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ABSTRACT

Sliding vane pressure exchanger (SVPE) is expected to be a type of efficient device to recover pressure
energy from liquid streams in seawater reverse osmosis system. In this work, a matching design of
vane number and port position was proposed to eliminate the short circuit flow, reversed flow, lig-
uid decompression and compression. The contact performance between the cylinder and vane was
studied by the proposed vane dynamic model. Then, the vane dynamics model in conjunction with
the energy loss model was used to evaluate the energy recovery efficiency of the SVPE. The critical
condition of the contact performance and the energy recovery efficiency of the SVPE were simulated
by using MATLAB software. The simulated results in this work were compared with those in the ref-
erence. Finally, the influences of the device parameters on the energy recovery efficiency of the SVPE
were discussed. According to the simulated results, a careful selection of the device parameters, such
as rotational speed, vane thickness and vane length, is critical in order to improve the energy recovery
efficiency of the SVPE. This work may provide a vital method to accurately predict the energy recov-
ery efficiency of the SVPE, and help to guide the performance optimization.

Keywords: Desalination; Energy recovery efficiency; Sliding vane pressure exchanger; Seawater reverse

0smosis system

1. Introduction

Over the years, the efficient use of energy sources has
shifted people’s much concern. As is known to all, the most
common energy forms that canbe recovered are heat and pres-
sure. According to the developed heat exchange technology,
the heat energy recovery potential is distributed in numer-
ous processes with temperature difference. Analogously, the
pressure energy recovery can be accomplished by pressure
energy exchange between process streams with pressure dif-
ference. These streams exit in most pressure-driven process
industries, such as membrane industry, chemical industry,
food industry and seawater desalination industry.

Seawater reverse osmosis (SWRO) technology has
been proved as a significantly efficient way in seawater
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desalination to deal with the shortage of fresh water [1].
Nevertheless, there are still a lot of restraints that blocks the
development of the SWRO technology, especially the high
energy consumption. Numerous efforts have been done
in order to decrease the energy consumption in the SWRO
system, such as the configuration optimization of reverse
osmosis (RO) arrays [2], the improvement of the hydraulic
permeability of RO membranes [3] and the application of
energy recovery devices (ERDs) [4]. It has been proved that
the application of ERDs in the SWRO system can obviously
decrease the energy consumption [5] and make the produc-
tion of fresh water economical with low carbon emission.
Several kinds of ERDs have been developed to recover
the remaining pressure energy [6]. Presently, ERDs based
on the positive displacement principle mainly include
the piston-type work exchanger and the rotary pressure
exchanger [7]. Due to the distinct advantage of high energy
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recovery efficiency of about 96.6% [8], the PX pressure
exchanger produced by Energy Recovery, Inc., as a typical
commercial product of the rotary pressure exchanger,
has been a critical component to decrease the energy
consumption in the SWRO system [9]. It is investigated that
over 80% of the newly built SWRO plants are supplied with
rotary pressure exchangers [10]. But meanwhile, the rotary
pressure exchanger is of difficult manufacture, and the
uncontrollable fluid mixing occurs within the device due to
the direct contact between brine stream and seawater stream
[11]. The piston-type work exchanger is of low fluid mixing
rate and high energy recovery efficiency above 90%. But its
initial investment cost and maintenance cost are relatively
high. Meanwhile, globe valves and servo valves are needed
to precisely control the flow directions of fluid streams [12].
In contrast to the positive displacement type ERDs, the
centrifugal type ERDs, including Pelton wheels, reverse-
running pumps and turbochargers, have a maximum
efficiency of about 82% [13].

In recent years, the sliding vane pressure exchanger
(SVPE) has been proposed as an ERD [14]. The schematic
of SVPE is shown in Fig. 1. It consists of a cylinder, a rotor
and several sliding vanes. The sliding vanes fit in the vane
slots which are arranged in the rotor. The high pressure brine
stream pushes the vane to drive the rotor to rotate at the brine
side and entrains the low pressure seawater at the seawater
side. The low pressure seawater is pressurized by the vane
and flows into high pressure pipe network. The energy is
transferred by the rotor and vanes from brine stream to sea-
water stream.

As shown in Fig. 2, the SWRO system coupled with a
SVPE device consists of a seawater supply pump, a high
pressure pump, a booster pump, membrane modules and a
SVPE device. The brine stream discharged from membrane
modules goes through the SVPE device, where its pressure is
transferred to a part of (about 60%) seawater stream. A booster
pump is arranged downstream the pressurized seawater
stream in order to supply the pressure loss in the membrane
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Fig. 1. Schematic of SVPE.

modules, the SVPE device and the pipeline. Fully pressurized
seawater stream then combines with the seawater pumped
by the high pressure pump to the SWRO system. And the
depressurized brine stream flows out of the SWRO system.

It is a pity that no more literature about the SVPE has
been reported so far. In a study by Al-Hawaj [14], mod-
els for flow rate, friction loss, leakage loss and efficiency of
the device were presented under the assumption that each
vane always contacts with the cylinder. The reliable contact
between the cylinder and vane is a requirement for the nor-
mal operation of the SVPE. However, the assumption of well
contact performance has not been validated. Furthermore, an
accurate method for precisely predicting the energy recovery
efficiency is still necessary to provide detailed characteris-
tics of the SVPE. In this paper, the matching design of the
vane number and port position was theoretically proposed.
The vane dynamic model was newly established on the basis
of the force analysis of the vane. Then, a method was intro-
duced to determine the energy recovery efficiency of the
SVPE based on the vane dynamics model and energy loss
model. Finally, the influence factors of the energy recovery
efficiency and its effects were discussed.

2. Method to determine energy recovery efficiency
2.1. Structural model

As shown in Fig. 1, the rotor is concentrically disposed
within the elliptical cylinder inner wall. The rotor turns in the
counterclockwise direction. Fig. 3 displays the position of the
inlet port and outlet port. The four ports are symmetrically
arranged in the cylinder with the port lower edge angular
limit of a and the port upper edge angular limit of 3. The
cylinder profile at the brine side is symmetrical with that at
the seawater side, which is divided into five sections by the
port edge angles ot and . The five sections are seal section 1,
inlet section, middle section, outlet section and seal section 2.
And the inlet section and outlet section connect to the inlet
port and outlet port, respectively.

Fig. 4 displays the schematic diagram of short circuit
flow, reversed flow and liquid decompression and compres-
sion in the SVPE. The short circuit flow occurs if there are
no vanes located in the middle section at the brine side, as
shown in Fig. 4(a). Similarly, at the seawater side, the low
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Fig. 2. SWRO system coupled with a SVPE device.
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Fig. 4. Schematic diagram of (a) short circuit flow, (b) reversed
flow and (c) liquid decompression and compression.

pressure seawater inlet is exposed to the high pressure
seawater outlet if there are no vanes located in the middle
section, leading to the reversed flow due to the high pressure
differential, as shown in Fig. 4(b). Although check valves can
be arranged downstream of the seawater inlet to prevent the
reversed flow, it will add the complexity of the device and
the flow resistance loss of the fluid. In addition, if there are
more than one vane located in the middle section, the vol-
ume between the two adjacent vanes V, increases and then
decreases when the vane sweeps through the middle section,
as shown in Fig. 4(c), leading to the energy loss in the lig-
uid decompression process and the possible damage of the
device in the liquid compression process. So, only one vane
should be always located in the middle section.

Based on the analysis above, the vane number matched
with the port position is proposed in this paper to eliminate
the short circuit flow, reversed flow, liquid decompression
and compression, and a case of the matching design is pre-
sented in Table 1.

2.2. Vane dynamics model

The vane dynamics model takes the following assump-
tions: (1) the rotational speed of the SVPE is constant. (2)
The contact forces act along the vane surface uniformly in
the axial direction. (3) The contact point between the cylinder

Table 1

A case of the matching design of vane number and port position
Parameter Value
Number of vanes (z) 3
Lower edge angular limit of port (a)° 5
Upper edge angular limit of port (3)° 30

and vane is always located in the top of the vane tip. (4) The
manifolds pressure loss is ignored. Several channels are
arranged along the front side (downstream side) surface of
the vane. The arrangement of the channels provides a flow
passage connecting the vane slot bottom and front cham-
ber. The liquid can timely flow into vane slot bottom avoid-
ing the occurrence of low pressure in slot bottom when the
vane moves against the rotor center, and the liquid can also
timely flow out of vane slot bottom when the vane moves
into the rotor center avoiding the occurrence of over pressure
in slot bottom. The liquid pressure in the vane bottom can
be considered to be the average value of the liquid pressure
between in the front chamber and in the rear chamber with a
suitable size of the channel [15].

The vane may not be able to always contact with the cyl-
inder wall. Hence, the forces acting on a single vane whether
the vane contacts with the cylinder or not ought to be consid-
ered separately, as displayed in Figs. 5(a) and (b). In the two
cases, the vane bears the gravitational force F p the inertial
centrifugal force F, the inertial force of convected motion F,
the Coriolis inertial force F,, the vane base force F, acting on
the slot bottom due to the liquid pressure in vane slot, the
liquid force F acting on the vane side due to the liquid pres-
sure difference between two sides of vane, the contact forces
F  and F , at the two sides of the vane, the friction forces F n
and F, at the two sides of the vane. In the contact case shown
in Fig. 5(a), the liquid forces in the vane tip are divided into
two parts, F_, and Fptz, by the contact point. Also, the contact
force F  and friction force F, are exerted on the vane tip by
the cylinder. In the non-contact case shown in Fig. 5(b), the
vane just bears the liquid force F  in the vane tip. The inertia
forces, F, F and F, are associated with vane kinematics. The
forces, F} s F, va Fptl and Fptz, are related to the pressure of
liquid at two sides of the vane and in the slot bottom at the
given angular position. The friction forces, F,, F fz and F,, are
determined by the Coulomb’s friction law. The independent
contact forces, F , F , and F , can be obtained by solving the
force equilibrium equation.

In the contact case shown in Fig. 5(a), the contact forces
are calculated by the following matrix equation:

KX=F (1)
where K, X and F are given as follows:
—cosd—p, sind -1, -l

K=| sind-p,cosd 1 -1
(sind—p, cosd)n/2 —h/2—p,t/2 —(h/2—-h,)+p,t/2

n2

X[t £ R
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Fig. 5. Forces acting on vane in (a) contact case and
(b) non-contact case between cylinder and vane.

-FE +F + Fg sin@—F, + Fptl + l—"ptz
F= Fk+Fgcose—Fp
—Fp(h—ho)/Z

where t is vane thickness, & is vane length in the radial direc-
tion, h, is the length of the vane that extends out of the vane
slot, O is angular position, d is the inclined angle between
vane axis and the normal line at the contact point in the cyl-
inder wall, y, is vane tip friction coefficient, u, is vane side
friction coefficient.

In the non-contact case shown in Fig. 5(b), the contact
force F_ in the vane tip equals zero, and the vane side contact
forces, F  and F , can be obtained by:

. :(75 HE 4 E Sin0=F, +F, |t/2+(F, + F, cos0)(<h/2 )~ F,h, /2 ?
! —h+h, —p,t

. =F,—F —Fgcos9+Fp 3)

It should be noted that the direction of some forces need
to be adjusted according to whether the vane extends out of or
moves back into the slot, especially the direction of frictional
forces F, and F,. The dynamic calculation is performed
using the force equilibrium equation (Eq. (1)), and then is
verified by the contact force F  of the calculation results. The
dynamic calculation is valid if the contact force F  is positive.
Otherwise, the non-contact force equilibrium equations
(Egs. (2) and (3)) instead of Eq. (1) should be used to carry out
the dynamic calculation.

2.3. Energy loss model

Defining the energy recovery efficiency of the SVPE as
the ratio of the increase in the seawater hydraulic energy to
the decrease in the brine hydraulic energy:

o (P =pada. @
(pbi ~ Pro )qb

where 1 is the energy recovery efficiency, p,; is brine inlet
pressure, p, is brine outlet pressure, p, is seawater inlet pres-
sure, p_ is seawater outlet pressure, g, is the flow rate of brine
stream, g is the flow rate of seawater stream.

Due to the eliminable short circuit leakage by the match-
ing design and the eliminable vane tip leakage by ensuring
the contact performance between the cylinder and vane
which will be discussed below, the research in this paper
is based on neglecting the internal leakage relying on the
smooth transition design of the cylinder wall and the pre-
cision machining of the device. Then, the brine and seawa-
ter streams have equal flow rates. The volumetric efficiency
defined as the ratio of seawater stream flow rate to the brine
stream flow rate equals 100% (Eq. (5)):

n,=2L =100% G)

Ty

where n is the volumetric efficiency of the SVPE.

The hydraulic efficiency is defined as the ratio of the
increase of pressure in the seawater stream to the decrease of
pressure in the brine stream:

nh — pso _psi (6)
Poi = Pro

where 1), is the hydraulic efficiency of the SVPE.

Therefore, the energy recovery efficiency 1 of the SVPE
can be written by the product of the hydraulic efficiency and
the volumetric efficiency:

n=n,n, (7)
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Friction resistance torques lead to power reduction of the
SVPE. Fig. 6 shows the position of the resistance torques. The
resistance torque in the vane tip, M , locates in the contact
point between the vane tip and cylinder wall. The resistance
torques in the vane sides, M, locate in the contact points
between the vane sides and vane slot. The resistance torques
M, and M , caused by viscous drag, locate between rotor
upper end face and upper end plate and between rotor lower
end face and lower end plate, respectively. The resistance
torque M_, caused by viscous drag, locates between rotor
side face and cylinder wall.

The vane tip friction torque of a single vane caused by
the friction between vane tip and cylinder wall is expressed
as Eq. (8):

M., (0) = p,F , cosdr(0) (8)

where M _(0) is vane tip friction torque, r(0) is the radial coor-
dinate of the cylinder profile.

The vane side friction torque of a single vane caused by
the friction between vane side and vane slot is calculated by

Eq. (9):

nl=r

M (0)= “—0; F . v.(0)+F,v (0) )

where M (0) is vane side friction torque, v (0) is the vane rel-
ative velocity against vane slot, w is the angular velocity of
the rotor and can be calculated by: v (0) = wdr(0)/d0.

Then, the total friction torque associated with all the
vanes is:

@)
(b)
My ———> c
i \'/4 y Upper end plate
R A
' ™ <«——— Cylinder wall
Mrs ~al \j |
B - Fluid
/:\a)
. Ra < Rotor
Mrel ~ I v
\\_,4 X c, < Lower end plate

Fig. 6. Schematic diagram of position of the resistance torques.
(a) Resistance torques generated by the vane and (b) resistance
torques due to viscous drag.

M, (0)= 2 [M,,(0+(k=1)y) + M, (8+(k-T)y)] (10)
where M (0) is total vane friction torque, z is the number
of the vane, k is the number counting for vanes and v is the
angle between neighboring two vanes.

The rotor end face resistance torque and rotor side face
resistance torque are caused by the viscous drag of fluid
which is assumed Couette flow, which can be obtained by
Newton’s law of viscosity equation:

M:u%SL

(11)
where M is friction resistance torque, u is fluid viscosity,
du/dx is velocity gradient, S is rotor radial area and L is
torque radius.

Based on Eq. (11), the rotor side face resistance torque
can be calculated by Eq. (12). The mean clearance between
the rotor side face and cylinder wall is considered to be the
average value of the maximum clearance and the minimum
clearance, Eq. (13):

2 3
M, =M 50 12)
C
R, -R
=2 13)

where 7 is the rotational speed of the rotor, R, is major radius
of the cylinder, R is rotor radius which equals the minor
radius of the cylinder R, B is the axial length of the rotor,
c,, is the mean value of the clearance between the rotor side
face and cylinder wall.

The resistance torque of the upper and lower rotor end
faces are calculated by:

2

M w= wnn R* (14)
* 60c,
unm’

rel = R4 (15)
60c,

where M and M, are upper and lower rotor end face resis-
tance torques, respectively, ¢, and c, are upper and lower
rotor end face clearance, respectively.

Then, the total rotor end face resistance torque is:

Mre = Mreu + Mrel (16)

where M_ is rotor end face resistance torque.

Hence, the total friction power loss W, including the fric-
tion loss generated by vanes and the friction loss due to the
viscous drag can be expressed as:

W p2n
Wp=o jo M, (0)d0+ (M, +M,) 17)
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The friction power loss is considered to be the energy loss
in the energy recovery process, and the calculated value of
the energy recovery efficiency can be expressed by:

Neat = 1—L (18)
(P = Pro )4,

where 1, is the calculated value of the energy recovery
efficiency based on the energy loss.

2.4. Flowchart for determining energy recovery efficiency

The energy recovery efficiency is simulated based on the
mass and energy conservation. The default parameter settings
are shown in Table 2. The brine inlet pressure p,, brine outlet
pressurep, andseawaterinletpressurep aregivenparameters
that can be controlled by operators. The pressurized seawater
stream is the target fluid, and its pressure p_ is an unknown
parameter and determined by the energy recovery efficiency n.
That is to say, the efficiency n and seawater outlet pressure
p,, are the only correspondence. With the given structural
parameters (including vane thickness t, vane length F, etc.)
and operational parameters (including rotational speed #,
brine inlet pressure p,, brine outlet pressure p, , seawater
inlet pressure p_), the efficiency 1 (or seawater outlet pressure
p..) is the only unknown parameter.

Fig. 7 shows the flowchart for determining the energy
recovery efficiency of the SVPE. With an assumed value
of the energy recovery efficiency n which corresponds to a
seawater outlet pressure p_, the calculation process is carried
out. The vane dynamics model is used to evaluate the contact
performance between the cylinder and vane. The device
parameters are adjusted if the vane cannot always contact
with the cylinder in the middle section. Under the premise of
well contact performance, the energy loss model is utilized to
calculate the energy loss in the energy recovery process. The
calculated value of energy recovery efficiency n_, is obtained
according to Eq. (18), and then is used to update the assumed

Table 2

Default parameter settings
Parameter Value
Rotor radius (R), mm 70
Minor radius of cylinder wall (R)) mm 70
Major radius of cylinder wall (R,), mm 85
Rotational speed (1), rpm 2,000
Vane thickness (), mm 15
Vane length (1), mm 45
Vann tip friction coefficient (u,) 0.05
Vane side friction coefficient (u,) 0.05
Rotor axial length (B), mm 30
Upper rotor end face clearance (c,), mm 0.02
Lower rotor end face clearance (c,), mm 0.02
Vane material density (p), kg/m® 3,700
Brine inlet pressure (p, ), MPa 6.00
Brine outlet pressure (p, ), MPa 0.03
Seawater inlet pressure (p_), MPa 0.03

value of energy recovery efficiency until the convergence of
the computational process is achieved.

3. Results and discussion
3.1. Contact performance

The contact performance between the cylinder and vane
has a vital impact on the energy recovery process of SVPE.
The contact status is characterized by the value of the contact
force F . The vane should always contact with the cylinder
in the middle section, which means that the positive value
of contact force F  in the middle section should be ensured.

It can be found from the results that the contact status
between the cylinder and vane obviously varies with rota-
tional speed 7, vane thickness t and vane length /. The critical
parameters are used to define the critical contact performance
that the vane can nicely always contact with the cylinder in the
middle section. Figs. 8-10 show the critical rotational speed
n, critical vane thickness ¢ and critical vane length h_vary-
ing with other parameters, respectively. It can be observed
from Fig. 8 that the critical rotational speed decreases with the
vane thickness and vane length, respectively. The critical vane
thickness decreases with rotational speed and vane length,
respectively (Fig. 9). As Fig. 10 shows the critical vane length
decreases with rotational speed and vane thickness, respec-
tively. Among the rotational speed, vane thickness and vane
length, the critical value of one parameter decreases with the
other two parameters, respectively. In other words, increasing
rotational speed, vane thickness and vane length are all benefi-
cial to the well contact performance. And the device can be rea-
sonably designed to guarantee the well contact performance.

3.2. Comparison analysis

The simulated results of the efficiency in this work have
been compared with those in the study by Al-Hawaj [14],

——»| Input device parameters |

Vane dynamics model |

Adjust
parameters |
A

No

Contact performance

Update n

| Energy loss model |

| Calculated value ney |

Fig. 7. Flowchart for determining energy recovery efficiency.
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as shown in Figs. 11 and 12. Considering the influences of
rotational speed and vane thickness on the hydraulic effi-
ciency 1, of the SVPE, the cures of simulated values in this
work and the work by Al-Hawaj [14] follow a similar trend.
This outcome makes an acceptable qualitative validation of
the method for determining the energy recovery efficiency
used in this paper. The vane tip leakage and short circuit
leakage are used to determine the volumetric efficiency
n, of the SVPE in the study by Al-Hawaj [14]. In the sim-
ulation model of this work, the vane tip leakage and the
short circuit leakage are considered to be eliminated by the
well contact performance between the cylinder and vane
in the middle section and the matching design of the vane
number and port position, respectively, resulting in the
ideal value 100% of the volumetric efficiency 1 . Therefore,
the energy recovery efficiency n equals the hydraulic effi-
ciency 1, in this work. The volumetric efficiency 1 in this
work is higher than that in the reference, which contributes
to the higher energy recovery efficiency 1 of the SVPE in
this work.
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Fig. 9. Critical vane thickness varying with (a) rotational speed
and (b) vane length.

3.3. Efficiency discussion

Under the premise of well contact performance, the influ-
ences of rotational speed, vane thickness and vane length on
the energy recovery efficiency are studied by the developed
method. Figs. 13-15 show the energy recovery efficiency
varying with rotational speed, vane thickness and vane
length, respectively. It can be observed from Fig. 13 that the
energy recovery efficiency decreases with rotational speed.
In each rotational cycle of the vane, the effect of increasing
rotational speed results in increasing centrifugal forces on
vanes, which leads to increasing contact force and friction
loss in vane tip, and then decreasing the efficiency. According
to Fig. 14, the energy recovery efficiency decreases with vane
thickness. Larger vane thickness is associated with larger cen-
trifugal forces due to the increase of vane mass. At the same
time, increasing vane thickness leads to increasing vane base
force due to increasing vane cross-sectional area. Both effects
lead to increasing contact force and friction loss in vane tip.
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As shown in Fig. 15, the energy recovery efficiency slightly
decreases with vane length as a whole. Increasing vane length
results in larger centrifugal forces due to increasing vane
mass, leading to more vane tip friction loss. But meanwhile,
the vane center is closer to the rotor center, which improves
the force status of the vane. The two opposite effects result in
a slight decline in the efficiency. In general, increasing rota-
tional speed, vane thickness and vane length have negative
effects on the energy recovery efficiency.

Regarding Fig. 13(a), with a constant vane thickness
of 15 mm, when the vane length is 35, 40, 45 and 50 mm,
the maximum efficiency is 0.947, 0.951, 0.954 and 0.956,
respectively. And the rotational speeds associated with the
maximum efficiency are all critical rotational speeds. It means
that the maximum efficiency increases with vane length
when vane thickness is constant. Similarly, the maximum
efficiency decreases with vane thickness when vane length
is constant, as shown in Fig. 13(b). The maximum efficiency
increases with vane length when rotational speed is constant
(Fig. 14(a)) and decreases with rotational speed when vane
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Fig. 15. Effect of vane length on energy recovery efficiency with
(a) a constant rotational speed of 2,000 rpm and (b) a constant
vane thickness of 15 mm.

length is constant (Fig. 14(b)). As shown in Figs. 15(a) and (b),
the maximum efficiency decreases with vane thickness when
rotational speed is constant and decreases with rotational
speed when vane thickness is constant, respectively.
And the corresponding parameters associated with the
maximum efficiency are all critical parameters. According to
Figs. 13-15, the energy recovery efficiency of SVPE ranges
from 90.9% to 95.7% under different rotational speed, vane
thickness and vane length. By calculation, the maximum
efficiency can achieve 95.7% when the rotational speed, the
vane thickness and the vane length are 2,000 rpm, 8.62 mm
and 50 mm, respectively, and it obviously exceeds the
efficiency of the centrifugal type ERDs and approximates the
efficiency of the positive displacement type ERDs.

4. Conclusions

In this work, a method is developed to accurately eval-
uate the energy recovery efficiency of a SVPE based on
the mass and energy conservation. The three-vane SVPE
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matched with the port edge angles are designed and used to
carry out following analysis. The similar trend of the simu-
lated results between in this work and in the reference quali-
tatively verifies the accuracy of the method for evaluating the
efficiency of SVPE in this work. Decreasing rotational speed,
vane thickness and vane length are all beneficial to achieve
higher energy recovery efficiency, but not conducive to the
well contact performance between the cylinder and vane.
The energy recovery efficiency of SVPE ranges from 90.9% to
95.7% under different device parameters, and the maximum
efficiency can achieve 95.7% by calculation which approxi-
mates the efficiency of the positive displacement type ERDs.
The results suggest that the SVPE is of reasonable structure,
convenient manufacture and high efficiency, and present
considerable potential of the SVPE to be an efficient pressure
ERD for SWRO system.
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