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Abstract

Over the past three decades, advances is reverse osmosis technology have led
to dramatic increases in the number and capacities of reverse osmosis desalination
plants. One key component in all efficient traditional reverse osmosis plants is an
energy recovery turbine that recovers energy from the waste stream of the reverse
osmosis process. The works documented herein describe and analyzes a system in
which no recovery turbine is needed for efficient operation. The proposed system
requires submerging a reverse osmosis element to a depth sufficient to provide the
pressure required to overcome the osmotic pressure of the salt water. The fresh water
that passes the reverse osmosis membrane is then pumped to the surface with a high

pressure pump.

First and second law analysis is performed on the proposed system and
compared to traditional systems. The energy analyses include parametric studies to
determine energy optimized recovery rates. The effect of adding stages to traditional
systems is analyzed and compared to the proposed system. An experimental
apparatus is designed, built, and used to simulate submerged reverse osmosis
desalination. The experimental work shows good quality fresh water (TDS< 300
ppm) from brackish water (TDS=10 ppt) at low recovery rates (3%-20%), and low net

driving pressure (100 psi). The experimental work for artificial seawater resulted in



permeate with concentrations of 1000 ppm to 2000 ppm for net driving pressures up

to 200 psi.

Variations for the design are also presented. The primary design includes
submerged pretreatment and submerged reverse osmosis. The depth required to
achieve good permeate quality is found to be 1100 ft to 1500 ft for typical seawater.
A design alternative is presented to accommodate surface pretreatment and
submerged desalination. A land based design alternative is also described in which

the reverse osmosis membrane is submerged in a seawater or brackish water well.
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1. Introduction

Worldwide, population growth has led to increased consumption and pollution
of the world’s very limited fresh water supplies. Arid regions of the planet have long
struggled with inadequate fresh water supplies, but densely populated areas even in
humid regions are dealing with water shortages. With over 96% of the earth’s surface
covered in salt water, there is an obvious need to develop cost effective methods of
desalination. Today, almost all desalination plants can be categorized as using one of

two mechanisms to achieve fresh water production: evaporation or filtration.

This work proposes and investigates a desalination process based on reverse
osmosis (a filtration method) located deep in the ocean. While installing and
operating a submerged system presents some technical challenges not included in
traditional land based systems, the proposed system does offer several key advantages
that make consideration of the system worthwhile. The design of the proposed
system eliminates the need for an energy recovery device, reduces energy
consumption requirements, relaxes the performance requirements for the components,
and utilizes water supplied that requires much less pre-filtering when compared to

surface water sources.

This dissertation describes the system and its various modes of operation and

maintenance. The system is compared to traditional systems, and the advantages of



the proposed system are highlighted. In order to quantify energy requirements,
thermodynamic analysis is presented for both the proposed system and the traditional
system. An experimental apparatus is designed and built to verify the concept and

investigate unpublished RO membrane characteristics.



2. Literature Review

2.1. Desalination Options and Literature Surveys

(Buros, 2000) presents a nice overview of desalination technologies including
Multiple Stage Flash (MSF), Multiple Effect Distillation (MED), Mechanical
Evaporation, and Reverse Osmosis. The review includes process diagrams, current

industry practice and trends, and some economic data.

(Greenlee, 2009) compiled an impressive literature survey of works that
concentrates on desalination by reverse osmosis. This survey includes a vast amount
of information ranging from reverse osmosis history and background to specific
information about membrane technology and pretreatment requirements. The
primary purpose of the work is to present the differences in seawater and brackish
reverse osmosis, but it also serves an excellent resource for gaining perspective on the

role of reverse osmosis as compared to the other major desalination methods.

(Whyte, 2013) submitted a patent application for deep water submerged
desalination. Whyte recognized some energy saving potential for submerging the unit
to avoid pumping the supply/concentrate stream to very high pressure changes.
Whyte’s design does have problems and limitations that are not addressed in the

patent application. The most obvious design problem is the fact a single pump is



included to provide the permeate flow and the supply/concentrate flow. These flows
must be separate and require different volumetric rates and different pressure rises.

Therefore, two pumps are required to operate the system in a practical manner.

Whyte’s design does not include details for executing cleaning cycles and
backwash operations without surfacing the unit. The patent also suggests operating
the reverse osmosis at pressures comparable to that of conventional land based
reverse osmosis plant. Whyte does not present the benefit of operating the submerged

system at lower recovery rates.

The submerged reverse osmosis design presented in this dissertation gives
detailed requirements for two submerged pumps, includes plumbing details for
typical “in-place” maintenance cycles, and presents optimized operation at low

recovery rates.

(Kim, 2009) proposed energy consumption improvements for the reverse
osmosis plant in Fujairah, South Korea. Two years of actual operational data were
used to develop control schemes to optimize the feedwater pressure as a function of
controlled feedwater temperature. The proposed control scheme reduces the required
supply pressure by approximately 10 bar while maintaining the required permeate

quality.

2.2. Energy and Economics

(Wade N., 2001) presents an economical and operational comparison of

modern multiple effect distillation, multiple stage flash, and reverse osmosis plants.



According to his work, the costs of desalination are dropping rapidly (as much as
50% in the years leading up to the study). He reported that costs of $0.7/m’ are
possible with modern reverse osmosis and evaporative plants. The comparison also
includes itemized capital and operational costs for each of the primary desalination
technologies. This study was a follow-up to work completed eight years earlier

(Wade N. M., 1993) .

(Borsani, 2005) also presents cost estimating data for the three major
desalination technologies. Borsani indicates that competition and design approach
changes have led to decreased installation costs for large desalination plants. Borsani
predicts that evaporative methods will continue to dominate markets where thermal
energy is relatively inexpensive and water supplies are low in quality (such as the
Middle East). However, reverse osmosis will continue to gain market share in other

locations.

(Mistry, 2013) performed a thermodynamic analysis of generalized heat (e.g.
evaporative) and work (e.g. reverse osmosis) desalination methods. Mistry applied
the first and second laws of thermodynamics to determine the absolute minimum
amounts of energy required to achieve separation using the two generalized

approaches. Mistry used Gibbs function data for saltwater for the computations.

(Burch, 1992) identified energy savings possibilities using the submerged
osmosis desalination concept. Based on osmotic pressure data available in the

literature, Burch estimated the permeate pumping power requirements. Burch



considered various salinity and temperature profiles in his parametric studies with the

aim of optimizing operating depth for a given temperature and salinity profile.

(Maghrabi, 2005) performed an experiment to determine the effect of
increasing feedwater temperature for a reverse osmosis desalination membrane. The
reverse osmosis system did not include an energy recovery device. Increasing the
feedwater temperature from 30°C to 40°C reduced reversed osmosis power

requirements by 18%

(Vince, 2008) created a multi-objective RO optimization model for
desalination plants. The model presented accommodates both direct economic costs
and environmental impacts and specifications. Vince also reported the

characterization values for two Dow membranes: SW30-HR380 and BW30LE-440.

2.3. Seawater Properties

(Puyate, 2008) measured ocean characteristics of Atlantic Ocean water at
depths ranging from the surface to more than 1500 meters deep. The measured
properties include several parameters needed for desalination design and modeling
including: temperature, turbidity, and salinity. From the surface to a depth of 500
meters, Puyate reported that the temperature dropped from 28 C to 7 C, and the

salinity dropped from approximately 35.5 ppt to approximately 34.5.

(Shargawya, Lienhard, & Zubair, 2010) reviewed correlations for the

thermophysical correlations of seawater. Properties including enthalpy, entropy,



osmotic coefficient, density, and boiling point elevation were covered. Calculators

using the specific correlations are maintained at http://web.mit.edu/seawater/.

(Bromley, 1974) measured and correlated data for properties of seawater.
Values presented include boiling point elevation, osmotic coefficient, and osmotic

pressure.



3. Description of Proposed System

This chapter gives a brief description of the primary modes of operation of the
proposed reverse osmosis (RO) desalination plant. A diagraming showing the major
components of the system is shown in Figure 1. The modes of operation covered in
this chapter include: normal operation, system purge, pre-screen backwash, pre-filter
backwash, cleaning solution addition, and cleaning solution soak. In this text, the
components are referenced using labels as defined in Table 1 and Figure 1. A short
description of each component is given in Table 1. This section is limited to a brief
description of operation. More operational details such as operating pressures, flow

rates, and concentration levels are given in subsequent chapters.
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Table 1: Component Labels and Descriptions

Component

Label Component Description

P1 | Pressure of the seawater supply to the Pre-Screen mesh

P2 | Suction pressure for seawater supply pump

P3 | Discharge pressure for the seawater supply pump

P4 | Supply pressure for the RO elements

P5 | Permeate discharge pressure for the RO elements

P6 | Concentrate discharge pressure for the RO elements

P7 | Desalinated water tank pressure

P8 | Tank gas bladder pressure

P9 | Desalinated water supply pump discharge pressure

M1, Mla | Seawater supply valve

M2, M2a | Pre-screen backwash valve

M3, M3a" | Pre-filter supply valve

M4, M4a" | Pre-filter discharge valve

M5, M5a | Pre-filter backwash valve

M6 | Pre-filter bypass valve

M7 | Permeate discharge valve

MS | Concentrate discharge valve

M9 | Cleaning solution supply valve

M10 | High pressure desalinated water pump discharge valve

MI11 | Recirculation valve for cleaning and backwash

M12 | System purge valve for start-up

M13 | Desalinated water supply valve

M14 | Fresh water supply to the surface platform

R1 | Cleaning solution pressure regulator

LP | Low pressure salt water pump

HP | High pressure desalinated water pump

VFD | Variable frequency drive

Pre-Screen | Pre-screen mesh for large debris

Pre-Filter | Precautionary filter to prevent RO fouling

Reverse
Osmosis | Manufactured RO elements such as DOW Filmtec
Elements

Desalinated
Water
Tank

Storage tank for desalinated water. Also used for cleaning
solution in cleaning mode

Coast | Supply line to the coast

*PSa, M1a, and M2a serve for alternate seawater supply in case the primary is fouled
**M3a, M4a, and M5a serve for alternate pre-filtration in case the primary PF is fouled
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3.1. Normal Operation

The system is designed to operate submerged deep in the ocean. The seawater
intake is at P1 and flows through a pre-screen mesh that blocks any large debris. The
seawater then flows through the motorized valve M1 and is pumped to a pressure
high enough to overcome the differential pressure of the pre-filter and RO elements
on the salt water supply side of the membranes. At the required depth the typical
turbidity is expected to be approximately 0.05 NTU (Krock, 2010). This turbidity is
very low and well within the range specified by RO manufacturers. A typical
allowable turbidity is 0.5 NTU (Krock, 2010). Therefore, the pre-filters are
precautionary elements used to protect against unexpected anomalies and potential

disturbances in the water composition.

Since the unit is located deep in the ocean, filter changes would require a great
deal of effort. For this reason, the system is designed with a back-up pre-screen
intake, and a back-up pre-filter. The system could be expanded to include multiple
backups for both the pre-screen and the pre-filter. In the event of pre-screen or pre-
filter fouling, a backwashing and cleaning cycle would be executed. If backwashing
and cleaning do not restore the elements to an acceptable state, the backup elements

would be utilized to provide clean seawater to the RO elements.

2

As shown in Figure 1, the backup intake consists of the “Pre-screen alternate
(PSA), “Motorized Valve 1 Alternate” (M1A), and “Motorized Valve 2 Alternate”
(M2A). The backup pre-filter unit consists of the “Pre-filter Alternate” (PFA),

“Motorized Valve 3 Alternate” (M3A), and “Motorized Valve 4 Alternate” (M4A).

11



Once the water exits the pre-filter unit, it flows through valve M4 and is
supplied to the RO elements. As the water flows through the RO elements, the high
transmembrane pressure drives clean water across the osmotic membrane where it is
collected in the permeate tube. As the seawater flows through elements, the salt is
blocked from crossing the osmotic membrane. This increases the salt concentration of
the water on the outside of the membrane. The fresh water collected in the permeate
tube flows through valve M7 and into a holding tank. The concentrated saltwater
flow exits the RO unit through valve M8 to the sea at the RO unit depth. Note that

during normal operation valve M9 will be closed.

The high pressure fresh water supply pump (HP) pumps the desalinated water
from the tank. The water flows through valves M10 and M13 to the shore. During

normal operation valves M11, M12, and M 14 will be closed.

3.2. System Purge

During startup, after an outage, after maintenance, or after cleaning, it will be
necessary to purge any contaminants from the system before restoring water
production to the shore. The proposed design includes motorizes valves to
accomplish this task. In order to purge the system all components except valves M12
and M13 will be in the normal operation setting. Valve M13 will be closed, and
valve M12 will be open. This will discharge the water produce by the RO elements
to the open ocean. Once the system is thoroughly purged, water production to the

shore will be restored by opening valve M13 and closing valve M12.

12



3.3. Pre-Screen Backwash

If the pre-screen mesh that supplies the intake pumps becomes blocked, pump
HP can be utilized to backwash the element with desalinated water. If necessary,
clean water could be supplied to the submerged desalinated water tank from the
surface through the pressure reducing valve R1 and the motorized valve M9. The
surface water supply for this operation would be needed if the desalinated water tank
volume is insufficient to provide the amount of backwash needed to clear the pre-

screen mesh.

In order to perform pre-screen backwash, valve M7 should be closed and
pump LP should be off. Pump HP will be used to flow water through valves M10 and
M11. Valves M12, M13, and M14 must be closed. Valves M3a, M6, and M3 will be
closed to force the water through the open valve M2. Valve M1 must be closed. This

setup will cause reverse flow of clean water through the pre-screen mesh.

3.4. Pre-Filter Backwash

Pump HP can also be used to back wash the pre-filter elements with
desalinated water. Pump HP will be supplied in the same manner as described for the
Pre-screen backwash. Pump LP will be off and valves M1, M1a, M2, M2a, M3 and
M3a will be closed. Valves M6, M4, and M5 will be open. This setup will cause
water to be pumped by pump HP from the desalinated water tank through valves
M10, M11, M6, M4, and M5 to the open ocean. This will result in reverse flow of

clean water through the pre-filter element.

13



3.5. Adding Cleaner

The system includes a supply line from the surface local to the reverse
osmosis unit. This supply line can be used to provide clean water to the submerged
desalinated water tank for backwash or other uses. In the event of RO membrane
fouling it is common practice to use a cleaning solution to separate the foulants from
the membrane. For this design the cleaning solution will flow from the supply at the
surface through the regulator R1 and valve M9. Valves M7 and M 14 will be closed.
The low pressure pump LP will be off and the high pressure pump HP will pump the
solution from the submerged tank through valve M10. Valves M13 and M12 will be
closed forcing the cleaning solution through valve M11 and the recirculation line.
Valves M1 and M2 will be closed and valves M3, M4 and M8 will be open. The
cleaning solution will pass through the pre-filter, into the RO elements, and be
discharged to the ocean through valve M8. Once an adequate amount of cleaner has
been added to fill the RO elements the pump will shut down and all valves will be

closed.

3.6. Soaking Cleaner

As mentioned above, once the cleaner has been added to the system, the
elements will soak for a period of time. During this time, all valves will be shut and
the pumps will be off. After the elements have soaked for the required amount of
time, the system must be purged before coming back online. It should be noted that

the expected cleaning frequency is extremely low.

14



Table 2: Component States for Different Operational Modes

Pre- Pre-
Label Normal Add Soak Purge filter | Screen
Opera- Cleaning Clean Clean | Back | Back
tion Solution | Solution | Purge RO | Supply | wash | wash
Pl PS PS PS PS PS PS PS
P2 | R NA NA NA NA NA |NA
P3 PF,S PF,S Ps PF,S PS PF,S PF,S
P4 PF,S PF,S Ps PF,S Ps PF,S NA
P5| 1 atm NA NA 1 atm NA NA NA
P6 | R R P P R P NA
P7 | 1 atm 1 atm 1 atm 1 atm 1 atm latm |1 atm
P8 | 1 atm 1 atm 1 atm 1 atm 1 atm latm |1 atm
P9 PS + I:)L PF,S PS PS PS PF,S PF,S
M1 | O C C (@) C C C
M2 | C C C C C C 0]
M3 | O 0] C (@) C C C
M4 | O 0) C 0) C 0) C
M5 | C C C C C 0) C
M6 | C C C C C (0] C
M7 | 0O C C 0) C C C
M8 | O (0] C (@) C C C
M9 | C @) C C 0] 0] 0)
M10 | O (0] C 0] (0] (@) @)
M11 | C @) C C C (@) @)
M12 | C C C 0) (0] C C
M13 | O C C C C C C
Ml14 | C C C C C C C
R1 | C (0) C C (0] 0] 0)
LP | on off off on off off off
HP | on on off on on on on
PS | N N N N N N BW
PF | N CS CS CS->N N BW N
RO | N CS CS CS->N CS CW | CW
T | DW CS CS cs>cw | CS CW |CW
SC | CW CW CW CW CW CW CW
O=open CW=clean water DW=desalinated water
C=closed CS=cleaning solution
N=normal BW=backwash
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4. Advantages of the Proposed System
4.1. Description of a Traditional System

A simplified schematic for a modern typical process for RO desalination
system is shown in Figure 2. In this system, the seawater supply pressure, PS, is
atmospheric pressure. The supply pump then pumps the supply stream to a high
pressure. Similar to the proposed system, the pressure P3 is the sum of the osmotic

pressure of the concentrate, the supply to concentrate differential, and the net driving

pressure (NDP), (IT+ AP, + NDP). After undergoing the pressure increase provided

by the supply pump (HP), the seawater passes through the pre-filter and then into the
reverse osmosis unit. As it flows through the reverse osmosis unit, some pure water
crosses the membrane and is collected in the collection tube which is maintained near
atmospheric pressure. The seawater passing through the RO unit is therefore being

concentrated to a higher salt content during the process.

When the salt water flow discharges from the RO unit, the pressure has only
been reduced by the supply to concentrate differential (typically less than 5 psi). This
means that pressure of the concentrate stream, P6, is very high and the flow has
relatively high thermodynamic availability. The state of the concentrate stream at the

RO discharges results in the requirement to include an energy recovery device in
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order to operate the system in an efficient cost effective manner. For modern
processes, the concentrate passes through an energy recovery device. The
effectiveness of the energy recovery device varies with cost, but some devices
recover up to 97% of the available energy in the concentrate stream. To achieve high
efficiency, the recovery turbine must operate at slow speeds which require a

physically large unit and higher capital costs.

For modern systems the supply pump must be sized large enough to flow the
entire supply stream and robust enough to provide a very large pressure lift (around
60 atm). The energy recovery device must also be built to operate at very high
pressure differentials. The energy recovery device must be size large enough to
handle the concentrate stream. The pump and energy recovery device for this are
expensive due to the operational requirements. The cost of the recovery turbine is
expected to be at least 50% of the cost of the high pressure pump (for recovery rates
around 50%). Energy requirements and typical recovery rates for these systems are

covered in chapters 6 and 7 of this text.

4.2. Advantages of the Proposed System

A simplified schematic of the proposed system is shown in Figure 3. There are
several advantages to the proposed submerged RO system. The primary advantage is
the pressure resulting from the depth of submersion. The proposed system is located
at a depth sufficient to provide the pressure needed to overcome the osmotic pressure

of the salt water and provide good flow of pure water into the permeate collector. A

18



variable frequency drive (VFD) is used to control the speed of the high pressure pump
(HP). The speed of the pump is varied so that the permeate local to the RO unit will
be maintained at 1 atm by the high pressure pump (HP). While the low pressure
pump (LP) will have to move the entire supply stream (high volume), it will operate
under a low differential pressure. This is in contrast to the “high-differential”, “high-
flow” supply pump required by the traditional system. Since this supply pump (LP)
is only providing enough pressure rise to push the supply through the pre-filter and
RO units (around 5 psi), the concentrate stream is discharged with very little
thermodynamic availability. This setup removes the need for an energy recovery

device such as the one required for the traditional system.

In the proposed system, the high pressure pump (HP) only pumps desalinated
water. So while the pump must be engineered robustly for the high lift requirements,
the size requirement is decreased when compared to the supply pump required by the
traditional system. This is an advantage for the proposed system. Table 3 compares

the required components of the two systems.

Table 3: Proposed Versus Traditional

Traditional
Component Proposed System
System
Low Pressure
Low P P LP Not
ow Pressure Pump (LP) High Volume ot needed
. High Pressure High Pressure
High P P HP
igh Pressure Pump (HP) Minimized Volume High volume
. High Pressure
E R D ERD N
nergy Recovery Device ( ) ot needed High volume
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Potential secondary benefits to the proposed design could result strategically
locating the apparatus in waters with favorable properties. Generally, the salinity and
temperature profiles of the ocean vary with depth. Salinity in the ocean decreases
with depth for the first 500 meters. The osmotic pressure requirements decrease with
decreasing salinity. The salinity at the operational depth of the proposed system is

expected to be about 1% less than the salinity at the surface (Puyate, 2008).

In ocean water, temperature generally decreases with depth for the first few
hundred meters. This decrease in temperature also decreases the osmotic pressure.
While the lowered osmotic pressure is advantageous a second effect of lowering the
temperature must be considered (Puyate, 2008). Lowering the water temperature
increases the viscosity of the water. For example, the viscosity of water is 0.653
mPa-s at 40 °C and 1.002 mPa-s at 20 °C (White, 1991). To achieve the same
production rate, water with higher viscosity requires a higher net driving pressure
than water with lower viscosity. In the absence of energy recovery, decreasing
feedwater temperature generally decreases the efficiency of RO systems that do not
have energy recovery. For example (Maghrabi, 2005) found that increasing the
temperature from 30°C to 40°C increased the RO efficiency by 18% assuming no

energy recovery from the waste stream.

However for the proposed design the only additional power requirement due
to the increased viscosity would be in the low pressure rise pump. Additionally, this
increase in pumping power can easily be offset with filter design to keep the pressure

drop from the supply to concentrate supply low. So for the proposed design, the

21



impacts of lowering the supply temperature for a given reverse osmosis unit include:
reduced osmotic pressure of the feedwater, increased net driving pressure, decreased
salt passage, and decreased permeate rates. These factors will influence package
design, recovery rate optimization, and operational depth, but will not have a

dramatic impact on the overall efficiency of the proposed system.

22



5. Energy Analysis of the Proposed System

During RO desalination, as the salt water passes through the unit, some fresh
water crosses the membrane resulting in a more highly concentrated salt water
stream. The osmotic pressure is directly proportional to the concentration level of the
salt. This results in an optimization problem to determine the optimum salt
concentration of the reject stream. Pump power is directly proportional to the
required pressure and flow rate. Increasing the flow rate provided by the low
pressure pump (LP) has the effect of decreasing the maximum salt concentration
(which decreases the pressure and power requirements of the high pressure pump
(HP)). Of course the increased flow rate provided by the low pressure pump
increases its power requirement. This setup yields an optimization problem to

minimize the total pumping power.

5.1. Required Depth of the System

The total pressure required at the inlet (PS) for the RO system is the sum of

the maximum osmotic pressure (H) , the net driving pressure (NDP), and the permeate

discharge pressure. The net driving pressure is the difference in the actual
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transmembrane pressure difference (APT ) and the osmotic pressure of the concentrate

stream. The rate of permeate production is proportional to the net driving pressure.

5.2. Approximate Required Depth of the System

To begin understanding the geometric requirements of the proposed
submerged desalination system, an approximate minimum depth requirement is
calculated. This approximation is based on a recovery rate that approaches zero (the
supply stream is not concentrated as it flows through the RO unit). The actual

required depth will increase when the most economical recovery rate is used.

The osmotic pressure of typical ocean water is 26 atm (Greenlee, 2009). In
order to produce permeate, the pressure difference across the RO membrane must be
greater than the osmotic pressure. This “extra” pressure is known as the net driving

pressure (NDP). Typical net driving pressure is around 7 atm. For these conditions,

the system requires a submersion depth (D) that will yield 33 atm (gauge) assuming
the permeate discharge is maintained at atmospheric pressure. Given the density of
supplied seawater ( ps) to be approximately 1025 kg/m® and the acceleration due to
gravity (g) to be 9.81 m/s%, the depth may be computed by equation (1). For typical

values the required depth would be approximately 330 m (1100 ft).

(1
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5.3. Concentration factor

The mass fraction of salt in ocean water is denoted as X . The concentration

factor (CF ) is the ratio of the mass fraction of salt in the concentrate stream to the
mass fraction of the salt in the supply stream. The mass fraction of the salt in the
permeate stream is considered to be zero for this analysis. So the concentration factor
is given in equation (2)

Xc 2

CF="¢
XS

Performing a mass balance on the salt in the streams yields a relationship

between the mass flow rate of the permeate and the concentration factor. This is

expressed in equations (3) and (4) with M, the mass flow rate of the permeate and M,

the mass flow rate of the concentrate.

(mP"'mc)Xs:mc'Xc 3)

mC mC

Since the maximum osmotic pressure during the process is proportional to the
concentration factor the maximum osmotic pressure may be computed by equation

(5) with ITthe osmotic pressure.

I, =CF- Il ()
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Another fraction used to quantify the percentage of water that is “recovered”
into fresh water is called the recovery rate (RR). The recovery rate is defined in

equation (6).

m
RR=—F (6)
mS
In order to relate the recovery rate to the concentration factor, equation (4) is

written substituting mg for (m, +m) and (mg —m,) form.. The resulting

expression is given in equation (7).
CF=—"— (7)

Equation (7) is manipulated into the form given in equation (8).

L _mg—r,

CF M My

®)

Using the definition of the recovery rate given in equation (6), the appropriate
substitution is made into equation (8). The expression relating CF and RR is given in

equation (9).

—=1-RR 9
CF ©)

Equation (9) is then rearranged to solve for CF and RR. The results are given

in equations (10) and (11).
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RR:(l—Lj (10)

CF=— 11
1-RR (1

5.4. Actual Required Depth

The supply pressure, Py , is computed in terms of the concentration factor

according to equation (12).
P, =I1__ +NDP=CF Il + NDP (12)

The required depth, D, is computed by using equations (1) and (12)

resulting in equation (13).

_ CF-II, +NDP (13)
Ps 9

D

5.5. High Pressure Pump Work

For a given depth and distance to shore, the pressure and power requirements

for the high pressure pump may be calculated. The required pressure P, is the sum of
the head due to the elevation change and head loss, h, , due to the transmission to

shore. This is expressed in equation (14).
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) P9:pp'g'D+h|_ (14)
The pump power required deliver the fresh water from the permeate tank to

the shore neglecting head losses, Wi, , is given by equation (15).

WHPI :vaPgD (15)
Equation (16) gives the lift component of the high pressure pump on a per unit

volume of permeate delivered basis.

Wypry =Pp-9-D (16)
Combining equations (13) and (16) gives the high pressure pump equation in

terms of the concentration factor. The resulting equation is given as equation (17).

Wi,y =22 (CF -T1, + NDP) 17

HPLV
S

The head loss may be estimated using a friction factor determined by typical
piping standards and characteristics. A typical optimized design velocity is 1 m/s

(McGhee, Water Supply and Sewerage, 6). For this analysis, a medium sized RO

3

desalination plant that will produce 50,000 d£ is considered (Greenlee, 2009).
ay

The friction factor, f, may be estimated in terms of pipe roughness, € , pipe

diameter D, ., and the Reynolds number (Re) from the Colebrook correlation for

pipe °
turbulent flows which is given in equation (18). MATLAB code that performs

iterations to compute the friction factor is given as Program 1 in Appendix A.
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(18)

The Reynolds number (Re) depends on density ( o ), the dynamic viscosity (

1), and the velocity (v). The Reynolds number formula is given by equation (19).

v-D.
Re =2 Zoive ; pie (19)

The values of roughness, water density, and dynamic viscosity used for head

loss calculations of fresh water delivered to shore are given in Table 4 (White, 1991).

Table 4: Head Loss Parameters

Parameter Value Used
Roughness 0.046 mm
Density 1000 kg/m’
Dynamic Viscosity 1.3x 10” Pas
Temperature 30°C
Volumetric Flow Rate 50,000 m’/day

Once the friction factor is determined, the pressure loss per unit length of

pipe due to friction may be computed by equation (20).
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APL_f. o,
L D

v
> (20)

Pipe Pipe
In order to investigate the potential impact of pipe size on pumping power
requirements, the pressure losses (per kilometer of pipe) are computed for pipe

diameters varying from 0.4 m to 1 m. The pressure loss data are given in Figure 4.

The work per unit length of pipe per unit volume pumped, W, , required to overcome

the line pressure loss, AP,_, is given in equation (21) in terms of the line pressure

I:)L

loss per unit length of pipe ( ] and high pressure pump efficiency (77HP) . The

Pipe
work required to overcome friction to deliver a cubic meter of water a distance of 1
kilometer is given in Figure 5 for pipe diameters varying from 0.4 m to 1 m. The pipe
diameter range is set based on the assumption that the optimal design velocity

(including capital) is around 1 m/s. The code for these plots is given in as program 4.

W, AP,

e2y)

LPipe 'Vpumped ) e - LPipe

These calculations show that for a plant size of 50,000 m’/day, a 1 meter
diameter pipe results in a flow velocity of 0.74 m/s, a head loss rate of 3.78 kPa/km,
and a work rate of 1.21 x 10 kWh/m?/km. Bathymetry data show ocean depths
reach 1000 m within 50 km of shore in many places on all continents (NOAA , 2014).
In select coastal regions occur much closer to shore. Based on a distance to shore of
50 km and a pipe diameter of 1 m, the horizontal pumping power requirement is 0.06

kWh/m’. This work is less than 5% of the total work required to deliver fresh water

to the surface (see chapter 5.7).
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Figure 5: Work to Overcome Friction
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5.6. Low Pressure Pump Work

The pump power required by the low pressure pump (\/\'/LP ) may be computed

by equation (22).

. V- (P, —P
Wip = : ( > C) (22)
e
The low pressure pump rate equation is divided by the mass flow rate of
permeate produced to yield equation (23). The density of the supply is denoted by
Ps -
m, - (AP,
Wip = : ( S.) (23)
Ps M -Mp

The low pressure pump rate equation is divided by the mass flow rate of
permeate produced and the specific volume is formulated as one over the density to

yield equation (23), where W, is the low pressure pumper work per unit mass.

W, = my - (AP)

_ . (4)
Ps M -Mp

Utilizing conservation of mass the work equation is modified to the form

given in equation (25).
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1 m

W, = -(_—C+ 1}-(APS ) (25)
Ps Mp \ Mp

The formulation given in equation (25) is then used with equation (8) to give a

formula for low pressure work in terms of the concentration factor as defined in

equation (26).

1 ( CF J
W, = . (AP, 26
=\ ee ) (AR) (26)

Equation (26) gives the work per unit mass of fresh water produced. In order
to compute the work per unit volume produced, W, , the expression must be

multiplied by the density of the water being produced. This product is reflected in

equation (27).

__Pe ( CF j
W oy = . (AP, 27
o= G (4R) @7)

5.7. Total Pump Work Excluding Shore Line Head Loss

In order to determine the concentration factor that minimizes pumping power,
the total pumping work (per unit volume of permeate) is computed with equation
(28). MATLAB programs to produce the results are given in Appendix A as

Programs 4, 5, 6, and 7.

For Figure 6, four curves are produced for differential pressures ranging from

0.1 psito 10 psi. A typical value for this differential is 5 psi or less, but the figure
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shows the impact of a variation of this parameter due to fouling or change in design.
These data may be used to estimate the savings potential of reducing the differential
pressure by increasing the available flow area in the system. Figure 6 also shows that
required work is more sensitive to changes in CF for values of CF that are less than
the optimum value. Water property data used for the analysis are given in Table 5 5

(Bromley, 1974), (White, 1991).

Table 6 lists the optimum CF values for differential pressures of 1, 5 and 10
psi. These data show that, when operating at the optimum CF value, a change in
differential pressure of 5 psi results in an energy requirement change of
approximately 0.1 kWh/m’. Further analysis will be performed for the typical
differential pressure value of 5 psi. This differential pressure corresponds to an

optimum CF value of 1.12 and a required work of 1.31 kWh/m’.

__Pr ( CF j Pr
Wy +W, = . (AP )+ ———(CF -II; + NDP 28
LPV HP1V Mo Ps CF -1 ( s) Mp - Ps ( S ) ( )
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(KWh/m®)

total

Power

Total Pump Power Neglecting Line Losses
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Figure 6: Total Pump Power Neglecting Line Losses
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Table 5: Pumping Parameters for Work Computations

Parameter Value Used
P 1000
m
ps 1025 %€
m
AP, 1 psi, 5 psi, and 10 psi
NDP 7 atm
I, 26 atm
M 0.86
Mup 0.86

Data from (Bromley, 1974), (White, 1991)

Table 6: Optimum Concentration Factor

AFy CFlest Winin
(psi) (KWh/m"3)
0.1 1.02 1.14
1 1.05 1.20
5 1.12 1.31
10 1.17 1.40
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6. Energy Analysis of the Traditional System

A simplified schematic for a traditional RO desalination plant is given in
Figure 2. Traditional RO desalination plants operate near a coast and utilize surface
seawater or brine water from a well. Plants utilizing surface seawater intake the
seawater and pretreat the water. The supply is then pumped to a pressure around 7
atm above the osmotic pressure of the concentrate stream. Energy from the
concentrate stream is then transferred by an energy recovery system to the supply
stream. The efficiency of modern energy recovery devices is very high and
approaches 95% (Greenlee, 2009). Due to capital costs and pumping power required
to overcome the pressure differential (supply to concentrate), modern systems are
typically designed to operate at a recovery rate of around 50% (Greenlee, 2009). The
following analysis is performed to determine the minimum pumping power required

to operate a traditional system at this typical recovery rate.
The pressure rise requirement of the pump, APR,,, is given equation (29) .
AR =I1__ +NDP +AP, =CF -II5 + NDP + AP (29)

For a system using an energy recovery device that has an efficiency of 7; and

a pump that has efficiency 7, , the required pumping power is given in equation

(30).
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) V. -AP .
Wip :%_UR Ve '(APHP _APS) (30)
HP

The work requirement per unit volume of permeate produced is found by

dividing equation (30) by the volumetric flow rate of permeate produced as shown in

equation (31).
WHP vs vc vs vs _vp
- = : AP - —:—AP - . p . AP —AP 31
Vo 7oV, Hp IR vV, v, wp IR A ( HP s ) 3D

Using the definition of the recovery rate (RR), substitutions are made to
simplify the expression given above. The work per unit volume for the traditional

system is then given in its final form in equation (32).

Wi 1 1
W, =—= = AP . — J——=11-(AP . — AP 32
HP.v V,  7.-RR He — IR (RR j ( HP s) (32)

Assumed values used for computing the work requirement are given in Table
7. MATLAB code used to compute the work and concentration factor for this case is

given in Appendix A as Program 1.
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Table 7: Traditional System Assumed Constants

Parameter Value Used
P 1000 <&
m
Ps 10255
m
AP 5 psi (34.5 kPa)
RR 50%
I 26 atm
AP, 7 atm
Nyp 0.86
s 0.97

Table 8 gives the computed data from Program 1. The data show that for a
recovery rate of 50% that the concentration factor is 2.05. For the assumptions given
in Table 8, the pumping work required is 2.3 kWh/m’. This computation assumes
that the energy recovered from the concentrate stream is used to offset the power

requirement of the pump. The work number given for the required work is the net

Data from (Bromley, 1974), (Greenlee, 2009)

requirement after credit is given for energy recovery.
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Table 8: Traditional System Computed Values

Parameter Value Computed
CF 2.05
k
W, 23
m
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7. Generalized Minimum Work Requirements

The previous chapter contains an energy analysis of a specific submerged
reverse osmosis system. In order to compute data for absolute minimum work
requirements of filter separation, two approaches are presented in this chapter.
Method one utilizes the second law of thermodynamics and the Gibb’s function; this
method has been published by (Mistry, 2013). Mistry’s results are repeated, and a
second method using osmotic pressure and the first law of thermodynamics to

compute the minimum work is presented.

The effect on efficiency of adding stages to a traditional reverse system is also
presented. The thermodynamic model of the multistage system using osmotic
pressure to compute work requirements is modified to include the effects of non-ideal

pumping and energy recovery.

7.1. Gibbs Function and Second Law Computations

In order to develop a measure of the minimum work that must be provided to
desalinate water, the first and second law is applied. Figure 7 illustrates a control
volume for an arbitrary desalination plant. It includes 1 inlet stream which is the salt
water supply and two outlet streams. One outlet stream is pure water and the other is

a concentrated salt water stream. It is located in an area where the environment
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temperature and pressure are T, and P, respectively. Keeping the apparatus and
environmental conditions arbitrary, a heat term, QO , 1s shown flowing into the

boundary. The work that must be supplied to the apparatus is given as Vme .

I e

b o e e )

Figure 7: Desalination Control Volume

The first law, for the apparatus shown in Figure 7, is then given by equation

(33).

2 2 2

o oy (o dE 33
Q0+Wmm+ml(h1+?1+g'21]_m2(h2+?2+g'22J_m3(h3+?3+g.Z3j:(ajsymm .

Assuming steady state, negligible kinetic energy, and negligible potential

energy in the flows, the first law simplifies to equation (34).

Q, +W. . +m, -h —m,-h,—m,-h, =0 (34)
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To apply the second law, an entropy balance, for the apparatus shown in
Figure 7, is given in equation (35).
Q,

—+ml-sl—rﬁz-sz—rh3-s3+Sgen :(

ds ] (35)
TO system

dt

In order to minimize the work required, all processes within the device are

assumed to be reversible. Therefore the entropy generation within the device, S, , is

zero. Assuming steady state conditions and solving equation (35) for the heat term

yields equation (36).
Q, =T, (-, -5, +m, -s, + 1M, -s,) (36)

Substituting equation (36) into equation (34) and solving for V\'/min yields
equation (37).

vain :_ml (h1 _51T0)+m2 (hz _52T0)+m3 (ha _S3To) (7)

Assuming the inlet and exit streams are in thermal equilibrium with the

surroundings equation (37) simplifies to equation (38).

W, =—m (h —sT,)+m,(h,—s,T,)+m, (h —sT,) (3%)

The definition of the Gibbs function, §, is given in equation (39).

§=h-Ts (39)
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Substituting equation (39) into equation (38) yields equation (40).

vain

=-m-g,+m,-g,+m,-g, (40)

In Figure 7 stream 1 is the supply stream, stream 2 is the pure water or
permeate stream, and stream 3 is the concentrate or waste stream. The recovery rate

is then given in equation (41).
RR =M (41)

Applying conservation of mass yields equation (42).

dmj o (42)
— | =m-m,—m
( dt o | 2 3

Applying the steady state condition to equation (42) and solving for the mass

flow rate of the waste stream yields equation (43).

m, = i, —n, (43)
Solving equation (41) for the supply mass flow rate and substituting into
equation (43) gives equation (44).
mzzﬂ_n'b:mz L_l (44)
RR RR

Now equation (40) is rewritten in terms of the recovery rate and the mass flow

rate of the permeate. This expression is given in equation (45).
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. 1 O | . 45
Wmin:_R_;.gl+m2.gz+m2(ﬁ_l)'g3 (45)
The power equation given in (45) is divided by the mass flow rate of the
permeate. The work per unit mass of pure water produced, Wy, is given in
equation (46).
Wy __ 6 4 (] : (46)
W.. — min _ __ Il + __1 .
gibbs m2 RR gz (RR j g3

Using equation (46) and thermodynamic property calculators (MATLAB)

available at http://web.mit.edu/seawater/, the Mistry’s minimum work plots are

verified in Figure 8. The MATLAB code is presented in Appendix A as Program 8.

7.2. Minimum Work Computed with Osmotic Pressure

For separation by reverse osmosis driven by pumping power, the power
required assuming reversible ideal pumping and reversible ideal energy recovery is
calculated. In Figure 9, salt water enters at 1 and is pumped into a single stage RO
unit. Permeate is produced and discharged at 3. The waste stream flows through the
ideal recovery device. The first and second laws are applied to the pump and

recovery turbine to give equations 15 and 16 for the isentropic work rates. The
pressure at states 1, 3, and 5 is equivalent to P,. The pump must boost the pressure

of the supply stream sufficiently to drive the reverse osmosis process throughout the
RO unit. This means that the pressure at 2 must exceed the pressure at 3 by at least

the osmotic pressure of the discharge stream (at 4). The minimum power required by
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the pump, W

HP,min

and maximum power recovered by the recovery device, W

R,max ?
are given in equations (47) and (48) respectively where v is the specific volume of the

water.

WHP,min v-m '(H4) (47)
WR,max v m5 (H4) (48)

The net power required, W

net,min

is calculated by taking the difference of the

pump power and recovery power in equation (49).

Wnet,min = U.(H4)(ml - m5)

(49)
Applying conservation of mass equation (49) is rewritten as equation (50).
W
mit,mm =0- (H4) (50)
m3

A mass balance is performed on the salt ions entering and leaving the RO unit,

equation (51) gives the concentration of the waste stream, X;, as a function of the

recovery rate and the inlet concentration.

Xy = X, (51)

48



Therefore, in order to compute the minimum work required to perform reverse
osmosis, a method to estimate the osmotic pressure as a function of salt concentration
is sought. One method to estimate the osmotic pressure is to use van’t Hoff’s Law

which is given by equation (52).
M=R-T-M,, (52)

Van’t Hoff’s Law states that the osmotic pressure is proportional to the molar

concentration of ions in the water, M., the universal gas constant, R , and the

temperature, T . Data are available to apply a correction factor (the osmotic

coefficient, @ ) to van’t Hoff’s Law. This correction is formulated in equation (53).
Hcorrected = (D R T : Mion (53)

Data for the ionic concentration of standard seawater (35 ppt) are available on

the CDIAC website (http://cdiac.ornl.gov/). These data are presented in Table 9.
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Table 9: lonic Molar Concentration of Seawater

lon Concentration
(mol/L)

cr 0.546
Na* 0.469
Mg?* 0.0528
S04~ 0.0282
ca” 0.0103
K* 0.0102
CO, 0.00001
HCO; 0.00177
CO; 0.00026
Br- 0.000844
B(OH); 0.00032
B(OH), 0.0001
Sr** 0.000091
F 0.000068

Total 1.119963

50



The osmotic coefficient, @, is a function of temperature and concentration.
Data and calculators for the osmotic coefficient are available. The MATLAB

calculator maintained at http://web.mit.edu/seawater/ is used in this work.

Since data are available for seawater at 35 ppt, the molarity of seawater at any

concentration is estimated by multiplying the standard molarity, M by ratio of the

ion,35
actual concentration, PPT, and standard concentration, 35 ppt. This formula is

presented as equation (54).

M —m PPT (54)

ion ion,35
35

Substituting equation (54) into equation (53) yields equation (55). These

formulations are implemented in Program 9 and presented in Appendix A.

PPT (55)

ion,35 ’
35

Hcorrected = (I) ’ R T ’ M

The osmotic pressures calculated with equation (55) are compared to results
produced by Bromley at 25 °C for concentrations varying from 10 ppt to 120 ppt in
Table 10. These data show the osmotic pressure calculator used in this work
produces pressure estimates that are consistently lower than those presented by
Bromley. The data in the table show good agreement between two estimates of
osmotic pressure up to concentrations of 40 ppt (within 3.1%). At higher
concentrations, the predicted values are less consistent and have a difference of up to
11.8%. It is not clear which osmotic pressure data are more accurate. However, in

the range of brackish water (10 ppt) to open seawater (35 ppt) the two data sets are
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closely aligned. In performing analysis to compare two desalination methods it is
important to use the same osmotic pressure data for both analyses. Any error
introduced by the osmotic pressure data will then push the solution of both analyses
(e.g. total energy required) in same direction and minimize the error in the difference

or comparison of the two desalination methods.

Table 10: Osmotic Pressure Calculator Results—25 °C

Concentration | Pgromley | Pcalculated | Difference
(ppt) (atm) | (atm)
10 7.1 7.05 0.7%
12 14.27 | 14.12 1.1%
345 25.11 | 24.47 2.5%
40 29.38 | 28.46 3.1%
60 45.86 | 43.32 5.5%
80 64.06 | 59.01 7.9%
100 84.3 75.85 10.0%
120 106.8 | 94.15 11.8%

In order to compute the absolute minimum work requirement for desalination
by RO, multiple stage RO is considered. Figure 10 illustrates an n-stage reverse

osmosis setup with energy recovery. It is drawn with intercooling between stages to
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accommodate isothermal pumping and isothermal energy recovery in the turbines.

The reversible pump and turbine work may be computed with equation (56).
w= j vdP (56)

The water is assumed to be incompressible, so the pump power for the nth

pump, W. , becomes equation (57).

n

W = mc,n—l 'Vc,n—l '(Hc,n _Hc,n—l) (57)

Taking the pressure at the inlets and exits of the total system to be Py, the total

pumping POWGT,WHp,tom , may be computed by equation (58).

n
. . . 58
WHP,totaI = ms 'Vs (Hz ) + Z(mc,n—l 'Vc,n—l '(Hc,n _Hc,n—l )) ( )
n=2
Letting the salinity of the permeate be zero, a mass balance is performed on

the total dissolved solids entering and exiting the first n stages of the system. This

balance is given in equation (59).
- X, =M, - X, (59)

Solving the mass balance for the mass flow rate of concentrate gives

equation (60).

M o=m (60)

54



Now the flow rate for the nth pump may be computed with equation (60), and

the total pump power may be computed with equation (61).

. . o X
WHP,totaI =M -V '(H2)+Z{ms ) X > 'Vc,n—1 '(Hc,n _Hc,n—l )J (61)
n=2

c,n-1

The recovery rate is defined in equation (62).
RR=Te (62)

Using the definition of the recovery rate presented equation (61) the work per

unit mass of permeate delivered, W,p o > 1S given in equation (63).

W otal Vs c 1 XS
Wi toral = :;,t tal :ﬁ.(H2)+Z((ﬁj.X_.vml .(Hc’n -1, )J (63)
P n=2

Using equation (56) the formula for energy recovered from the waste stream
may be developed. Since the concentration of the waste stream is constant through

the entire recovery section and the expansion is isothermal, the specific volume is
considered to be constant. The total power recovered by the turbine, WR , 1s given in

equation (64).
W, =, -, -(I1,) (64)

Conservation of mass is applied to the multiple stage RO in equation (65)
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h, =, + M, (65)

Equation (65) is combined with the definition of the recovery rate to yield the
mass flow rate of the concentrated stream in terms of mass flow rate of the permeate.

This expression is given in equation (66).

fh, =, —ri, =, [%—1} (66)

Combining equations (64) and (66) yields the work per unit mass of permeate

produced. This expression is given in equation (67).

WRzﬂz(L—lj~vc~(Hc) (67)
m RR

p
The net work required to deliver permeate is then formulated in equation (68)
Wiin = Whp totat — We

Vs V() Xy _ )y
. (Hz)i_z((m] B (1, nc,n_l)J (1))

Equation (68) is used with 1000 stages (practically infinite stages) of reverse

(68)

osmosis to find the minimum work required. The results are given in Figure 11 for a
supply concentration of 20 ppt and Figure 12 for a supply concentration of 35 ppt.
Equation (68) requires estimates for the osmotic pressure at various salt concentration
levels. The computations are performed using equation (55). The curve

corresponded to this approach is labeled w,, . Equation (68) is also used with

osmotic pressures reported by Bromley found in Table 10. Linear interpolation is

applied to the Bromley data to estimate the osmotic pressure between given data

56



values. The results of the work computations using the Bromley values for osmotic

pressure are plotted in Figure 11 and Figure 12. The curves are labeled Wy, gomey -

The code used to produce these plots is presented as Program 10 in Appendix A.

The work estimates computed from the Gibbs function as formulated in
equation (46) are also plotted in Figure 11 and Figure 12. These plots show some
inconsistency between the estimated work values. For example, the minimum work
values for the different formulations are given in Table 11. These values correspond

to a recovery rate approaching zero and deviate from each other by as much as 20%.

The discrepancies in the work estimates may be explained by error analysis of
the property estimates. For example, the Gibbs function provided has an error limit
of plus or minus 0.5%. The impact of this error is magnified at low recovery rates.
To illustrate this concept maximum and minimum values for a given computed value

of the Gibbs function are given in equation (69).

Error bands are then created by computing the work using the maximum error
assumption for the Gibbs function as formulated in equations (70) and (71). These
functions are also plotted in Figure 11 and Figure 12. The figures show that the work
calculations are extremely sensitive to error for low recovery rates. The code used to

perform these calculations is presented as Program 10 in Appendix A.
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W :_ghmax_i_g 4 L_l g'\ '
gibbs, max RR 2,min 3, min (70)

W 4 :_Ql,lmn+g + L_l g
gibbs,min RR 2,max RR 3,max (71)
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Table 11: Minimum Work Comparison

Concentration | Recovery Rate | Wgibbs | Wydp

(ppt) (ke/kg) | ki/kg | ki/kg
20 0.01 1.18 | 1.44
35 0.01 2.73| 2.53

7.3. Work Comparison of Submerged and Conventional Multistage RO--
Idealized Equipment

With the proposed submerged reverse osmosis desalination system, if the flow
losses due to friction in supply to concentrate stream are neglected, the only power
required is for the pump that delivers the permeate to the surface. For the ideal case,
it is also assumed that the reverse osmosis membrane is perfect and no net driving
pressure is needed for good permeate production. Therefore, the work require per
is given in equation (72).

unit of permeate delivered, Wy, ereq ideal »

%:VP.(HC)

m, (72)

W,

submerged ideal =

Since frictional losses are neglected in equation (72), the least total work will

coincide with recovery rate that approaches zero and a pressure requirement that
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approaches the osmotic pressure of the supply. So equation (72) is rewritten as
equation (73).

W,

submerged ideal =

_P:VP (HS)
p

(73)
Equations (68) and (73) are used to compare the required work per unit

permeate for a traditional reverse osmosis setup with varying stages to the

requirement for the proposed system. The results are shown in Figure 13. As

illustrated, the ideal submerged system achieves the same minimum power as a

traditional idealized one stage system. However, the traditional system requires

energy recovery. The plots in Figure 13 are produced with Program 11 in Appendix

A by setting the pump and recovery turbine efficiencies to 1.
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7.4. Work Comparison of Submerged and Conventional Multistage RO--
Real Equipment

For non-ideal pumping and energy recovery, the optimum recovery rate will
not approach zero. Assuming frictionless flow, the non-ideal work for the n-stage
may be computed by modifying equation (68). The

reverse 0smosis system, Wy, . .\ »

resulting formulation is given in equation (74).

WHP,min

W,

stage,real

- WR,max ’ 77R
e

—(UR)-(é—lj‘Vc (11,)

For the submerged reverse osmosis system, when frictional losses are
neglected, only one pump is required. The required pump must deliver enough work
to the permeate to move it to the surface. Applying pump efficiency to equation (72)

yields equation (75) which gives appropriate non-ideal work, W, Equations

ubmerged ,real *
(74) and (75) are implemented in Program 11 which is presented in Appendix A.

VY '(Hc)
Wsubmerged,real - T (75)

The results are plotted in Figure 14. This shows that the minimum work for
the traditional multistage system is around 5 kJ/kg and occurs with a recovery rate of
approximately 40%. The proposed submerged system has a minimum work

requirement of approximately 3 kJ/kg. According to this model, the optimum
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