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ABSTRACT

In order to compare the mixing behavior between two-port and four-port rotary energy recovery
device (RERD), the effect of operational conditions on mixing of two-port RERD was investigated by
CFD simulation. The sliding mesh technique and species transport equations which had been verified
by our previous research were used in the simulation process, indicates that the simulation result is
reasonable. New method was proposed to calculate the inflow length based on NaCl mass fractions
of two rotor ducts in sealed zone. Inflow length of two-port RERD is about twice as long as that of
four-port RERD under the same rotor speed and flow rate. Simulation results revealed that two-port
RERD exhibits polynomial relation between mixing and dimensionless inflow length, the same trend
with four-port RERD. When mixing of two-port or four-port RERD is controlled in level of 6%, dimen-
sionless inflow length must be less than 0.76. Four-port RERD facilitates to keep the mixing in a less
level compared with two-port RERD, which is the developing trend for the RERD. The work can give
some insights into the mixing difference between two-port RERD and four-port RERD, and guide the

design of RERD in a low level mixing.
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1. Introduction

In order to remit the global problem of water shortage,
seawater reverse osmosis desalination (SWRO) is an import-
ant water desalination technology [1-4]. Rotary energy
recovery device (RERD) is one of the indispensable devices
to reduce the operating cost about 50% or higher when the
water productivity of SWRO is about 40%—45% [5-7]. RERD
is a typical example of the positive displacement energy
recovery device [8-10]. RERD transfer pressure energy
directly from high pressure (HP) brine to low pressure (LP)
seawater with the efficiency of above 90%. The brine con-
tact directly with seawater in rotor ducts, so it is inevitable
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for brine-seawater mixing in RERD [11]. Therefore, it is of
great significance to investigate how to keep the mixing in
a less level.

Stover et al. [12,13] proposed that the interface between
brine and seawater never reaches the rotor duct end before
the duct are sealed. Zhou et al. [14] showed that mixing
zone moves reciprocally in the duct whose moving distance
is almost unchanged. Liu et al. [15] presented that the lig-
uid piston divides water and brine to hold back over-mix-
ing. The mixing rises with the increase of flow rate and
decrease of rotation speed. Stover [16] and Mambretti et al.
[17] showed that the mixing has relation with rotation speed,
which is in its turn a function of the streams velocity.
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Cao et al. [18] implemented the CFD method coupling
with residence time distribution analysis to study the mixing
performance and flow filled of RERD in different opera-
tional conditions. The mixing was minimized at an oscil-
latory Reynolds number of 178. Wang et al. [19] analyzed the
concentration distribution of five kinds of rotary pressure
exchangers which have different sizes and structures utilized
the Fluent software. Simulation results revealed that the
model size, rotor duct number, and endcover structure have
influence on the volumetric mixing.

Though some researchers pointed out the operational
conditions and the structures of the RERD are the major
parameters affected the mixing, few researchers pay atten-
tion to the specific function between the mixing and
operational conditions. In addition, RERD can divide into
two-port and four-port RERD according to the port number
in the end plate. For the two/four-port RERD, the seawater
or brine end plate embodies two/four ports, one/two ports
for HP fluid and the other for LP fluid. Furthermore, the
mixing difference between two-port and four-port RERD is
still scarce.

Our previous study [20] focused on the relation between
operational conditions and mixing behavior of the four-port
RERD and built the function between mixing and dimen-
sionless flow length. The paper seeks to investigate the
rotor speed and the stream velocity on mixing for two-port
RERD according to four-port RERD simulation method, and
compare the mixing difference between two-port and four-
port RERD.

2. Operational principle of the RERD

Fig. 1 provides the operational principle of the SWRO
with RERD. The LP seawater was taken out from the sea by
the seawater water pump. A part of seawater was pressur-
ized by high pressure pump. The other part obtained the
pressure energy from the HP brine thought RERD, and then
re-pressurized by the booster pump. The HP seawater which
flowed out from high pressure pump and booster pump
fed into membrane modules, and divided into fresh water
and HP brine.
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The key units of RERD are seawater end plate, the
rotor and brine end plate. The rotor contains some ducts in
a circle which is the only rotating part of this device [21].
The end plate contains one in-port and one out-port. The
RERD contains HP, LP and sealed zone [22,23]. When the
rotor ducts are in HP zone, the HP brine through in-port of
the brine end plate flow into the rotor ducts. The pressure
energy of HP brine is transferred to LP seawater in a direct
momentary contact, and the pressurized seawater discharge
from out-port of the seawater end plate. When the rotor
ducts are in LP zone, the LP seawater through in-port of the
seawater end plate flow into the rotor ducts. The LP brine
is pushed out through out-port of the brine end plate. As
the rotor revolves, the ducts pass sealed zone that separates
HP and LP zone.

The volumetric mixing expresses the volume of brine
flowed out the RERD with the seawater from out-port of
seawater end plate, which can be computed by the following
equation [24]:

(SHPS - SLI’S)

M=
(SH[’B - SLPS)

)

where M is volumetric mixing, S .. is HP seawater salinity,
S, s is LP seawater salinity, and S, is HP brine salinity.
This equation applies when flow rate of HP stream is same
as LP through RERD.

The mixing has no relation with the RERD efficiency,
however, it is a loss in the overall SWRO system [25,26].
Because mixing will lead to the increase of the HP seawa-
ter salinity, so does the osmotic pressure and the production
water cost [27-29]. Therefore, the mixing is a key parameter
for RERD performance.

3. Numerical methods
3.1. Computational model

Fig. 2 shows the 3D simulation model of two-port RERD
generated in the preprocessor ANSYS Workbench Design
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Fig. 1. Operational principle of the SWRO with RERD.
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Fig. 2. Geometric model.

Modeler 14.5. The model was built on the basis of the four-
port RERD [20]. This model has two sealed zones, different
from the previous model which shows four zones. The struc-
ture of two-port RERD is same as the four-port, such as rotor
duct number and diameter, rotor height and the acreage of
one sealed zone. The clearance between the end plate and
the rotor was unconsidered because of the extremely low
leakage and simplify the computational model.

The mesh model was generated in the preprocessor
ANSYS Workbench Meshing 14.5. Meshes were made by
sweep method for rotor ducts and end plates. Fig. 3 shows
the mesh model including hexahedral and wedge cells. The
orthogonal quality was used to analyze the quality of the
meshes. The minimum orthogonal quality was 0.67, which
illustrated that the mesh was good [30].

3.2. Mathematical model

The continuity equation based on the mass conservation
can be described as

Vx(p5)=0 @)

where p is the density, kg/m3; v is the velocity vector, m/s.
The momentum equation on the basis of the energy
conservation is expressed as

Vx(po5) =+ Vx| (V575" |1 g ©

where Vp is the static pressure force, N; p is the molecular
viscosity, Pa-s; pg is the gravitational body force, N.

The turbulent viscosity, u, in Eq. (4) can be obtained by
the standard k-e model which contains turbulent energy
dissipation equation and turbulent kinetic energy equation.
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Fig. 3. Mesh model.
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The turbulent kinetic energy equation provides
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1

The turbulent dissipation ratio equation is given as

5 | 2
o(pe) . (peu;) _ 0 P«"’h O +E—c2p8— (6)
ot ox,  ox o, )ox; |k k

where u, is the time mean velocity, m/s; G, represents
turbulence kinetic energy, m?/s% c, = 1.44, c,=1.92, ¢,= 0.09,
0,=1.0,0,=13.

Mass transfer between seawater and brine can be solved
in the transport equations of non-reacting species given as

o(pY,) ol H,
5 T Vx(poY)=-V { [pD,-+§JVY,} )

t

where Y, is mass fraction of species i; D, is mass diffusion
coefficient for species in mixture; Sc, is turbulent Schmidt
number and equal to 0.7 [31].

3.3. Mesh independent and experiment verification

Fig. 4 presents the effect of mesh number on the mix-
ing at flow rate of 7.0 m*h and rotor speed of 300 rpm.
As the mesh number increases, the mixing decrease first,
and then keep at a stable level. When the mesh number
increases from 1,057,778 to 1,890,069, the mixing changed
from 7.01% to 6.93% and had little change. Thus, the mesh
number used in the simulation was about 1,057,778.
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Fig. 4. Relation between the mixing and mesh number.

3.4. Simulation scheme

Egs. (2)-(7) were computed in the FLUENT 14.5 based
on the pressure-based solver. The gravitational acceleration
was in view under the simulation. The PISO pressure-
velocity coupling algorithm, standard pressure, first-order
upwind discretization scheme turbulent for k and ¢ equa-
tions was utilized in calculation process. The moment equa-
tion and species transport equation chose second-order
upwind discretization scheme. The interface is the contact
surfaces between the rotor and two end plates to transfer the
data. The rotor motion was simulated by the sliding mesh.
For all the SM simulations, a time step needs to sweep an
azimuthal angle of a cell. A time step half as large was also
tested, however the results were identical.

The velocity-inlet and pressure-outlet was chosen as
boundary conditions of in-ports and out-ports, respectively.
The NaCl mass fractions of LP seawater and HP brine are
3.5% and 6.0%, respectively. Simulation model was filled
with the LP seawater as the initial condition. The HP outlet
salinity reaches a stable level and the flow rate is bal-
anced for entering and leaving the model as the converged
condition.

4. Results and discussion
4.1. Inflow length

Fig. 5 gives 2D salinity contour at rotor speed of 300 rpm
and flow rate of 7.0 m*/h. The cutting plane was unfolded
from a 3D central cylindrical surface with a diameter of
104 mm. From this figure, it can be seen that there is a mix-
ing section separated seawater and brine in every rotor
ducts. Due to the rotor rotation and the uneven velocity,
the mixing section is irregular and has different shape in
every rotor duct. The moving distant of mixing section is
defined as inflow length (IFL) when rotor duct moves from
the sealed area to next one. IFL directly affect the mixing
and can be obtained according to the NaCl mass fractions of
two rotor ducts in the sealed zone.

Fig. 6 presents the relation between the NaCl mass
fraction and the height for two rotor ducts in sealed zone.
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Fig. 5. 2D salinity contour of the central cylindrical surface.

The square points represent the rotor duct in HP sealed
zone and the circle points show the rotor duct in LP sealed
zone. The horizontal line represents the brine for the HP
rotor duct and the seawater for the LP rotor duct, respec-
tively. The incline line specifies the mixing section for HP
and LP rotor duct. Two incline lines are almost parallel and
the distant of two incline lines is IFL, just as shown in Fig. 6.

Fig. 7 descripts the relationship between reciprocal of
rotor speed and IFL at flow rate of 7.0 m*h for two-port and
four-port RERD. From Fig. 7 and its fitting equation, IFL
is positively proportional to reciprocal of rotor speed and
increases with decrease of rotor speed for two-port and four-
port RERD.

Fig. 8 shows the relationship between flow rates and IFL
at rotor speed of 150 rpm for two-port and four-port RERD.
From Fig. 8 and its fitting equation, it is clear that IFL is
positively proportional to the flow rate and increases with
the increasing of flow rate for two-port and four-port RERD.

From Figs. 7 and 8, the same conclusion that IFL of two-
port RERD is longer than four-port RERD can be obtained
at the same flow rate and rotor speed. The reason is that
one port cover two rotor ducts for four-port RERD and five
rotor ducts for two-port RERD. The time of two-port RERD
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Fig. 6. Relation between the NaCl mass fraction and the height
of rotor duct.
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is about 2.5 times for four-port RERD when one rotor duct
turns out one port at the same rotor speed. Another reason
is that there are two HP/LP ports for four-port RERD, so the
average velocity of four-port RERD is about 1.25 times for
two-port RERD at the same flow rate. Combine the time and
average velocity, IFL of two-port RERD is about twice as long
as that of four-port RERD which is in accord with the slope
of fitting equation. In addition, according to Figs. 7 and 8, the
intercept of two-port RERD is almost equal to 0, so IFL also
meets the theoretical Eq. (8)

I= M (8)
120mmSn

where n is the rotor speed, rpm; o is one port central angle;
B is one rotor duct central angle; Q is brine flow rate, m%h;
S is one rotor duct area, m? m is the minimum rotor duct
number covered by one port, m = 5 for this device; ¢ is
correction factor, in this paper ¢ = 1.05.
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Fig. 9. Mixing at different dimensionless IFL.

4.2. Relationship between inflow length and mixing

The relationship between mixing and dimensionless IFL
is shown in Fig. 9. Dimensionless IFL is defined as the ratio
of IFL and rotor height. In this figure, the square points rep-
resent CFD results of two-port RERD whose fitting curve
was also given, the circular points are CFD results of four-
port RERD and the triangle points denote the experimental
results of four-port RERD. The results of four-port RERD
were shown in our previous research [20].

From Fig. 9 it can be seen that the mixing enhances with
the increase of dimensionless IFL and has a polynomial rela-
tion with dimensionless IFL. The reason may be the irregular
shape of mixing section caused by the rotation of the rotor in
the rotor ducts shown in Fig. 5. The CFD results of four-port
had been verified by the experimental results in our previous
research, indicating that the simulation model and method
results are feasible. This paper simulated the two-port RERD
by the four-port RERD simulation method, so the simulation
results of two-port RERD are reasonable.

In addition, two-port RERD has the same relation with
four-port RERD. Based on the fitting equation of Fig. 9, when
the mixing of two-port or four-port RERD is controlled in
the level of 6%, dimensionless IFL must be less than 0.76.
Combined with the difference of IFL between two-port and
four-port RERD, four-port RERD is advantageous to keep the
mixing in a less level under the same operation compared
with two-port RERD. Thus four-port RERD would be the
potential trend for the RERD.

5. Conclusion

For the sake of comparing the mixing behavior between
two-port and four-port RERD, and four-port RERD, the sim-
ulation model of two-port RERD was built based on four-port
RERD which had been validated in our previous research.
The effects of operational conditions on the mixing of two-
port RERD were simulated by the method of computational
fluid dynamics.

New method was provided to calculate IFL according to
the NaCl mass fractions of two rotor ducts in sealed zone.
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IFL is inversely proportional to rotor speed and proportional
to flow rate based on the simulation result. IFL of two-port
RERD is twice as long as that of four-port RERD at the same
rotor speed and flow rate.

Simulation results revealed that two-port RERD has the
same polynomial relation with four-port RERD between
mixing and dimensionless IFL. Four-port RERD can be ben-
eficial to control the mixing in a low level under the same
operational condition compared with two-port RERD. So
four-port RERD is the potential trend for the RERD. The
research gives some insights into the difference between
two-port RERD and four-port RERD, and guides the design
RERD in a low level mixing.
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