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ABSTRACT

The installed capacity of seawater reverse osmosis (SWRO) as the main means to solve the water
resource crisis is increasing year by year. However, the current SWRO is mainly composed of mem-
brane components, high pressure pumps, booster pumps and energy recovery devices. In this
paper, a new multi-action internal curve seawater desalination high-pressure pump with energy
recovery function was proposed, which can recover the pressure energy of concentrated seawater
and pressurize the raw seawater at the same time. The working principle and internal structure of
the pump were described in detail, and the design of a pulsation-free structure was illustrated. The
operating pressure and specific energy consumption of the proposed system with different mem-
brane component structures, feed water flow rate and recovery rate were analyzed. The final design
of the membrane component structure had one segment for each stage with three containers in each
segment and eight reverse osmosis membranes in each container. The recovery rate and the feed-
water flow rate of the proposed system were 40% and 531 m?/d, respectively. The specific energy
consumption of water production reached 1.65 kWh/m® in a validation test. The water production

cost and the system volume were both significantly reduced.
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1. Introduction

With the increase of population and the rapid develop-
ment of industry, the demand for water resources is growing
[1,2]. The shortage of water resources is becoming more and
more serious. According to statistics, the world’s per capita
share of fresh water has halved in the past 50 y [3], 40% of the
world’s population is located within 100 km from the coast-
line, and desalination has become the most effective means
to solve the water resource crisis [4,5]. From 2010 to 2019,

* Corresponding author.

the installed capacity of seawater desalination will grow
steadily at a rate of 7%/y, 70% of which is seawater reverse
osmosis (SWRO) system [6]. Reducing power consump-
tion can greatly reduce the water production cost of reverse
osmosis seawater desalination [7,8]. The extensive use of
energy recovery devices and the improvement of membrane
technology have reduced the specific energy consumption
(SEC) of water production from 20 to 2 kWh/m? [9].

After decades of development, many scholars and
commercial companies have proposed a variety of energy
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recovery devices (ERD). In view of the impact of recipro-
cating switcher energy recovery device (RS-ED) in the pro-
cess of stroke switching, Jie et al. [10] proposed an improved
RS-ED with pilot valve plate. The starting pressure was
reduced by half, about 0.25 MPa, the pressure pulsation was
reduced by 40%, and the device efficiency reached 98.5%.
Yue et al. [11] propose a new single piston energy recov-
ery device, which realizes the function of double cylinder
energy recovery, and the energy recovery efficiency is 98%.
Song et al. [12,13] proposed a hydraulic actuator, which has
been proved to be reliable by simulation and experiment.
The pressure fluctuation is 3%, and the energy recovery effi-
ciency is 96%. He also proposed the emergency state control
logic and strategy of the piston type energy recovery device.
Abdollah carried out numerical analysis, design and sim-
ulation of the injector regulating valve and Pelton turbine
impeller. The tests showed that the power was reduced by
26% compared with the absence of Pelton turbine [14]. ERD
produced by Danfoss for small rainwater reverse osmo-
sis device, which uses axial piston pump (APP) and axial
piston motor (APM), with SEC ranging from 3 to 4.8 kWh/
m? [15]. Dimitriou et al. [16] compared the SEC of SWRO
system using different ERD, the minimum measured SEC
of Clark SWRO device at 44 bar pressure is 5.7 kWh/m?,
while the minimum SEC of Danfoss SWRO device at 59 bar
pressure is 4 kWh/m?. Song et al. [17] has developed a new
type of piston type integrated high-pressure pump energy
recovery device (HPP-ERD) suitable for small SWRO sys-
tem, developed three prototypes with water production
flows of 2.166, 1.128 and 0.246 m?/h, respectively, and the
SEC of water production reaches 3.65, 4.37 and 5.25 kWh/
m?. William and Tzyy [18] proposed a centrifugal reverse
osmosis (CRO) process, which uses the rotation of the
module to generate centrifugal force. The centrifugal force
increases the transmembrane pressure difference in varying
degrees with the increase of the radial distance from the
axis of symmetry, CRO can reduce the net specific energy
consumption by 31% and the recovery rate is 50%, at 56 bar
pressure of 35 g/L seawater feed. Zheng et al. [19] has devel-
oped a three cylinder energy recovery device (TC-ERD) and
a matching control strategy with instantaneous overlap-
ping function. The flow pulsation amplitude of low-pres-
sure seawater (0.954 m3/h) is 68.2% lower than that of
RS-ERD, while the flow pulsation amplitude of high-pres-
sure brine (1.336 m3h) is about twice that of RS-ERD.
The energy recovery efficiency of TC-ERD is up to 97.1%.

In summary, the high-pressure pump, ERD and booster
pump of the present SWRO system are separated, resulting
in low system integration. Only Daiwang Song has devel-
oped a triple integrated high-pressure pump suitable for
small SWRO, and the system has flow and pressure pulsa-
tions. In this paper, a new type of multi action internal curve
seawater desalination high-pressure pump (MCPP-ER)
with energy recovery function is proposed, that pressurize
raw seawater without booster pump while recovering the
pressure energy of concentrated seawater. Firstly, the work-
ing principle and structure of MCPP-ER are introduced in
detail. Secondly, according to its output flow characteristics,
the structure is designed without pulsation, and the system
structure parameters are determined. Finally, the simu-
lation test is carried out on the test bed.

2. Method
2.1. Description of working principle of the MCPP-ER

The MCPP-ER creatively integrates the energy recov-
ery function inside the high-pressure pump, its working
principle is shown in Fig. 1. The raw seawater and the con-
centrated seawater with pressure energy were simultane-
ously introduced into the pump. Fig. 2 displays the specific
structure of the pump, which is composed of a stator, a
rotor, a port plate, pistons, and related accessories.

In Fig. 1, the rodless end of the piston is the working
chamber of the raw seawater, whereas the piston end with
a rod is the working chamber of the concentrated seawater.
Pistons 1, 4, 5, and 8 are operated to pressurize the raw sea-
water and recover the pressure energy of the concentrated
seawater, whereas pistons 2, 3, 6, and 7 are used to induct
the raw seawater and discharge the concentrated seawater.

The working process of the pump is illustrated using
piston 1 as an example. The motor drives the rotor to
rotate clockwise. The roller is always in contact with the
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Fig. 2. Specific structure of MCPP-ER.
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stator and moves along it. As the roller moves from the far
point “b” to the near point “c”, it forces piston 1 to retract
in the radial direction along the rotor. The high-pressure
concentrated seawater enters the rod end of the piston from
the membrane through the port plate. The concentrated sea-
water exerts pressure on the annular area of the piston to
provide a driving force for the piston to retract along the
radial direction of the rotor. The mechanical energy pro-
vided by the motor gets combined with the pressure energy
of the high-pressure concentrated seawater to pressurize
the raw seawater. Subsequently, the feedwater pressure
required by the membrane is achieved, and the pressuriza-
tion of the raw seawater during the pressure energy recov-
ery process of the concentrated seawater is realized. Piston 1
retracts completely as it approaches point “c”. When piston
1 passes the near point “c”, it starts to protrude outward,
and the pre-treated raw seawater enters the rodless cavity
through the port plate. The concentrated seawater is then
discharged from the rod cavity into the port plate. As the
rotor continues to rotate, piston 1 moves to the far point
“d”. At this moment, piston 1 is restored to the same phase
as its initial position; thus, it completes the working cycle.
The raw seawater flows into the rodless working chamber
of piston 1 and flows out of the chamber through the port
plate. Similarly, the concentrated sea water flows into the
rod cavity and flows out of the chamber.

The proposed pump had six actions and eight pistons.
During each revolution, each piston completed the follow-
ing process cycle six times — raw seawater suction, raw
seawater pressurization, pressure energy recovery of the
high-pressure concentrated seawater, and concentrated
seawater discharge. In order to meet the requirements of
using eight pistons to handle the raw seawater and the con-
centrated seawater six times in one cycle, a new dual-layer
flow plate with four fluid regions was designed, and its
schematic diagram is displayed in Fig. 3, where the trans-
parent part is a metal flow plate, the first layer contains the
pressurized raw seawater area (red) and the high-pressure
concentrated seawater area (yellow), and the second layer
consists of the inducted raw seawater area (green) and
the concentrated seawater area (blue). The rotor rotated

Fig. 3. Specific structure of port plate.

relative to the stator and the port plate. The two working
cavities of each piston on the rotor contacted the four fluid
domains of the port plate alternately through the axial holes
to complete the distribution of the raw seawater and the
concentrated seawater.

In SWRO system, the flow pulsation of high-pressure
raw seawater directly affects the working life of reverse
osmosis membrane components. Therefore, reducing or
even eliminating the flow pulsation of raw seawater is
of great significance to the whole system. Any instanta-
neous supply flow of raw seawater can be described by the
following formula:

z

T
9. =230V, )

where g, is the flow rate of raw seawater, z is the number of
pistons, D is the piston diameter, V. is the speed of the piston
relative to the rotor. To ensure uniform flow, the following
equation must be satisfy:

Zg D*xV, =cons @)

i=1

Eq. (3) can be obtained by differentiating Eq. (2):
Ip2x ia =0 3)
4 i=1 ¢

where a_is the acceleration of the piston relative to the rotor.

Z
Since the piston diameter is constant, as long as Zuw =0

is guaranteed, the feed flow of raw seawater can Bele abso-
lutely uniform. The MCPP-ER proposed in this paper adopts
the stator curve of the sinusoidal acceleration movement
law. The suction and pressure out of raw seawater are
arranged symmetrically. The first half cycle is the acceler-
ation section and the second half cycle is the deceleration
section. If the corresponding acceleration and decelera-
tion section has the same phase piston entering or moving
out at any moment, no pulsation can be guaranteed.

The MCPP-ER action angle proposed in this paper is
2¢_ = 2n/x = n/3, As shown in Fig. 4, the amplitude angle
of the acceleration zone is ¢, the angle of deceleration area
is ¢,, and the equation of stator curve can be described as
follows:

a, = Bsin(0) )
xp, =m ®)
x 0

0. 2n (6)

where x is the action times of stator curve.
Simultaneous Egs. (4)-(6), so:

a,= Bsin(2xq>) 7)
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Fig. 4. Partial diagram of stator guide rail curve.

v, = IBsin(Zxcp)dcp = 72£cos(2x(p) +c, (8)
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Initial state, ¢ = 0, Vo =0, p = p,, according to Eq. (8),
¢, = B/2x can be calculated, according to Eq. (9), ¢, = p,
can be calculated.

Ap can be described as follows:

Ap=p-p,=h= (10)

B =n B . b
—X————xgin| 2xx—

2x 6 4x* 6
where / is the stroke of the piston relative to the rotor.

The MCPP-ER output raw seawater flow of the pump
can be described by the following formula:

Qf:nV:ngD2x6><8><h 1)

Different recovery rates can be adapted by changing
the piston rod diameter, which can be described by the
following formula:

A D*-d

A D?

P

Y (12)

where d is the diameter of the piston rod and Y is recovery
rates.

2.2. Analysis working point of RO system

At present, the most widely used SWRO system is sin-
gle-stage RO (SSRO). When the feed water pressure of raw
seawater exceeds the thermodynamic osmotic pressure dif-
ference between the water on the salt side and the water on
the desalination side of the rear end membrane (concentrated

water outlet) of the reverse osmosis membrane module,
the reverse osmosis process occurs. The osmotic pressure
difference can be described by the following formula [20]:

n,R
To1-Y

(13)

where Apr is osmotic pressure difference, m is the osmotic
pressure generated by the salt content of the inlet water,
R is the desalination rate of internal pressure reel type
membrane.

The water flux of reverse osmosis membrane has a lin-
ear relationship with operating pressure and osmotic pres-
sure difference, which can be expressed by the following
equation [21,22]:

J,=a(P,—p,) (14)
where | is water flux, a is the desalination rate of mem-
brane, P, is the pressure of raw seawater.

The water production capacity of reverse osmo-
sis membrane system can be described by the following
formula:
Q,=].A (15)
where QP is the flow rate of product water, and A is the
reverse osmosis membrane area.

In SWRO, the main cost is power consumption, and
its energy consumption can be expressed in terms of sys-
tem SEC, which is defined as how much electricity is con-
sumed per cubic meter of fresh water, and can be described
by the following equation:

prfxl,OOO
60Q,x60xmn

SEC = (16)

where 1) is total efficiency.

The MCPP-ER proposed in this paper replaces the
high-pressure pump, ERD and booster pump. The spe-
cific energy consumption of the integrated system can be
described by the following formula:

(Pfo -P, (l—Y)Qf)xl,OOO
QfY><60><60><n

SECret = 17)

The SEC of water production was closely related to
the system structure, such as the number of membranes,
stages, and segments and also the recovery rate. The opti-
mal working point, which had the lowest specific energy
consumption, was found through different system structural
configurations and the proper selection of the recovery rate.
In order to achieve a raw seawater flow rate of 366 L/min
from the proposed piston pump, a Dow desalination mem-
brane SW30XHR-400i was selected to compose membrane
components with different structures. The system perfor-
mance was analyzed with different parameters.

Fig. 5 depicts the feedwater pressure distribution affected
by the number of reverse osmosis membranes and the
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recovery rate. It is observable that when the recovery rate
was constant and the number of reverse osmosis membranes
increased, the feedwater pressure gradually decreased. It
happened because the flow area of the system increased at
the raw seawater flow rate of 366 L/min. Similarly, when the
number of reverse osmosis membranes was constant, the
feedwater pressure increased with the rise of the recovery
rate because the increased recovery rate caused an incre-
ment in the osmotic pressure difference. When the number
of reverse osmosis membranes was small and the recov-
ery rate was high, the feedwater pressure exceeded 80 bar,
which surpassed the maximum pressure that the reverse
osmosis membrane could sustain. Hence, this system struc-
ture is not viable under such a scenario.

Fig. 6 presents the pressure difference distribution of
the concentrated water. Two peaks occurred when the num-
ber of membranes was 10 and the recovery rate was 45%.
When the number of membranes was 16 and the recovery
rate was 40%, the pressure difference reached 3 bar. When
the number of membranes was 25 and the recovery rate
was 55%, the pressure difference reached the lowest value
of 0.25 bar.

Fig. 5. Distribution of feed water pressure.
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Fig. 6. Isosurface of concentrated water pressure difference.

Fig. 7 exhibits the distribution of the SEC of water pro-
duction calculated with 80% efficiency. The lowest value was
detected when the number of reverse osmosis membranes
was 32 and the recovery rate was 55%. It is evident from
Figs. 4-6 that when the number of reverse osmosis mem-
branes was 24, a low water production pressure, a small
pressure difference between the feedwater and the concen-
trated water, and a low specific energy consumption of water
production were achieved. With the consideration that the
energy recovery power was inversely proportional to the
pressure difference and the recovery rate, the membrane
component structure was determined to have one segment
in each stage with three containers in each segment and
eight reverse osmosis membranes in each container.

3. Results and discussion

According to the proposed membrane assembly struc-
ture, several pistons with different area ratios were machined
to accommodate different recovery rates. The energy recov-
ery effect and specific energy consumption of the seawa-
ter desalination pump with different recovery rates were
experimentally analyzed. The principle of the experiment
is illustrated in Fig. 8, and the experimental device is dis-
played in Fig. 9. A closed-loop control was formed by the
pressure sensor and the flow rate sensor at the outlet of the
variable displacement pump to ensure that the flow rate
and pressure characteristics of the concentrated seawater
were properly simulated. The speed sensor and the torque
sensor between the motor and the MCPP-ER were used
to monitor the input power of the MCPP-ER. The output
power of the MCPP-ER was calculated using the data of
pressure sensor 1 and flow rate sensor 2.

Fig. 10 exhibits the pressure and flow rate curves of the
raw seawater. As the starter motor slowly accelerated, the
flow rate gradually increased and became stabilized at 344 L/

Fig. 7. Distribution of SEC.
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Fig. 8. Schematic diagram, 1. Pressure sensor; 2. Flow sensor;
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Fig. 9. Test experimental device.

min with almost no flow pulsations in the steady state. The
pressure rapidly increased to 5 MPa with an overshot and a
peak of 5.4 MPa, and it happened because the instant out-
put flow of the pump reached the relief valve and caused
impacts and vibrations. As the pressure of relief valve 3
was set at 5 MPa, when the pressure of the raw seawater
reached 5 MPa, the raw seawater overflowed back into the
tank. At this moment, the raw seawater outputted by the
pump returned to the tank from the relief valve.

In the first stage, the working condition of recovering
pressure energy from concentrated seawater is simulated,
and the pressure of concentrated seawater is set to 0 MPa,
which is realized through proportional relief valve 6. In the
second stage, the simulation seawater desalination pump
starts to recover the pressure energy in the concentrated
seawater, and the pressure of the concentrated seawater
output by the variable displacement pump is set to 4.8 MPa

PfMPa

Time/s

Fig. 10. Pressure and flow curve of feed water.
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Fig. 11. Motor output speed and torque curve.

through the proportional relief valve 6. It can be seen from
Fig. 9 that in 5 s, the motor output torque drops step by step
from 323 to 130 N'm, producing a downward peak, The
reason is that the set pressure of proportional relief valve
6 suddenly jumps from 0 to 4.8 MPa under the action of
electrical signal, which causes overshoot under the action
of fluid inertia. The corresponding concentrated seawater
pressure can rise to the peak value instantly, and the motor
torque decreases; At the same time, the motor speed rises
instantaneously and is rapidly stabilized at 950 rpm under
control.

Fig. 11 shows the output torque and speed of the motor
measured by the speed-torque sensor, that is, the input
speed and torque of the MCPP-ER pump. In the first stage,
the pressure of the concentrated seawater was set at 0 MPa
by adjusting the proportional relief valve 6, the pressure
energy in the concentrated seawater that was not recovered
was simulated. In the second stage, the energy recovery
of the concentrated seawater in the pump was simulated.
The concentrated seawater pressure output by the variable
pump was set at 4.8 MPa by adjusting the proportional
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relief valve 6. It is noticeable from Fig. 11 that the motor
output torque decreased stepwise from 323 to 130 N'm in
five seconds, producing a downward valley. It happened
because the set pressure of proportional relief valve 6 sud-
denly jumped from 0 to 4.8 MPa under the action of elec-
trical signals; thus, an overshoot was produced with the
fluid inertia. Therefore, the corresponding pressure of the
concentrated seawater reached rapidly the peak value,
and the motor torque decreased. Subsequently, the motor
speed increased quickly and became stabilized at 950 r/min
under electronic control.

The pressure of proportional relief valve 6 was adjusted
to simulate the turning-off and turning-on of the energy
recovery function of the desalination pump. The energy
saving of the proposed desalination pump was calculated as:

f_ e 100% 18
=n——xX %
- M (18)

f

where n_is energy saving rate, n is the speed of motor,
M, is normal torque, M, is the motor torque after energy
recovery.

The simulated test data revealed that the energy saving
of the MCPP-ER with the pressure energy recovery func-
tion was 58.6%. The total efficiency of the proposed pump
was obtained using the ratio of the total output power to
the total input power, and the value reached 89.2%. The
specific energy consumption of water production of the
proposed MCPP-ER reached 1.65 kWh/m? with a 40% recov-
ery rate [calculated by Eq. (17)].

4. Conclusion

In order to meet the demand for pressure energy
recovery of the concentrated seawater in reverse osmo-
sis desalination systems, a new principle and structure of
the MCPP-ER is proposed. The pump had the functional-
ities of pressurization and energy recovery. The pulsating
output was realized through the internal structure analy-
sis of the system. A simulated test bench was designed to
validate the feasibility of the proposed pump. The specific
energy consumption of water production was achieved as
low as 1.65 kWh/m® with the proposed membrane compo-
nent structure, which had one segment in each stage with
three containers in each segment and eight reverse osmosis
membranes in each container.
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