17 42.08 1027.50 -62.89 6.17 0.32 6.17
21.46 10.58 30.45 25.18 41.97 1027.43 -66.71 6.32 0.32 6.39
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X Zc Lc Sc Cc rho_c theta R Uc Ec
21.87 9.51 31.62 27.42 41.88 1027.36 -69.69 6.47 0.32 6.60
22.28 8.31 32.96 29.82 41.79 1027.29 -71.67 6.65 0.32 6.78
22.69 7.01 34.40 32.23 41.72 1027.24 -72.61 6.86 0.32 6.94
23.11 5.69 35.87 34.56 41.65 1027.19 -72.60 7.08 0.31 7.07
23.52 4.41 37.27 36.60 41.61 1027.15 -71.72 7.27 0.30 7.21
23.93 3.24 38.56 38.28 41.57 1027.13 -69.93 7.50 0.29 7.36
24.35 2.21 39.68 39.49 41.55 1027.11 -67.16 7.75 0.29 7.50
24.76 1.37 40.63 40.21 41.53 1027.10 -61.41 8.03 0.30 7.65
25.17 0.76 41.44 40.41 41.53 1027.10 -52.05 8.41 0.31 7.80

Spreading layer

X h Sc Cc rho_c Uc Fc
30.53 5.32 36.65 41.61 1027.15 0.28 6.74
31.91 4.47 37.81 41.58 1027.13 0.26 6.53
33.29 4.08 38.96 41.56 1027.12 0.24 6.41
34.66 3.87 40.11 41.54 1027.10 0.22 6.32
36.04 3.70 41.27 41.52 1027.09 0.24 6.29
37.41 3.51 42.42 41.50 1027.07 0.25 6.33
38.79 3.32 43.57 41.48 1027.06 0.26 6.40
40.16 3.20 44.72 41.46 1027.04 0.25 6.49
41.54 3.14 45.88 41.44 1027.03 0.25 6.48
42.91 3.12 47.03 41.43 1027.02 0.24 6.37
44.29 3.11 48.18 41.41 1027.01 0.23 6.18
45.66 3.07 49.33 41.40 1027.00 0.22 6.01
47.04 3.02 50.49 41.39 1026.99 0.20 5.80
48.42 2.99 51.64 41.37 1026.98 0.19 5.57
49.79 3.02 52.79 41.36 1026.97 0.18 5.34
51.17 3.13 53.95 41.35 1026.96 0.18 5.11
52.54 3.31 55.10 41.34 1026.95 0.17 4.88
53.92 3.53 56.25 41.33 1026.94 0.16 4.66
55.29 3.71 57.40 41.31 1026.94 0.15 4.45
56.67 3.80 58.56 41.30 1026.93 0.14 4.26
58.04 3.84 59.71 41.29 1026.92 0.13 4.09
59.42 3.84 60.86 41.29 1026.91 0.13 3.93
60.79 3.82 62.01 41.28 1026.91 0.12 3.78
62.17 3.82 63.17 41.27 1026.90 0.12 3.66
63.55 3.82 64.32 41.26 1026.89 0.11 3.56
64.92 3.82 65.47 41.25 1026.89 0.11 3.44
66.30 3.83 66.62 41.24 1026.88 0.10 3.33
67.67 3.83 67.78 41.24 1026.88 0.10 3.29

Model authors:
BrlHne-Jet-Spreading model has been developed by the Environmental Hydraulics Institute (IH Cantabria).

For questions or more information, please contact to briIHnesupport@ihcantabria.com

Modeling approach and calibration:

The model simulates the near field region (including the jet path and the spreading layer) of a submerged and inclined brine jet discharges.
Dimensional analysis formulas proposed by Pincince et al. (1973) and Roberts et al. (1987) are applied to predict the variables value along
the jet path. For variables of the spreading layer, dimensional analysis formulae proposed by Roberts et al. (1997) are applied.

These formulas have been calibrated in briIHne-Jet-Spreading with experimental database obtained by non-intrusive optical techniques

tests carried out in the Environmental Hydraulics Institute. PIV (Particle Image Velocimetry) and PLIF (Planar Laser Induced Fluorescence)
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techniques have been applied to characterize the velocity and concentration flow-fields with a high quality and resolution. The
characterization includes the jet path (Palomar et al, 2015b) and the spreading layer (Palomar et al, 2015c). Thanks to the experimental
data obtained, the near field region flow behavior has been studied in depth (Palomar, 2014) and the model briIHne-Jet-Spreading has been
calibrated.

A more detail description of the model can be found in the technical specifications file and in (Palomar et al, 2015a).

Cross-section assumption:
The model considers the asymmetry and non-gaussian cross-section found for this type of inclined negatively buoyant jets, according to the
experimental studies carries out by Kikkert et al. (2007), Shao et al. (2010) and Palomar et al. (2015b). This asymmetry is due to the inner

edge extra-spreading of the jet lower edge caused by buoyancy instabilities.

Variables glossary:

Cartesian coordinates are considered.

The origin of the coordinate system is set up at the jet nozzle.
Jet flow variables:

X: Horizontal coordinate location from the nozzle.

Zc: Vertical coordinate of the concentration centerline.

Lc: Centerline length from the nozzle.

Sc: Centerline dilution.

Cc: Centerline saline concentration.

Rhoc: Centerline density.

Theta: Vertical angle of the centerline relative to the bottom.
R: Jet radius (considered here as the radial distance from the centerline to where concentration is 6% of that at the centerline).
Uc: Centerline velocity.

Fc: Centerline densimetric Froude Number.

Spreading layer flow variables:

X: Horizontal coordinate location from the nozzle.

h: Spreading layer thickness (corresponding to the vertical distance from the bottom to where concentration is 25% of that at the centerline)
Sc: Centerline dilution.

Cc: Centerline saline concentration.

rhoc: Centerline density.

Uc: Centerline velocity.

Feje: Densimetric Froude Number.

Maximum rise height of the jet trajectory (Zt)
The maximum rise height or upper edge of the jet (Zt) is calculated by the model by adding to the maximum centerline height (Zm), the jet
radius, “R”, which stands for the radial distance radial distance from the centerline to where concentration is 6% of that at the centerline

(considering a Gaussian profile at the jet upper edge).
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Impact of the jet with the sea surface:

To predict if the jet impacts the sea surface, brIHne-Jet-Spreading compares the maximum height reached by the jet with the sea water
depth at the discharge point (HA). However, the maximum rise height (Zt) is given by the model relative to the jet nozzle (coordinate system
origin). Therefore, to calculate if the jet reaches the sea surface, the port height (ho) has to be added to the maximum rise height (Zt).

The model considers that the jet impacts the sea surface if: Zt + ho > HA. In that case, an error message is given by the model, because a

confined environment cannot be simulated by briIHne-Jet-Spreading.

Return and impact point:

The return point is the location where the jet centerline reached the port (nozzle) height, whereas the impact point is the location where the
jet centerline impacts the bottom
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Result Report briIHne_JET_SPREADING Version (1.0) - Project 'AQADI_Near dilution

study '

Case 2

Input data

Ambient Conditions Average depth at discharge point [Ha (m)] 25
Salinity [Ca (psu)] 40.8
Density [rho_a (Kg/m3)] 1026.55
Brine effluent characteristics |Saline concentration [Co (psu)] 74.18
Density [rho_o (Kg/m3)] 1051.68
Jet discharge velocity [Uo (m/s)] 5.65
Brine discharge configuration |Port diameter [do (m)] 0.3
Discharge angle [thettag_o (sexaseg)] 60
Altura de la boquilla respecto al fondo [ho (m)] 1
Initial fluxes and length scales
Qo, brine flow rate (discharge volume flux) 0.40 m3/s
Mo, discharge momentum flux 2.26 m4/s2
Jo, discharge buoyancy flux 0.10 m4/s3
Qco, discharge flux of contaminant mass 13.33 psu*ma3/s
LQ, Flux - Momentum length scale 0.27m
LM, Momentum - Buoyancy length scale 5.95m
Densimetric Froude Number, Fo 21.1
Jet flow behavior
Zm, centerline peak of the jet trajectory (relative to the port nozzle) 12.57m
Xm, horizontal location of the centerline peak point 13.23 m
Zt, maximum rise height relative to the port nozzle 16.51 m
Zt_bottom, maximum rise height relative to the bottom 1751 m
Sm, centerline dilution at the jet maximum height (peak) 11.7
Cm, centerline saline concentration at the jet maximum height (peak) 43.7 psu
bm_50%, radius at the jet maximum height (radial distance from the centerline to where 19m
concentration is 50% of that at the centerline, C=50%Cc)
rm_25%, radius at the jet maximum height (radial distance from the centerline to where 27m
concentration is 25% of that at the centerline, C=25%Cc)
Rm_6%, radius at the jet maximum height (radial distance from the centerline to where 39m
concentration is 6% of that at the centerline, C=6%Cc)
Xr, centerline horizontal location of the return point (where the jet axis reaches the port 20.87 m
height level)
Sr, centerline dilution at the return point 33.5
Cr, centerline saline concentration at the return point 41.8 psu
br_50%, jet radius at the return point (radial distance from the centerline to where 34m
concentration is 50% of that at the centerlinee, C=50%Cc)
rr_25%, jet radius at the return point (radial distance from the centerline to where 49m
concentration is 25% of that at the centerline, C=25%Cc)
Rr_6%, jet radius at the return point (radial distance from the centerline to where 6.9m
concentration is 6% of that at the centerline, C=6%Cc)
Xi, centerline horizontal location of the impact with bottom point 23.40 m
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Si, centerline dilution at the impact point 29.7
Ci, centerline saline concentration at the impact point 41.9 psu

Spreading layer flow behavior (at the end of the near field region)

Xn, horizontal location of the spreading layer at the end of the near field region 56.93 m
hn, thickness of the spreading layer at the end of the near field region 3.18m
Sn, centerline dilution of the spreading layer at the end of the near field region 56.9
Cn, centerline saline concentration of the spreading layer at the end of the near field region 41.4 psu
Un, centerline velocity of the spreading layer at the end of the near field region 0.10 m/s

Variables evolution graphs
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Jet flow
X Zc Lc Sc Cc rho_c theta R Uc Fc
0.00 0.00 0.00 1.00 74.18 1051.60 60.00 0.15 5.65 21.08
0.34 0.59 0.68 1.00 74.18 1051.60 59.54 0.15 5.65 21.08
0.68 1.16 1.35 1.15 69.75 1048.27 58.89 0.31 5.65 20.87
1.03 1.72 2.02 1.39 64.83 1044.58 58.74 0.42 4.95 20.04
1.37 2.28 2.67 1.65 61.05 1041.75 58.26 0.52 4.18 19.38
1.71 2.83 3.31 1.90 58.35 1039.72 57.77 0.63 3.61 18.62
2.05 3.36 3.95 2.14 56.37 1038.23 57.25 0.73 3.18 17.75
2.40 3.89 4.58 241 54.63 1036.93 56.71 0.83 2.84 16.81
2.74 4.40 5.20 2.69 53.20 1035.85 56.15 0.94 2.57 15.94
3.08 4.90 5.80 2.97 52.05 1034.99 55.57 1.04 2.34 15.21
3.42 5.40 6.40 3.24 51.09 1034.27 54.93 1.18 2.15 14.60
3.76 5.87 6.99 3.52 50.29 1033.67 54.23 1.32 1.99 14.06
4.11 6.34 7.57 3.80 49.59 1033.15 53.43 1.46 1.85 13.57
4.45 6.79 8.14 4.08 48.99 1032.70 52.45 1.60 1.73 13.10
4.79 7.22 8.69 4.36 48.45 1032.29 51.30 1.71 1.63 12.65
5.13 7.64 9.23 4.65 47.98 1031.94 50.01 1.82 1.53 12.19
5.48 8.03 9.75 4.94 47.55 1031.62 48.64 1.93 1.42 11.74
5.82 8.41 10.26 5.23 47.18 1031.34 47.27 2.05 1.32 11.28
6.16 8.77 10.76 5.53 46.84 1031.08 45.96 2.19 1.23 10.82
6.50 9.11 11.24 5.81 46.54 1030.86 44.71 2.33 1.14 10.37
6.84 9.44 11.71 6.09 46.28 1030.66 43.52 2.47 1.07 9.94
7.19 9.76 12.18 6.37 46.04 1030.48 42.31 2.60 1.01 9.53
7.53 10.06 12.64 6.64 45.83 1030.33 40.99 2.72 0.95 9.16
7.87 10.35 13.09 6.90 45.64 1030.18 39.48 2.84 0.90 8.81
8.21 10.62 13.52 7.16 45.46 1030.05 37.74 2.94 0.84 8.48
8.56 10.87 13.95 7.41 45.30 1029.93 35.76 3.03 0.80 8.18
8.90 11.11 14.36 7.68 45.15 1029.81 33.58 3.08 0.76 7.90
9.24 11.32 14.77 7.95 45.00 1029.70 31.28 3.11 0.72 7.64
9.58 11.52 15.16 8.23 44.85 1029.59 28.95 3.13 0.69 7.41
9.92 11.69 15.55 8.52 44.72 1029.49 26.65 3.16 0.66 7.20
10.27 11.85 15.92 8.82 44.58 1029.39 24.41 3.21 0.63 7.02
10.61 12.00 16.29 9.12 44.46 1029.30 22.22 3.28 0.60 6.85
10.95 12.13 16.66 9.43 44.34 1029.21 20.05 3.34 0.58 6.68
11.29 12.24 17.02 9.73 44.23 1029.12 17.82 3.40 0.56 6.53
11.64 12.34 17.38 10.05 44.12 1029.04 15.44 3.46 0.54 6.38
11.98 12.43 17.73 10.38 44.02 1028.96 12.82 3.52 0.52 6.24
12.32 12.49 18.08 10.72 43.91 1028.89 9.91 3.61 0.50 6.11
12.66 12.54 18.43 11.07 43.81 1028.81 6.73 3.71 0.48 5.98
13.00 12.57 18.77 11.44 43.72 1028.74 3.31 3.82 0.46 5.86
13.35 12.57 19.11 11.82 43.62 1028.67 -0.31 3.92 0.45 5.76
13.69 12.55 19.45 12.19 43.54 1028.61 -4.14 4.02 0.43 5.67
14.03 12.51 19.80 12.55 43.46 1028.55 -8.28 4.11 0.42 5.59
14.37 12.45 20.15 12.90 43.39 1028.49 -12.88 4.20 0.41 5.49
14.72 12.34 20.50 13.25 43.32 1028.44 -18.13 4.30 0.40 5.40
15.06 12.21 20.87 13.59 43.26 1028.39 -24.00 4.39 0.39 5.32
15.40 12.02 21.25 13.97 43.19 1028.34 -30.47 4.49 0.37 5.25
15.74 11.78 21.66 14.43 43.11 1028.29 -37.31 4.58 0.36 5.21
16.09 11.48 22.12 15.00 43.02 1028.22 -43.45 4.67 0.35 5.20
16.43 11.11 22.62 15.73 42.92 1028.14 -48.57 4.77 0.35 5.23
16.77 10.68 23.18 16.64 42.81 1028.06 -53.42 4.88 0.34 5.32
17.11 10.15 23.78 17.79 42.68 1027.96 -58.37 5.00 0.34 5.45
17.45 9.52 24.45 19.21 42.54 1027.85 -62.89 5.12 0.34 5.62
17.80 8.77 25.25 20.88 42.40 1027.75 -66.71 5.24 0.34 5.82
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X Zc Lc Sc Cc rho_c theta R Uc Ec
18.14 7.89 26.23 22.74 42.27 1027.65 -69.69 5.37 0.34 6.01
18.48 6.89 27.34 24.73 42.15 1027.56 -71.67 5.52 0.34 6.18
18.82 5.81 28.53 26.73 42.05 1027.49 -72.61 5.69 0.34 6.32
19.17 4.72 29.75 28.66 41.96 1027.42 -72.60 5.87 0.33 6.44
19.51 3.66 30.91 30.36 41.90 1027.38 -71.72 6.03 0.32 6.57
19.85 2.69 31.98 31.75 41.85 1027.34 -69.93 6.22 0.31 6.70
20.19 1.83 32.91 32.76 41.82 1027.31 -67.16 6.43 0.31 6.83
20.53 1.11 33.70 33.35 41.80 1027.30 -63.35 6.66 0.32 6.97
20.88 0.55 34.37 33.51 41.80 1027.30 -55.08 6.97 0.33 7.10

Spreading layer

X h Sc Cc rho_c Uc Fc
25.33 4.41 30.40 41.90 1027.37 0.30 6.13
26.47 3.71 31.36 41.86 1027.35 0.28 5.94
27.61 3.38 32.31 41.83 1027.33 0.26 5.83
28.75 3.21 33.27 41.80 1027.30 0.24 5.75
29.89 3.07 34.23 41.78 1027.28 0.25 5.73
31.03 291 35.18 41.75 1027.26 0.27 5.77
32.17 2.76 36.14 41.72 1027.24 0.28 5.82
33.31 2.65 37.09 41.70 1027.23 0.26 5.91
34.45 2.60 38.05 41.68 1027.21 0.26 5.90
35.59 2.59 39.01 41.66 1027.19 0.25 5.80
36.73 2.58 39.96 41.64 1027.18 0.24 5.63
37.87 2.55 40.92 41.62 1027.16 0.23 5.47
39.01 2.51 41.87 41.60 1027.15 0.22 5.28
40.16 2.48 42.83 41.58 1027.13 0.21 5.07
41.30 2.51 43.79 41.56 1027.12 0.20 4.87
42.44 2.60 44.74 41.55 1027.11 0.19 4.66
43.58 2.75 45.70 41.53 1027.10 0.18 4.44
44.72 2.93 46.65 41.52 1027.09 0.17 4.24
45.86 3.08 47.61 41.50 1027.08 0.16 4.06
47.00 3.15 48.57 41.49 1027.07 0.14 3.88
48.14 3.19 49.52 41.47 1027.06 0.14 3.72
49.28 3.18 50.48 41.46 1027.05 0.13 3.58
50.42 3.17 51.43 41.45 1027.04 0.13 3.44
51.56 3.17 52.39 41.44 1027.03 0.12 3.33
52.70 3.17 53.35 41.43 1027.02 0.12 3.24
53.84 3.17 54.30 41.41 1027.01 0.11 3.13
54.99 3.17 55.26 41.40 1027.00 0.11 3.04
56.13 3.18 56.22 41.39 1027.00 0.11 2.99

Model authors:
BrlHne-Jet-Spreading model has been developed by the Environmental Hydraulics Institute (IH Cantabria).

For questions or more information, please contact to briIHnesupport@ihcantabria.com

Modeling approach and calibration:

The model simulates the near field region (including the jet path and the spreading layer) of a submerged and inclined brine jet discharges.
Dimensional analysis formulas proposed by Pincince et al. (1973) and Roberts et al. (1987) are applied to predict the variables value along
the jet path. For variables of the spreading layer, dimensional analysis formulae proposed by Roberts et al. (1997) are applied.

These formulas have been calibrated in briIHne-Jet-Spreading with experimental database obtained by non-intrusive optical techniques

tests carried out in the Environmental Hydraulics Institute. PIV (Particle Image Velocimetry) and PLIF (Planar Laser Induced Fluorescence)
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techniques have been applied to characterize the velocity and concentration flow-fields with a high quality and resolution. The
characterization includes the jet path (Palomar et al, 2015b) and the spreading layer (Palomar et al, 2015c). Thanks to the experimental
data obtained, the near field region flow behavior has been studied in depth (Palomar, 2014) and the model briIHne-Jet-Spreading has been
calibrated.

A more detail description of the model can be found in the technical specifications file and in (Palomar et al, 2015a).

Cross-section assumption:
The model considers the asymmetry and non-gaussian cross-section found for this type of inclined negatively buoyant jets, according to the
experimental studies carries out by Kikkert et al. (2007), Shao et al. (2010) and Palomar et al. (2015b). This asymmetry is due to the inner

edge extra-spreading of the jet lower edge caused by buoyancy instabilities.

Variables glossary:

Cartesian coordinates are considered.

The origin of the coordinate system is set up at the jet nozzle.
Jet flow variables:

X: Horizontal coordinate location from the nozzle.

Zc: Vertical coordinate of the concentration centerline.

Lc: Centerline length from the nozzle.

Sc: Centerline dilution.

Cc: Centerline saline concentration.

Rhoc: Centerline density.

Theta: Vertical angle of the centerline relative to the bottom.
R: Jet radius (considered here as the radial distance from the centerline to where concentration is 6% of that at the centerline).
Uc: Centerline velocity.

Fc: Centerline densimetric Froude Number.

Spreading layer flow variables:

X: Horizontal coordinate location from the nozzle.

h: Spreading layer thickness (corresponding to the vertical distance from the bottom to where concentration is 25% of that at the centerline)
Sc: Centerline dilution.

Cc: Centerline saline concentration.

rhoc: Centerline density.

Uc: Centerline velocity.

Feje: Densimetric Froude Number.

Maximum rise height of the jet trajectory (Zt)
The maximum rise height or upper edge of the jet (Zt) is calculated by the model by adding to the maximum centerline height (Zm), the jet
radius, “R”, which stands for the radial distance radial distance from the centerline to where concentration is 6% of that at the centerline

(considering a Gaussian profile at the jet upper edge).
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Impact of the jet with the sea surface:

To predict if the jet impacts the sea surface, brIHne-Jet-Spreading compares the maximum height reached by the jet with the sea water
depth at the discharge point (HA). However, the maximum rise height (Zt) is given by the model relative to the jet nozzle (coordinate system
origin). Therefore, to calculate if the jet reaches the sea surface, the port height (ho) has to be added to the maximum rise height (Zt).

The model considers that the jet impacts the sea surface if: Zt + ho > HA. In that case, an error message is given by the model, because a

confined environment cannot be simulated by briIHne-Jet-Spreading.

Return and impact point:

The return point is the location where the jet centerline reached the port (nozzle) height, whereas the impact point is the location where the
jet centerline impacts the bottom
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1. INTRODUCTION

This document was written to describe modelling studies carried out to
assess the intake and outfall pipelines offshore position in the desalination plant
in Agaba, Jordan, with a 300 M m3/year capacity for two conversion rates: 42% &

45%.

The objective is to determine the hydrodynamics and saline dispersion
(brine path) from the outfall and estimate the possible brine recirculation
potential through the intake’s pipelines. The concentration above the ambient

will be assessed at different distances too.

In Report 3 a Near Field study and diffuser design was developed with
brIHne model for the defined production and the two conversion rates. The far
field modelling results will show what will be the brine path after the near field
(it is expected that brine plume will flow along the bathymetry down slope), and

what will be concentration above the ambient at different distances:

i) End of near field (assumed the same as near field model)
i) 500m from the diffusers

iii) 1000m from the diffusers

iv) 2000m from the diffusers

V) 3000m from the diffusers

The MOHID digital model, which will be described further below, will be

used for this purpose.
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2. DESCRIPTION OF THE MODEL

The desalination reject water has a salinity of around double that of
seawater which means it is much denser. When this water is discharged into the
sea, it sinks (negative buoyancy) due to the higher density and forms a dense
and hypersaline layer that moves along the bottom of the sea following the local

bathymetry.

When the discharge collides against the seabed, a hydraulic jump forms
and, after this, the dense layer moves as a density current. This dense and
hypersaline layer can be harmful to benthic organisms in the affected area which
requires a discharge system that is capable of adequately diluting the brine to

ensure there is no damage to the marine environment.

The highest dilution levels are achieved during the initial dilution process
when the turbulent discharge water is mixed with the receiving body. The initial
dilution process mainly depends on the discharge parameters (diffuser type,
number of outlet ports, diameter of the outlet ports, etc.) meaning this is the

process where the designer can work to improve the discharge dilution.

Later, the dilution in the far field is more conditioned by the local

hydrodynamics with much lower dilutions.

After making the diffuser design and the Near Field study in the Report 1,
a widely contrasted model shall be used to study the dispersion along the far
field: MOHID.

MOHID is the short name for Modelo Hidrodinamico which means
Hydrodynamic Model in Portuguese that was the original purpose of the model

when it was created back in 1985. MOHID Water Modelling System is a modular
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finite volumes water modelling system written in ANSI FORTRAN 95 using an
object-oriented programming philosophy, integrating diverse numerical models,
and supporting graphical user interfaces that manage all the pre- and post-
processing. It is an integrated modelling tool able to simulate physical and
biogeochemical processes in the water column as well as in the sediments and
is also able to simulate the coupling between these two domains and the latter

with the atmosphere.

The MOHID system includes a baroclinic hydrodynamic module for the
water column and a 3D for the sediments and the correspondent eulerian
transport and lagrangian transport modules. Parameters and processes
involving non-conservative properties are object of specific modules (e.g.
turbulence module, water quality, ecology and oil transformation). The

turbulence module uses the well-known GOTM turbulence model.

The model is being developed by a large team from Instituto Superior
Técnico in close cooperation with Hidromod Lda and includes contributions from
the permanent research team and from a large number of Ph.D students on
Environmental and Mechanical Engineering and from IST master course on
Modelling of the Marine Environment. Contributions from other research groups

have also been especially important for the development of the model.

With the growing model complexity, it was necessary to introduce an
object-oriented programming in FORTRAN like described in Decyk (Decyk, et al.,
1997). The philosophy of the new Mohid model (Miranda, et al., 2000), further on
simple designated Mohid, permits to use the model in any dimension (one-
dimensional, two-dimensional or three-dimensional). The whole model is

programmed in ANSI FORTRAN 95, using the objected orientated philosophy.
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The subdivision of the program into modules, like the information flux between

these modules was object of a study by the Mohid authors.

Mohid model is composed by over 40 modules which complete over 150
mil code lines. Each module is responsible to manage a certain kind of
information. The main modules are the modules listed below. Another important
feature of Mohid is the possibility to run nested models. This feature enables the
user to study local areas, obtaining the boundary conditions from the “father”
model. The number of nested models is just limited by the available computer

power.

-

MOHID Water ,

Atmospiiere

SWAN, STWAVE, ...

o

CEQUALW2>

OIL, JET, WQ

Figure 1. MOHID functioning scheme
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The main MOHID modules are defined below:

Model This module manages the information flux between the
hydrodynamic module and the two transport modules and the communication

between nested models.

Hydrodynamic Full 3D dimensional baroclinic hydrodynamic free

surface model. Computes the water level, velocities and water fluxes.

Water Properties Eulerian transport model. Manages the evolution of the

water properties (temperature, salinity, oxygen, etc.) using a eulerian approach.

Lagrangian Lagrangian transport model. Manages the evolution of the
same properties as the water properties module using a lagrangian approach.

Can also be used to simulate oil dispersion.

Water Quality Zero-dimensional water quality model. Simulates the
oxygen, nitrogen, and phosphorus cycle. Used by the eulerian and the lagrangian
transport modules. Based on a model initially developed by EPA (Bowie, et. al.,

1985).

Oil Dispersion Oil dispersion module. Simulates the oil spreading due
thickness gradients and internal oil processes like evaporation, emulsification,

dispersion, dissolution and sedimentation.

Turbulence One-dimensional turbulence model. Uses the formulation

from the GOTM model.
Geometry Stores and updates the information about the finite volumes.

Discharges River or Anthropogenic Water Discharges
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The Lagrangian and oil dispersion modules were not used in this study

given that the discharge was water.

The MOHID model has been applied to several coastal and estuarine areas
and it has showed its ability to simulate complex features of the flows. Several
different coastal areas have been modelled with MOHID in the framework of

research and consulting projects.

Along the Portuguese coast, different environments have been studied,
including the main estuaries (Minho, Lima, Douro, Mondego, Tejo, Sado, Mira,
Arade and Guadiana) and coastal lagoons (Ria de Aveiro and Ria Formosa), INAG
[2001]; Martins et al. (2000). The model has been also implemented in most
Galician Rias: Ria de Vigo by Taboada et al., (1998), Montero, (1999) and Montero
et al. [1999], Ria de Pontevedra by Taboada et al. [2000] and Villarreal et al. [2000]
and in other Rias by Pérez Villar et al [1999].

Far from the Atlantic coast of the Iberian Peninsula, some European
estuaries have been modelled - Western Scheldt , The Netherlands, Gironde,
France by Cancino and Neves, [1999] and Carlingford, Ireland, by Leitao, [1997] -

as well as some estuaries in Brazil (Santos SP and Fortaleza).

Regarding to open sea, MOHID has been applied to the North-East Atlantic
region where some processes including the Portuguese coastal current, Coelho
et al. (1994), the slope current along the European Atlantic shelf break, Neves et
al. (1998) and the generation of internal tides, Neves et al. (1998) have been
studied and also to the Mediterranean Sea to simulate the seasonal cycle,

Taboada, (1999) or the circulation in the Alboran Sea, Santos, (1995).

REPORTS
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More recently MOHID has been applied to the several Portuguese
freshwater reservoirs Monte Novo, Roxo and Alqueva, (Braunschweig, 2001), to

study the flow and water quality.

The hydrodynamic model solves the primitive continuity and momentum
equations for the surface elevation and 3D velocity field for incompressible flows,
in orthogonal horizontal coordinates and generic vertical coordinates, assuming

hydrostatic equilibrium and Boussinesq approximations.

Module WaterProperties is the 3D eulerian transport module included in
MOHID. Module WaterProperties is responsible for computing the properties
evolution in the water column. To do so, this module uses other modules,
responsible for specific processes like Module AdvectionDiffusion, which
computes properties transport, or Module WaterQuality which is one of the three
available modules to compute biogeochemical processes, and so on. MOHID is
prepared to simulate properties such temperature, salinity, cohesive sediments,

phytoplankton, nutrients, contaminants, etc.

Density is computed depending on salt, temperature, and pressure, by the
UNESCO equation of state (UNESCO, 1981). The model uses an ADI (Alternate
Direction Implicit) time discretization scheme which minimizes stability
restrictions and is defined in an Arakawa-C type grid. In the bottom, shear stress

can be computed with the assumption of a logarithmic velocity gradient.
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3. INPUT DATA

3.1. FLOW DESIGN PARAMETERS

Following the desalination process study by the plant engineering team,
the volume of water for the two possible recovery varies as follows considering

a recovery during the process:

— Case 1: Recovery = 42%; Brine discharge = 48,756 m%/h
— Case 2: Recovery = 45%; Brine discharge = 43,152 m3/h

3.2. GRID REFERENCE

The horizontal coordinates used are Easting and Nothings relative to UTM
WGS84 Zone 36 N.

The vertical datum is relative to Lowest Atmospheric Tide (LAT), which is

assumed to be equal to the Datum of Soundings at the site.

3.3. BATHYMETRY

The bathymetry was obtained from different sources.

The detailed bathymetry is obtained from local surveys (see Figure 2).

This bathymetry is complemented with a major-scale bathymetry obtained
from GEBCO. The General Bathymetric Chart of the Oceans (GEBCO) consists of
an international group of experts who work on the development of a range of
bathymetric data sets and data products, with the aim of providing the most

authoritative, publicly available bathymetric data sets for the world’s oceans.
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GEBCO operates under the joint auspices of the International

Hydrographic Organization (IHO) and the Intergovernmental Oceanographic

Commission (I0OC) of UNESCO.

The GEBCO_2014 Grid is a continuous terrain model for ocean and land

with a spatial resolution of 30 arc seconds.
The GEBCO information used in the study is shown in Figure 3.

The vertical datum and chart datum are at the same level as the Lowest

Astronomical Tide (LAT), which is the lowest levels which can be predicted to

occur under average meteorological conditions.

Figure 2. Bathymetry in the Project Area.
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Figure 3. GEBCO bathymetry in the Gulf of Aqaba.

3.4. DIFFUSER AND INTAKE DEFINITION

Regarding the diffuser design, two cases were analyzed based on the

recovery rates.

Diffuser system features for each case are shown below:

Diffuser system features -Case 1

Parameters

Number of Diffusers

30

Diameter of the Diffuser Port (ID):

300 mm

Velocity of each diffuser:

6.40 m/s

Separation between diffusers:

156.5m

Diffuser angle to the horizontal:

60 °
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Diffuser system features -Case 1
Parameters
Depth of seabed at the diffusers ‘ -25m

As can be seen, 30 outlet ports with an ID 300 mm comprises the diffuser
system. Each port is separated 15.50 m (total length of 217 m). Outlet ports are

arranged by pairs, back to back.

For this case, the dilution achieved is 1: 68.60 at the end of the near filed
region (spreading layer) which is higher than required. The salinity obtained at
the same point is 41.20 psu which represents an increment of 1.06% concerning
seawater salinity, resulting lower than the admissible salinity (2% more than

ambient salinity, i.e 41.616 psu).

Diffuser system features -Case 2
Parameters
Number of Diffusers 30
Diameter of the Diffuser Port (ID): 300 mm
Velocity of each diffuser: 5.65 m/s
Separation between diffusers: 12.70 m
Diffuser angle to the horizontal: 60 °
Depth of seabed at the diffusers -25m

Same concept is used for case — 2 diffuser set-up in terms of total number

of diffusers and outlet port inner diameter.

For this case, the dilution achieved is 1: 56.90 at the end of the near filed
region (spreading layer) which is higher than required. The salinity obtained at
the same point is 41.38 psu which represents an increment of 1.44% concerning
seawater salinity, resulting lower than the admissible salinity (2% more than

ambient salinity, i.e 41.616 psu).
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More details are given in Report n° 3.

In Figure 4 are shown the locations of the four intake towers and diffusers

line-up.

 §

¥ ra\

Figure 4. Intake and outfall location.

3.5. SEA WATER SALINITY AND TEMPERATURE

Ambient seawater temperatures were set to 28°C and a seawater salinity
of 40.8 psu was used for this study, according to the Near Field study. The excess
salinity of the discharge as compared to the seawater would be 33.4 psu. The
discharge value for salinity will be 70.34 psu for 42% recovery and 74.18 psu for

45% recovery.

There will be a discharged excess temperature as compared to the

seawater of 1°C, i.e., a temperature of 29°C.
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3.6. TIDES

The definition of the tide around the domain must be provided, indicating
the tidal harmonic constants. Thus, MOHID simulates the tidal curve at each

instant throughout the domain.

Harmonic constituents are the harmonic elements in a mathematical
expression for the tide producing force and in the corresponding formula for the
tidal curve. Each constituent represents a periodic change or variation in the
relative positions of the earth, moon, and sun. The descriptions of the main

harmonics are:

— 2N2: Lunar elliptic semidiurnal second order
— K1: Lunar diurnal

— K2: Lunisolar semidiurnal

— Ma2: Principal lunar semidiurnal

— M4: Shallow water overtides of principal lunar
— MNA4: Shallow water quarter diurnal

— N2: Larger lunar elliptic semidiurnal

— O1: Lunar diurnal

— P1: Solar diurnal

— Q1: Larger lunar elliptic diurnal

— S2: Principal solar semidiurnal

— MM: Lunar monthly

— MF: Lunisolar fortnightly

— S1: Solar diurnal

REPORTS
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For informational purposes, the main harmonic constituents are provided
along the external domain, and the model reproduces the propagation of the tidal

wave (see Table 1).

TIDAL HARMONICS
Constituent Amplitude (m) Phase ()
M2 0.267647 114.246
S2 0.0612594 150.149
K1 0.0516119 -159.563
K2 0.0116964 143.981
N2 0.0886161 8§5.482
2N2 0.00848642 74.5408
01 0.0135232 137.004
Q1 0.0196409 -165.013
P1 0.00629927 31.4985
Mt 0.00549262 56.1286
Mm 0.00212409 30.0003
Mitm 0.00182196 69.5992
MSqm 0.000274458 73.154

Table 1. Tidal harmonics at the entrance of the Gulf of Agaba.

The FES2014 database has been used, which facilitates with a resolution

of 1/8°x1/8° the main tidal harmonics throughout the world.

FES2014 was developed by Legos and CLS Space Oceanography Division
and distributed by Notice, with the support of Cnes.

To correctly simulate the tidal wave, it is necessary to force the model from
the limits of the outer mesh, using multiple points from where the model
interpolates at each input node. In this case, the external domain includes the
Egyptian and Saudi coasts and the full Gulf of Agaba. As the Gulf is quite narrow,
the location of these points is set on the entrance of the Gulf, where it is

connected to the Red Sea.

REPORTS

| N ( REA AQADLREP047r07D|sp7&7Rec,| rc..docx
Pagina 14

N INGENlERiA (REAT|VA
/@C\  Consutores en Obras Maritimas msb



'|'.|; TETRA TECH AQABA SRWO DESALINATION PLANT

REPORT N° 4: DISPERSION AND RECIRCULATION STUDY

The variation in the tidal surge along the Red Sea and the Gulf of Agaba,
produces several oscillations over the MSL among the year that are difficult to
reproduce in a numerical model, therefore, only the astronomical tides obtained

from FES2014 has been reproduced (see Figure 5).

Tidal wave

[
=

Water level (m)

[
=

=)
=

4 6 % 10 12 14 16 1§ 20 12 24 1% 28
Hours

75}
[

Figure 5. Tidal wave obtained from MOHID at the diffuser point.

3.7. WIND

Wind information and other transferred met-ocean dataset are provided
by a CFSR node as hourly information at a Southwest location offshore Agaba,

on the Gulf of Aqaba (Lon=34.8°E, Lat=29.2°N).

CFRS is a third-generation reanalysis global product, which offers high
accuracy wind dataset for the period from 1979 until at a spatial resolution of

0.2°. The metadata information contains hourly time series of offshore wind:

— W: wind at 10 metres height (m/s)
— Owina: Mean wind direction (degr., meteorological convention)

Wind speed roses are shown in Figure 6, in Figure 7 and in Figure 8 for the

representative periods of summer and winter, and for the totality of data in an
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annual wind speed rose. There are no substantial differences between the winter

and the summer rose, so no seasonality is considered for the study.

Finally, the scatter plot of wind speed and wind direction of the total annual

data is shown in Figure 9.

Global, Met. Parameters (incl. 10m wind) at 0.2 deg., Climate Forecast System Reanalysis =
(CFSR), NCEP NOAA

Location: 34.8, 29.2

Om/s to 1.39m/s
315 450 ® 1.39m/st02.78m/s
’ 2.78m/s to 4.17m/s

4.17m/s to 5.56m/s

/ ® 5.56m/s to 6.95m/s
® 6.95m/s to 8.34m/s

67.5° 834m/s 10 9.73m/s

180°

Figure 6. CFSR wind speed rose, representative summer simulation period.
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Figure 7. CFSR wind speed rose, representative winter simulation period.
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Figure 8. CFSR wind speed rose, annual.
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Figure 9. CFSR wind speed and direction scatter plot, annual.

It will be considered the hour-averaged daily wind for the simulations.
Figure 10 to Figure 12 show the daily wind for the three different scenarios
considered in the studio: mean wind from north, 90™ percentile wind from north,

and 90™ percentile wind from south, respectively.
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Figure 10. CFSR wind speed hourly series, representative mean wind from north scenario.
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Daily 90tk Percentile North Wind Evolution
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Figure 11. CFSR wind speed hourly series, representative 90" percentile wind from north scenario.
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Figure 12. CFSR wind speed hourly series, representative 90" percentile wind from south scenario.
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3.8. ENVIRONMENTAL REGULATIONS

Near Filed Study and diffuser design justify the compliment of the
Environmental Regulations: the maximum admissible increase of salinity

concerning ambient salinity (seawater) is 2% at 100 m from the discharge point.
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4, FAR-FIELD DISPERTION AND RECIRCULATION

4.1. MODEL SET-UP

This section describes the calculation methodology used with the MOHID

model in this study.

Four nested grids will be used.

A first grid will be used (the "external” domain), which covers the Gulf of
Agaba of some 68,400 m x 171,000 m with a resolution of 900x900m. This first
model mesh is resolved in 2D given that it will be used to resolve the tide wave

in an area that is extensive enough to consider the spatial variability thereof.

Later, a nested model ("intermediate" model) is defined with a 36 Km x 36
Km mesh, expanding the grid resolution by a ratio of 1:5, all the way to

180x180m. The domain is resolved in 2D. See Figure 13.

An additional nested model ("approximation” model) is defined with a 7.8
Km x 7.8 Km mesh, expanding the grid resolution by a ratio of 1:3, all the way to

60x60m. The domain is resolved in 3D using 5 vertical layers.

Finally, a "local" domain is added measuring approximately 2 Km x 2 Km
which covers the outfall and intake area, with a certain margin to study the outfall
in detail. The grid resolution is about 20x20 m, in 3D using 12 vertical layers. See

Figure 13.
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Figure 13. External, intermediate, approximation and local domains.

The vertical discretization of the MOHID Model is resolved with the
Geometry Module which makes it possible to divide the water column into
different types of vertical coordinates including the most common Cartesian and

Sigma ones. In this case, the "sigma" discretization was chosen (see Figure 14).

Figure 14. Scheme of sigma coordinates.
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The size of each one of the 12 layers is taken from the following total

percentage of the water depth:

— Local model: 4.5% 5.5% 5.5% 6.5% 6.5% 7.5% 8.5% 9.5% 10.5% 12.5%
13.5%.

The reason for nesting four domains is that a fine discretization makes no

sense in major areas where the bathymetric resolution is weak (nautical chart)

and where it is also not necessary to refine the hydrodynamic resolution.

For this reason, a thicker grid is used outside of the area of interest where
only GEBCO data are available as opposed to where the outfall and intake are
located and where more accurate bathymetric data are available. Moreover, it

significantly reduces the calculation time.

Once the grids are defined and the bathymetry for the area is available, the
depth of each mesh node is calculated via interpolation. Thus, the bathymetry

value is obtained for each point of the grid and this is known as "grid data".

As an example, what follows is an image with this terrain model for the

“local” domain used.
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Figure 15. Local domain used in the study.

After the bathymetry is available for the area, the model must be
configured by defining the hydrodynamic conditions for the study. Once they are

defined, the brine discharge is added to the domain in the plan detail.

The study philosophy is to simulate the most significant hydrodynamic

conditions for the tide and wind.

The simulations will be done over 2 days in each scenario, which is
considered adequate time to stabilize the simulation. Mean conditions for a North
wind will be simulated since it has the highest frequency, along with two more
combinations of intense winds from the North and from the South belonging to

the 90" percentile. This will be done for the two cases of recovery proposed.

REPORTS

| N ( REA AQADLREP047r07D|sp7&7Rec,| rc..docx
Pagina 24

o~ INGENIERI’A (REATIVA
/@C\  Consutores en Obras Maritimas msb



'[t TETRA TECH AQABA SRWO DESALINATION PLANT

REPORT N° 4: DISPERSION AND RECIRCULATION STUDY

4.2. HYDRODYNAMICS IN THE AREA

The hydrodynamics in the area is conditioned by the existing wind and tide

as there is no other important agent that affects the current.

The velocity and direction of currents are variable throughout the day due
to the flood tide and ebb tide times vary over the course of the simulation and
do not always coincide with the same wind. The wind-induced current can be
rather important in the layers closest to the surface, especially in periods of
strong wind intensity. An example of the MOHID results considering strong
winds is shown in Figure 16, where the hydrodynamics on the surface layer are

clearly governed by the south wind induced forcing.
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Figure 16. Hydrodynamics at the surface, induced by strong south winds.
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Due to the Coriolis effect, this current deviates with respect to the wind
speed on the surface. According to Ekman's Theory, the current turns toward the

bottom, forming a spiral.

Dept fmy

Figure 17. Typical structure of the wind speed profile (Ekman’s Theory)

The wind-induced current speeds in the lower layer (desalination plan
outfall area) are very low and almost unnoticeable due to the fact that the values
get lower, the deeper down. The wave-induced current at these depths is null
since there is no break process. Again, the tide-induced current at these depths

is quite weak or almost null.

Since the currents on the bottom are so low, the typical behavior occurs
once the brine discharge outcomes the diffuser. This behavior is described in the
laboratory studies carried out by several organizations, including the Spanish
CEDEX. A baroclinic current arises due to the greater density of the water
discharged, forming a bottom current that runs along the maximum slope on the
bottom. As will be seen bellow, in the next figure, the discharge “ends up
forming a layer that is generally hyperdense which flows and spreads along the
bottom, tending to go downwards in the direction of the maximum slopes”. In
this case, the currents are baroclinic, caused by the hypersaline discharge with a
direction towards the deepest area (see Figure 18). Other hydrodynamic results

are summarized at the Addendum 1.
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Figure 18. Hydrodynamics at the bottom, considering strong south winds but dominated by baroclinic processes.

0.000

4.3. DISPERSION & RECIRCULATION: DISCUSSION OF THE RESULTS

This section studies the dispersion of the brine discharged by the

desalination plant for the two cases.

4.3.1. Recovery 42%

Considering the three hydrodynamic scenarios simulated with the
recovery of 42%, in Figure 19 the maximum salinity “footprint” can be
appreciated, with the brine dispersion on the bottom layer, for the hydrodynamic
simulation of a mean North wind. In the same way, the maximum salinity

footprint for the 90™ percentile for a North wind is shown in Figure 20, and the
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maximum salinity footprint for the 90" percentile for a South wind is shown in

Figure 21.

Salinity at different distances has been obtained too.

42.0

419

41.8

41.6

41.5

414

(1/3) Aures

41.3

41.2

41.0

40.9

40.8

687900 688900 689900 690900
AQABA SRWO DESALINATION PLANT - Maximum bottom salinity CASE:
Water Modellng System Percentile 50% north wind scenario 42% recovery

Figure 19. Maximum salinity at the bottom layer in the mean North scenario with 42% of recovery.
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Figure 20. Maximum salinity at the bottom layer in the 90" percentile North scenario with 42% of recovery.
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Figure 21. Maximum salinity at the bottom layer in the 90" percentile South scenario with 42% of recovery.
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The figures for the three simulations are remarkably similar as the greatest
conditioning factor is the baroclinic current generated by the discharge itself and
not winds or tides. Thus, changing wind direction or intensity will not
substantially affect the discharge dispersion and the three simulations represent
all possible combinations of winds and tides. Brine plume will flow, then,
following the bathymetry down slope, which, in this case, is really pronounced,

letting the plume get dissolved with these high depths.

In Table 2, the value of the salinity for the end of near field, at 500 m away
from the diffusers, at 1000 m, at 2000 m, and at 3000 m from the diffusers, can

be found for the three scenarios simulated.

Maximum salinty (psu) from the diffusers

Scenario
500m 1000m 2000m 3000m
Mean Wind North 41.04 40.95 40.86 40.85
90™ Percentil Wind North 41.04 40.95 40.85 40.85
90™ Percentil Wind South 41.05 40.94 40.85 40.84

Table 2. Salinity at different distances from the diffusers with 42% of recovery.

Attending to the results at different distances from the diffusers, it can be
observed that the wind conditions no affected to those results, and the maximum
excess salinities above the ambient are generally small, getting less than 0.25
psu at 500 m, 0.15 psu at 1000 m, and 0.06 psu (or less) at major distances (2000
m and 3000 m)

Figure 22 shows the salinity evolution during the 2 days simulations for
mean north wind scenario for the Intakes 1, 2, and 3. This is the scenario that
causes the lowest mixing processes, but anyway, the excess salinity values at
the intake positions are small (around 0.01 psu), so there will not be any

recirculation. Other figures at the Addendum.
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