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ABSTRACT

Pressure exchanger acts as an intermediary device that transfers pressure energy between liquid
streams in different pressures. This work is an exploratory study to introduce a novel disc-type pres-
sure exchanger, which combines characteristics of both positive displacement and centrifugal type
pressure exchangers. In order to properly describe the complex flow behaviors in the rotating disc
channels, a three-dimensional numerical simulation was carried out to study the pressure exchange
process between brine and seawater streams in the device. The pressure exchange performance
including pressure recovery efficiency and mixing rate were evaluated under different operating
conditions. Additionally, unbalanced operating methods were discussed for mixing control. Sim-
ulation results show that the mixing rate and pressure exchange efficiency of such device are well
competent for energy recovery process. And the mixing rate can be further controlled by decreasing
flow rate and increasing rotational speed and unbalanced lead flow ratio.
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1. Introduction

With the development of human society and large
energy consumption, energy saving becomes an issue of
concern. In analogy to heat exchange, there also exists large
amounts of pressure that can be utilized in many process
fluids. Pressure exchanger is a device that can transfer
pressure between different flow streams, and is becom-
ing a core component in various seawater reverse 0smosis
(SWRO) processes to recover pressure from the membrane
reject flow. It is reported that the use of pressure exchanger
enables 1.5-27% savings on the high-pressure pump’s total
energy consumption [1]. Based on the operating princi-
ple, pressure exchangers can be classified into centrifugal
type and positive displacement type. Typical devices of the
former class include Francis turbine, Pelton turbine and
hydraulic turbocharger (HTC). Their maximal pressure
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exchange efficiency ranges from 0.78 to 0.81 [2] because
of the secondary conversion in pressure-mechanical ener-
gy-pressure process. Examples of the latter class of pres-
sure exchangers are (Calder®) DWEER work exchanger and
rotary pressure exchangers (RPE) such as (ERI®) PX pres-
sure exchanger and (Danfoss®) Isave pressure exchanger.
The isobaric process benefits such exchangers with up to
0.96 pressure exchange efficiency by direct contact of flows
[3]. Since rotary pressure exchanger has no valve controlled
system, it switches pressure transfer process with rotating
duct channels. As a result of direct contact between fresh
seawater and high concentrate brine, mixing becomes inev-
itable due to the lack of a reciprocating physical piston in
the ducts. A 2.5% salinity increase in the fluids at SWRO
membrane will lead to an increase of operating pressure by
0.13 MPa [3]. Therefore, mixing control is an important task
during RPE operation.
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Zhou et al. [4,5] performed numerical simulations of
mixing formation in RPE, and investigated the effects of
rotor parameters, rotational speed, flow rate on the maxi-
mum flow-in length and mixing performance. It is found
that volumetric mixing ratio increases with flow rate and
decreases with rotational speed. Based on oscillating flow
behaviors, Mei et al. [6] performed a theoretical analysis to
evaluate the mass transfer process of salt in ducts of RPE,
the high efficiency and low mixing rate of isobaric pressure
exchanger was theoretically confirmed. Xu et al. [7] carried
out a numerical research on a four ports RPE, the relation-
ship between mixing and dimensionless inflow length is in
good agreement with experimental result. In addition to
the traditional RPE structure, several design improvement
features have been proposed. Wang et al. [8] employed
pre-pressurization/depressurization grooves on the RPE,
and the effects on diminishment of flow fluctuation ampli-
tude were investigated. Cao et al. [9] introduced an RPE
with an extended angle on end cover inlet, and its benefit in
mixing control was studied by numerical analysis. Al-Ha-
waj [10] introduced an RPE containing sliding ball pistons
as a physical barrier to achieve a no-mixing condition in
ducts of RPE. Besides, he also developed a sliding vane
work exchanger, which is an ingenious structure similar
to the sliding vane compressor, a theoretical analysis and
a parametric study were performed thereafter [11]. Since
sliding components are introduced in these rotary positive
displacement exchangers, abrasion and friction loss may be
increased.

Pressure exchange technology is essential in energy
saving and promising in various membrane processes.
The application of RPE can be extended to more appli-
cation fields because of its outstanding advantages. The
development of RPE configurations are mostly focused
on achieving a higher-capacity [12]. However, there is no
obvious change in the primary structure. And the pressure
exchange process is still based on an isobaric process, where
pressure at high-pressure seawater outlet is always lower
than high-pressure brine inlet. This work presents a novel
disc-type pressure exchanger, which combines characteris-
tics of both positive displacement type and centrifugal type
pressure exchangers. This introduced disc-like pressure
exchanger can achieve a pressure-boost effect to break the
constraint of isobaric pressure exchange process. Pressure
exchange performance including pressure exchange effi-
ciency, pressure ratio and mixing rate were numerically
evaluated under different operating conditions. Addition-
ally, unbalanced operating methods were discussed for
mixing control.

2. Simulation of pressure exchange process in DPE
2.1. Geometric models

In the conventional energy recovery process of the
SWRO system, a circulation pump is often used to boost the
seawater outflow pressure to drive the flow throughout the
system. As shown in Fig. 1, the feed seawater is driven by
the high-pressure pump to overcome the osmotic pressure
of the RO membrane, part of the flow permeates through
the membrane as the pure water, the rest rejection flow
with high pressure enters energy recovery device. Due to

the advantage of the pressure-boost effect, the application
of DPE is expected to avoid the installation of circulation
pump in the recovery loop, which makes the system more
compact and simple to operate.

The schematic view of DPE presented in our work is
illustrated in Fig. 2. In contrast to the conventional axial
rotor configuration, the DPE comprises a rotary disc with
channels radial-arrayed along the circumference, and two
end covers connected to the channel ends. The rotor is
externally driven by a motor so that a stable rotation can
be adjusted under various operating conditions. Because of
the long circumferential length, each end cover contains 4
center-symmetric ports to complete the pressure exchange
process twice in each circle.

The number of channels N is set as 60, and the length
L and height H of rotor channel are 250 mm and 40 mm
respectively. With the continuous rotation of duct channels,
the low-pressure fluid flows from LP inlet and is pressur-
ized through the direct contact with the high-pressure fluid
from HP inlet. After the pressure recovery process is accom-
plished, the rest fluid in ducts will be discharged when
exposed to the LP outlet.
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Fig. 1. Schematic view of the single stage SWRO desalination
process with DPE.
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Fig. 2. Schematic view of the DPE.
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2.2. Governing equations

The model of the unsteady flow is built based on conser-
vation laws and species transport equation.
Continuity equation:

Jap -~
—+V(pv)=0 1
o (pv) 1)
Momentum equation:
9, - . =
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Specifies transport equation:
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where the mass diffusion flux can be described as:
Ti=—[pDi+i]Vx )
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In the above equations, p is the density; t is the time; v
is the velocity; g is the gravitational acceleration; p is the
static pressure; 1 is the stress tensor, Y, is the mass fraction
of species i; R, is the additional source term; D, is the mass
diffusion coefficient for species in the mixture, and S, is the
turbulent Schmidt number.

For turbulent flows, we use standard k—¢ model as the
turbulence model to close the equations:
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where 1, is the time mean velocity, o, and ¢ _are Prandtl num-
bers, G, and G, are the turbulent kinetic energies due to the
mean velocity gradients and buoyancy respectively, Y, is
the contribution of the fluctuating dilatation in turbulence.
S,, S, are the source terms, and the model constant Cu, C,
and C, are set as 1.44, 1.92 and 1.0 respectively.

2.3. Numerical method

The mesh of the simulation domain is shown in Fig. 3,
which contains 657,800 structured hexahedral elements. The
mesh quality is often examined by the orthogonal quality,
which ranges from 0 to 1, and a higher value corresponds to
a high mesh quality. In this work, the minimum orthogonal
quality is 0.9993, indicating a good mesh quality.

In order to achieve a mesh independent solution, a sen-
sitivity analysis on three meshes, namely 200,116, 657,800
and 1,213,100 cells were performed. The NaCl concentra-
tion at a steady state of the three meshes cases are 0.03568,
0.03561, 0.03562 respectively. As almost identical result

is found after refining the mesh density, the grid number
of 657,800 is used in the simulatuon to save computional
power. To run unsteady simulation under various rotatio-
nal speed, the time step corresponding to 1 degree of angu-
lar rotation is applied. Also, a time step independent test
was also carried out to verify the sufficiency. As no signi-
ficant difference in the stable concentration value is found
when using a time step size half as large, a time step of 1
angular rotation is used for simiulation which is considered
to be computationally efficient.

The commercial software in the mesh generation is
GAMBIT, and ANSYS FLUENT 14.5 is used to solve the
governing equations in a control volume discretization
method. The moving mesh method is applied to the rotor
domin at a constant rotational speed. Pressure outlet con-
ditions and velocity inlet conditions are used on outward
ports of end covers correspondingly. The inward ports of
end covers and duct ends are assigned with interface condi-
tions. The computation conditions for the standard case are
given in Table 1.

3. Results and discussion
3.1. Mixing performance

Volumetric mixing rate is used to evaluate the mixing
performance of pressure exchanger, and it is defined as:

v, = )
Cpi —C;

i si

Fig. 3. Mesh of the simulation domain of DPE

Table 1
Simulation condition arrangements for the standard case
Rotational speed (rpm) 500
Inflow velocity (m-s™) 3
Flow rate (m3-h™) 590
Operation pressure (MPa) 0.6-6
Species concentration 0.35-0.65
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where ¢ is the species concentration, the subscript so, si, bi
and bo refers to high pressure seawater outlet, low pressure
seawater outlet seawater inlet, high pressure brine inlet and
low-pressure brine outlet respectively.

The mixing formation process can be divided into three
stages as is shown in Fig. 4. At time zero, all duct channels
are filled with low pressure seawater and the disc starts to
rotate. This is the initial stage I. Once the mixing is detected
at HP outlet, stage I proceeds to the mixing formation stage
II. The mixing rate continuously increases in this stage due
to the periodic contact between high pressure brine and low
pressure seawater. When the concentration of Nacl at HP
outlet becomes gradually stable, and the rate of change is
smaller than 1E-4, the steady stage III is considered to be
achieved. In this stage, the mixing zone reciprocates in duct
channels, separating flows with different concentrations as
a liquid piston, resulting in a basically constant concentra-
tion of salt at the outlet of DPE. The contours of concentra-
tion of high-pressure flow at each state are shown in Fig. 5.
It is seen that the distribution of NaCl tends to be stable in
both ducts and endcovers after the steady stage.

The operating conditions have a great effect on mixing
performance of DPE. The two most important factors are
flow rate and rotational speed. It is noted that for flow-
driven type pressure exchangers, the rotational speed is
mainly determined by inflow velocity. However, it still can
be advantageously controlled by means of external force
for a better performance [13].
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Fig. 4. Mixing formation of DPE at the standard simulation case.

Fig. 6 shows the relationship between flow rate and the
volumetric mixing rate at the steady state. With the increas-
ing of flow rate, the mixing rate increases almost propor-
tionality. It is seen that a severe mixing rate of up to 7.69%
achieves when the inflow velocity reaches to 7 m/s, the
dramatic increase in slope of the curve indicates the mixing
zone reached to the ends of duct channels, and a part of
liquid piston is probably pushed out by high pressure brine.
At a given rotational speed, there exists a limit range in the
operating inflow velocity, which is consistent with the rotor
in flow height theory in literature [14].

The rotational speed of DPE also has an obvious effect
on mixing performance. In our simulation cases, rotational
speed varies from 300 to 1500 round per minute, and the
trend observed in Fig. 7 is opposite to the trend of mixing
rate versus flow rate. At a low rotational speed, the mix-
ing rate is relatively high. As the rotational speed increases,
the mixing rate is significantly decreased, and the decline
amplitude becomes smaller when the rotational speed is
larger than that of 500 r/min. This implies that liquid piston
reciprocates in a stable range and the mixing zone has been
effectively controlled at a higher rotational speed.

Mixing in DPE is mainly caused by mass diffusion and
convention, and convention is likely a dominant factor in
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Fig. 6. Volumetric mixing rate varies with inflow velocities at a
rotational speed of 500 r/min.
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Fig. 5. Concentration field of NaCl on plane of z/H = 0.5 in high- pressure region at different stages.
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Fig. 7. Volumetric mixing rate varies with rotational speed at an
inflow velocity of 3 m/s.

most operating conditions. Species transport behavior in
the flow field is a joint effect of axial inflow velocity and
rotational speed, which affects the resultant velocity, swirl
motion, as well as the duration of duct exposure. In our sim-
ulation cases of DPE, the relationship between mixing rate
and operating conditions shows a monotonic trend.

3.2 Pressure exchange performance

The pressure exchange efficiency of a DPE device can be
calculated with Eq. (8):

— I)sono + Ponbu
PQ, + BQy

where P is the static pressure, Q is the flow rate.

Under the balanced operation, the flow rate of high
pressure inflow brine equals to the flow rate of low pressure
inflow seawater. With the assumption of no leakage, Eq. (8)
can be rewritten as,

®)

_P+h .
P, +P, ©)

As an important feature of DPE in pressure exchange
process, liquid pressure can be boosted under the centrif-
ugal force provided by disc rotation. The pressure ratio is
defined as:

_PB,
(D P bi
Figs. 8 and 9 also reflect the pressure exchange perfor-
mance of DPE at the steady state in wide-ranging operating
conditions. As shown in Fig. 8, pressure transfer efficiency
has a negative correlation with rotational speed. When the
rotational speed of DPE changes from 300 to 1500 rpm,
pressure transfer efficiency decreases from 0.98 to a mini-
mum value of 0.91. Meanwhile, pressure ratio increases to
a maximal value of 1.58, which is a result of the increasing
centrifugal force.
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Fig. 8. Pressure exchange performance in different rotational
speeds.
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Fig. 9. Pressure exchange performance in different inflow ve-
locities.

In Fig. 9, pressure transfer efficiency has a similar
negative correlation with inflow velocity. A difference is
observed that the pressure ratio decreases first and then
increases with the inflow velocity. This is because a higher
velocity will lead to a greater friction loss. When the inflow
velocity is much smaller than tangential velocity, the pres-
sure drop will increase with inflow velocity. As the velocity
continuously increases, the direction of resultant velocity is
closer to duct axis, which contributes to a decline in pres-
sure loss.

It is reported that the pressure drops for the circulation
pump to overcome in seawater circulation loops is about 0.3
MPa [15]. Therefore, in a typical RO process at a working
pressure of 6 MPa, the pressure ratio of the DPE needs to
reach about 1.05 to replace the circulation pump.
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3.3. Fields distribution

Fig. 10 illustrates species concentration and pressure
distribution field on plane of z/H = 0.5 of DPE at steady
stage. The distribution fields are nearly centrosymmet-
ric due to the symmetrical inflow conditions. In Fig. 10a,
case B represents for the optimal operating condition with
the lowest volumetric mixing rate. The concentrations of
Nacl in green areas are 0.048-0.054, which correspond to the
mixing rate of 4.3%—6.3%. This range can be regarded as the
liquid piston. It is seen that the arrangement of liquid piston
is almost circular at a smaller rotational speed for case A,
while it becomes oval at a smaller rotational speed when
mixing is enhanced. In the most intense mixing case C, the
liquid piston appears to be an inverted number 8 and part
of the mixing zone flows out of end cover, and this observa-
tion is consistent with that suggested in Fig. 6.

nacl
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Pressure distribution is presented in Fig. 10b. It is seen
that the pressure at seawater outlet is higher than high pres-
sure brine inlet. A large pressure gradient is also observed
when duct is entering in the sealing zone. This is because
that the fluid is suddenly blocked in the sealing zone before
the axial velocity becomes zero, generating a pressure surge
in the duct end. In comparison, the pressure at a 1500 r/min
in Case B is much higher than other cases, this suggests that
the rotational speed is a key factor determines the pressure
ratio of DPE.

Fig. 11 shows the streamline distributions in high-pres-
sure flow region. Each curve represents for a streamline of a
particle released from the HP inlet and the color represents
for the velocity magnitude. It is clearly seen that vortex
is formed when the duct channel begins to connect to HP
outlet, and it gradually dissipates during the rotation. At a

Case B Case C

(7m/s, 500r/min )

Fig. 10. Fields distribution on plane of z/H = 0.5 of DPE at steady stage, (a) concentration field; (b) pressure field.

Case A
(3m/s, 500r/min )

Case B
(3m/s, 1500r/min )

Case C
(7m/s, 500r/min )

Fig. 11. Streamlines distributionon plane of z/H = 0.5 in high-pressure flow region at steady stage.
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Fig. 12. Volumetric mixing rate varies with pressure difference
of inflows.

higher rotational speed of Case B, the velocity distribution
becomes obviously uniform, while for the high inflow veloc-
ity of Case C, the streamlines are more straight and parallel.

3.4. Unbalanced operating methods

Most studies for pressure exchanger simulation focuses
on its performance in the balanced flow condition. The flow
rate of the high-pressure brine inflow equals to that of the
low-pressure seawater inflow at balanced flow, and the sea-
water is pumped to the rotor ducts to discharge the brine at
a relatively low pressure.

Apart from the mixing control method by adjusting the
rotational speed and inflow velocity, unbalanced effects on
the mixing rate are evaluated by increasing the pressure
and flowrate of the low-pressure seawater inflow. At such
unbalanced flow, pressure difference refers to the pressure
of seawater inflow subtracted from the pressure of brine
inflow, and the lead flow ratio is defined as the ratio of
low-pressure flow rate divided by high-pressure flow rate.

Several unbalanced cases are simulated using the stan-
dard case parameters for a reference. Fig. 12 shows the rela-
tionship between mixing rate and pressure difference of
inflows. It is seen that there is a negligible decline in mixing
rate with the increase of pressure differences. The effect of
the unbalanced pressure is considered smaller compared
with the unbalanced flow rate. As shown in Fig. 13, mixing
rate decreases considerably with the increase in flow rate of
seawater inflow. A 5% increase of the lead flow ratio results
in a 21.3% decrease in mixing rate, thereby it is a consider-
ably efficient method for mixing control.

4. Conclusions

This work presents anovel disc-type pressure exchanger,
which combines characteristics of both positive displace-
ment and centrifugal type pressure exchangers. A pres-
sure-boost effect can be achieved by such device to obtain a
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Fig. 13. Volumetric mixing rate varies with lead flow ratio.

pressure ratio greater than one. Based on the three-dimen-
sional numerical study of pressure exchange process, the
influence of operating parameters on DPE performance was
evaluated. Furthermore, unbalanced operating methods
were also discussed for mixing control. Simulation results
show that mixing rate increases with inflow velocity, while
decreases with rotational speed. The pressure transfer effi-
ciency decreases with both of inflow velocity and rotational
speed. And the pressure ratio increases with rotating speed
while decreases first and then increases with the inflow
velocity. Moreover, a 5% increase in the unbalanced flow
rate results in an up to 21.3% decrease in mixing rate, sug-
gesting that an unbalanced operating condition can be used
for efficient mixing control.
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