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ABSTRACT

The rectangular damping groove was designed in the end plate aiming to control the flow fluctua-
tion and pressure pulsation which is the inherent characteristic of RERD. The effect of the rectan-
gular grooves on the transient pressure of the rotor duct and the flow fluctuation is investigated by
the method of CFD simulation and theoretical analysis. The existence of the damping groove can
prolong the time of the pressure change for the rotor duct. The flow fluctuation and pressure pulsa-
tion can effectively reduce from 23.04% to 2.95% and from 2.05% to 0.85%, respectively. According
to the theoretical equation of the compressible liquid, a theoretical function was obtained involv-
ing the transient pressure of the rotor duct, the width and depth of damping groove, and the rotor
speed. The simulative transient pressure of the rotor duct is in a good agreement with theoretical
equation. Based on the simulation result, the lower rotor speed and pressure change in the rotor
duct can soften the flow fluctuation and pressure pulsation, and the changing trend is in accor-
dance with that of the previous experimental results, which indicating that the simulation model
is reasonable. Based on the theoretical equation and simulation conclusion, an equation describes
and quantifies the relation associated with the grooves and rotor speed. The research work can
be applied to design an elegant rectangular damping groove to reduce the flow fluctuation and

pressure pulsation.

Keywords: Rectangular damping groove; Flow fluctuation; Pressure pulsation; Rotary energy recovery

device; Computational fluid dynamics

1. Introduction

Therotary energy recovery device (RERD) can effectively
recover the pressure energy from the rejected high pressure
brine based on the principle of positive displacement. RERD
has become one of key facilities to save approximate 40% of
the operating cost in the SWRO desalination [1-3], which is
now a well-established water desalination way to solve the
water shortage problem globally [4-7].

Fig. 1 represents the schematic of RERD. The device
contains the high pressure (HP) zone, the low pressure (LP)
zone and the sealed zone [8,9]. When the rotor ducts are in
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the HP zone, the high pressure brine through the HP-IN of
the brine end plate flow into the rotor ducts. The hydraulic
energy of high pressure brine is transferred to the low
pressure seawater in a direct momentary contact, and the
pressurized seawater is discharged from the HP-OUT of the
seawater end plate. When the rotor ducts are in the LP zone,
the low pressure seawater through the LP-IN flows into the
rotor ducts. The low pressure brine is pushed out through
the LP-OUT. The sealed zone separates the HP zone and the
LP zone [10-12].

When the rotor duct rotates from the LP zone to the
HP zone, the high pressure stream runs into the rotor duct
abruptly to increase the pressure instantaneously. When the
rotor duct rotates from the HP zone to the LP zone, the high
pressure stream of the rotor duct inflates into the low pressure
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Fig. 1. Schematic representation of the RERD.

port abruptly to decrease the pressure instantaneously. So,
with the rotor duct switching between HP zone and LP zone,
the abrupt pressure change of the rotor duct will induce
the flow fluctuation of the device which is the inherent
characteristic of RERD [13,14]. Flow fluctuation results in
pressure pulsation which is one of major sources on noise
emission [15]. Noise level is one of important performance
criteria except for the service life and efficiency for dynamic
devices such as the RERD and the piston pump [16], thus it
is necessary to study the characteristics of flow fluctuation
and pressure pulsation.

Polizos et al. [17] pointed out that as the rotor ducts
travel across the sealed zones, the alternating opening and
closing of rotor ducts causes a considerable amount of
noise. The damping groove formed in the sealed zones may
have radial extensions, which is about 180° apart to balance
the pressure between two zones of different pressure levels.
The exact cross sectional shape, depth, and width of the
groove show the relation with flow rates and the pressure
of the device.

In order to run in a low noise level for the RERD, Bross
et al. [18] provided a pressure-surge-reducing secondary
flow zone at the transition between a housing-side inlet port
and a housing-side sealed zone, and after flow zone at the
transition between the end face openings of the rotor duct
disposed in the rotor and the sealing webs of the rotor. Wang
et al. [19] analyzed the effects of the pre-pressurization and
pre-depressurization grooves on performance fluctuations
of the RERD by means of CFD simulations and validating
experiments.

Previous research revealed that the damping groove,
formed in the end plate or the end face of the rotor, can
reduce the flow fluctuation and the noise of the RERD.
But the specific method and theory, how to design the
dimension of the damping groove, was not yet given and
mentioned.

This paper aims to design the rectangular damping
groove in the end plate and diminish the flow fluctuation
and pressure pulsation. Through CFD simulation, the effect
of the rectangular grooves and the operational conditions
on the transient pressure of the rotor duct and the flow
fluctuation is investigated. Simultaneously, a theoretical
formula is established to guide the design of an eligible
damping groove for different RERD.

2. Theoretical and numerical methodologies
2.1. The design of the damping groove

The pre-pressurization damping groove exists where
the LP rotor duct passes the sealed zone, while the
depressurization damping groove exists where the HP
rotor duct passes the sealed zone. This paper focuses on the
four-port RERD, which have two HP and LP sealed zones,
as well as two pre-pressurization and depressurization
damping grooves. The pre-pressurization damping groove
is used to increase the pressure of the rotor duct slowly, and
the depressurization damping groove is to decrease the
pressure of the rotor duct tardily. The pre-pressurization
damping groove have the same structure and dimension
with the depressurization damping groove, since the
pressure variation is same for two kinds of damping
grooves. The rectangular damping groove which is the
simplest cross sectional shape was chosen in this paper.

Fig. 2 shows the end plate with the damping groove.
The key parameters of damping groove are: the width of
b, the depth of i, and the central angle of o = 13.125°. The
damping groove, connected with the forepart of the port,
locates in the middle of the port. The rotor should pass the
damping groove firstly, and then go into the port. Thus the
rotor spins anticlockwise for the end plate.

2.2. Simulation model

The preprocessor ANSYS Workbench Design Modeler
14.5 was used as the geometry generator. Fig. 3 shows the
three-dimensional geometric model of the simulation which
was built based on Fig. 2. There are 12 circular rotor ducts
with the height of 120 mm, and the rotor ducts distributed
in the circle of 104 mm in diameter. One port covers just
two rotor ducts. The clearance between the end plate and
the rotor was so small to be ignored in order to simplify the
computational model.

Fig. 2. The end plate with the damping groove.
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Fig. 3. Geometric model.

The computational grid of the model was made in the
preprocessor ANSYS Workbench Meshing 14.5. The sweep
method was used to generate grids for the model. Fig. 4
gives the grid model which contains 291535 cells, including
hexahedral cells and mixed cells. Mesh dependency has
been studied by examining different grid numbers. As no
significant difference was found between the predicted
results using more than 291535 cells, this grid number
was used in the modeling to save computational time. The
quality of the meshes was analyzed by using the orthogonal
quality. The minimum orthogonal quality was 0.45, which
indicated that the grids were nice [17].

2.3. Governing equations

The assumptions for the CFD model are as follows:

Fig. 4. Grid model.

1. The temperature of the seawater equals that of the
brine, so no heat exchange involved in this process;
2. The viscous dissipation is negligible for this model.

The basic model equations based on the above
assumptions are given in the following part. The continuity
equation can be described as

pVei=0 1

where p is the density, and v is the velocity vector.
The momentum equation is expressed as

@+V-(paa)=-vp+V.(7)+pg @)

P ot

where p is the static pressure, T is the stress tensor
(described below), and A§ is the gravitational body force.
The stress tensor is given by

7=u(Vi+ V) @)

where p is the molecular viscosity.

The turbulent viscosity, n, is calculated under the
standard k-¢ model where k is the turbulent kinetic energy
and ¢ is the dissipation rate. The turbulent viscosity is
computed by the following equation

¢ pk?
1, = St “4)
e

The turbulent kinetic energy equation simplifies to
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The turbulent dissipation ratio equation simplifies to
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where u, is the time mean velocity, G, represents the
generation of turbulence kinetic energy due to the mean
velocity gradients. The model constants ¢, ¢, ¢, 6, and o,
have the following default values: c, = 1.44, ¢, = 1.92, c,=
0.09,c,=1.0,0,=1.3[20].

2.4. Simulation scheme

The governing Egs. (1)-(6) were solved using the
commercial CFD software Fluent 14.5. The pressure-based
solver was used to solve the governing equations. The PISO
pressure-velocity coupling algorithm, standard pressure,
first-order upwind discretization scheme turbulent for
kinetic energy and dissipation energy were employed in the
modeling. The second-order upwind discretization scheme
was chosen in the moment equation.

The contact surfaces were used as the interface for
transferring the data among the end plates, the damping
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groove and the rotor ducts. The sliding mesh technique as
a fully transient approach was used for the simulation of
the rotor motion. For all the sliding mesh simulations, a
time step equal to a cell was adopted in order to reduce the
residual of the velocity and the continuity. The simulation
could be treated as a convergence when the residual is
below 0.001. One half time step was also tested, however
practically identical results were found.

The water-liquid, regarded as the compressible flow with
the bulk modulus of 2.2 GPa, was used in this simulation
instead of the seawater and the brine. The reference density
of this liquid is 998.2 kg/m® with the density exponent of
7.15 at the reference pressure of 101325Pa.

The boundary conditions for inlets and outlets are
velocity-inlet and pressure-outlet, respectively. The velocity
magnitude is determined as 1.132 m/s, and the velocity
direction is normal to the boundary for the HP-IN and
LOW-IN. The pressure of LP-OUT and HP-OUT is constant
of 101325 Pa and 6.0 MPa, respectively. As regards the initial
condition, all models were filled with the low pressure fluid.

The simulation convergence is assumed to be achieved
when: (i) the flow rate of fluid entering and leaving the
model are balanced; (ii) the averaged flow rate of the HP-IN
reaches a stable level.

3. Results and discussion
3.1. The reason for flow fluctuation and pressure pulsation

The compressibility of the fluid will result in the volume
change of the fluid when the pressure of the fluid uprushes
or slumps, which are the main reason for flow fluctuation
and pressure pulsation.

According to the theoretical equation of compressible
liquid, Eq. (7), the varying volume of the fluid for one rotor
duct can be calculated when rotor duct rotates from LP (HP)
zone to HP (LP) zone. For this model, the varying volume is
about to 1.01x107 m?3.

Ap=—Kk22 @)
1%

where Ap is the changed pressure, Pa; K represents the bulk

modulus of compressible liquid, Pa; V is the volume of one

rotor duct, m? Av represents the varying volume, m°.

Fig. 5 provides the leakage rate through one
depressurization damping groove, obtained from the
Fluent software at groove width of 2 mm, groove depth of
0.15 mm, and rotor speed of 150 rpm. The moment confirms
as the initial statistic time (f = 0) when the rotor duct begins
to go into the damping groove, and the moment is defined
as the final statistic time when the rotor duct begins to
connect with the port. By integrating the curve in Fig. 5,
the obtained covering area just represents the accumulative
leakage rate through one depressurization damping groove.
For this case, the leakage rate of one damping groove is
4.82x10®* m® Due to the rotor duct connected with two
damping grooves, so the varying volume of the fluid for
one rotor duct is about 9.64x10* m®.

The relative error is only 4.6% between the theoretical
volume and the simulation result, indicating the simulation
model is reasonable. In addition, the compressibility of
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Fig. 5. The leakage rate through one depressurization damping
groove.

the fluid cannot be neglected for the study of the flow
fluctuation and pressure pulsation.

3.2. The reason for the existence of the damping groove

Fig. 6 gives the two-dimensional cutting plane with
pressure contour at four different times. The cutting
plane here used was expanded from a three-dimensional
cylindrical surface with the diameter of 104 mm. The
rotor duct moves from right to left. T1 is the initial statistic
time, and T4 is the final statistic time, and T2 and T3 is the
moment that the rotor duct connects with the damping
groove at different position. In this figure, the red color
refers to the high pressure, and the blue color represents the
low pressure. From this figure, the pressure of the rotor duct
increases or decreases slowly when the rotor duct moves in
the LP or HP sealed zone.

Fig. 7 shows the transient pressure of the rotor duct for
two models with or without damping groove when the
rotor duct rotates from LP sealed zone to HP sealed zone.
According to this figure, due to the existence of the damping
groove, the pressure of the rotor duct changed gently in the
sealed area compared to the counterpart without damping
groove.
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Fig. 6. The two-dimensional pressure contour of four different
times.
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Fig. 7. The transient pressure of the rotor duct.

From two figures, it can be seen that the damping
groove can prolong the changed time for the pressure of the
rotor duct, which will lead to reduce the range of the flow
fluctuation and pressure pulsation.

3.3. The theoretical transient pressure of the rotor duct

The depressurization damping groove can be regarded
as the thin-walled hole. The leakage rate of the thin-walled
hole can be calculated by the following equation:

Q=C,A /%AP ®)

where Q is the leakage rate of the groove, m®/s; C, is
the contraction coefficient, 0.61-0.62 for the complete
contraction, and 0.7-0.8 for the incomplete contraction;
A is the sectional area of the damping groove, bh for this
model, m?.

According to the characteristic of the device that one
rotor duct connected with two damping groove in the
sealed zone and Eq. (8), Eq. (7) can be redescribed as:

—ZKCdbh\/E
dAp P ar ©)

N

where t is time that rotor duct rotate into the damping
groove, s.

Using the initial conditions, the definite integral of Eq.
(9) can be calculated by the following equation

r-p, —KC,bh \/E
_ 14 t|30a/7rn

V, 0

1

A (10)

Py =Py

where P is the transient pressure of the rotor duct, Pa; P,
is the pressure of the high pressure port, 6x10°Pa; P, is
the pressure of the low pressure port, 101325 Pa; n is rotor

speed, rpm, a is the angle of rotor duct into the damping
groove, rad.
The result of the definite integral can be expressed as

~30KC,bh \F
__\ra

v, ™

(11)

o=

(P_Po)%_(Ph _Po)

In order to simply Eq. (11), two new parameters, k and
¢, were defined as

~30KC, b \F
. p

(12)
B Vymn
1
c=(P,-D)? (13)
So Eq. (11) can be simplified as
P=(c+ka)’ +P, =k*a® +2kca+P, (14)

From Eq. (14), itis clear that there is a quadratic function
relationship between the P and the o, and the P has the
relation with b, 1, and n.

3.4. Simulation transient pressure of the rotor duct
3.4.1. Relation between P and o

Fig. 8 shows the relation between P and o under different
h, b and n. From Figs. 8a and b, it can be seen that at the
same position of the damping groove, P decreases with the
increment of & and b, since that results in bigger cross area to
leak the fluid. From Fig. 8citis clear that at the same position
of the damping groove, P increase with the increment of the
rotor speed, which takes less time to leak the fluid.

According to the fitting curve and the fitting equation
in Fig. 8, the obtained quadratic fitting function between P
and o correlates well with the simulation result since the
correlation coefficient (R? = 0.99) is almost equal to 1, which
is agreed well with Eq. (14). The simulative P, is about
to 6.0 MPa for different conditions, which is close to the
practical pressure, indicating that Eq. (13) is reasonable.

3.4.2. Relation between k and h, b

Fig. 9a expresses the relation between k and & at n =
400 rpm, b = 2.0 mm, Fig. 9b shows the relation between
k and b at n = 400 rpm, h = 0.150 mm. A linear relation
between k and &, b could be found which is consistent with
the trend of Eq. (12). In addition, for Fig. 9a, the relative
error is 2.56% between the fitting slope of 7.21x10° and the
theoretical slope of 7.03x10” which calculated according to
Eq. (12). For Fig. 9b, the relative error is 5.12% between the
fitting slope of 5.00x10° and the theoretical slope of 5.27x10°
which calculated according to Eq. (12). Therefore, Eq. (12) is
reasonable for different b and h according to the simulative
results.
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Fig. 8. Relation between P and o. under (a) different i, n = 400 rpm, b = 2.0 mm; (b) different b, n = 400 rpm, & = 0.150 mm; (c) different

n, h=0.150 mm, b = 2.0 mm.

3.4.3. Relation between k and n

Fig. 10 expresses the relation between k and the reciprocal
of rotor speed (1/n), at b = 2.0 mm, h = 0.15 mm. Similarly,
a linear relationship was found between k and 1/# which is
consistent with the trend of Eq. (12). In addition, the relative
error is 7.13% between the fitting slope of 3.91x10° and the
theoretical slope of 4.21x10° which calculated based on
Eq. (12). Therefore, Eq. (12) is validated for different rotor
speed.

In conclusion, the simulation results verified the
relations between k and , b, nn, and between P and o under

different h, b, n, indicating that theoretical Eqs. (12)—(14)
are very rational. Egs. (12)—(14) can be used to calculate P

instead of the method of simulation.

3.5. Effect on the flow fluctuation and pressure pulsation

Based on the theoretical and simulative models, this
part aims to illustrate how the damping groove affects the
flow fluctuation and pressure pulsation. The HP fluid was
chosen as analytic target due to its negative effect on the
reverse osmosis membrane.
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3.5.1. Effect of h and b on the flow fluctuation and pressure

pulsation

Fig. 11 shows flow fluctuation and pressure pulsation
under different i and b. In this figure, the triangles represent
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Fig. 11. Flow fluctuation and pressure pulsation under different
handb.

flow fluctuation, and the quadrangles stand for pressure
pulsation. The flow fluctuation and pressure pulsation is the
ratio between the variation and the average. The condition
of h = 0 or b = 0 which is on behalf of the model without
the damping groove, shows the maximal flow fluctuation
of 23.0% and pressure pulsation of 2.05%.

From this figure, it is clear that the damping groove can
effectively reduce flow fluctuation and pressure pulsation
compared to the model without damping groove. The
presence of damping groove can effectively reduce the flow
fluctuation from 23.04% to 2.95% and pressure pulsation
from 2.05% to 0.85%. In addition, the flow fluctuation and
pressure pulsation decrease with the decrease of h and b.
According to the slope of the fitting curve in Fig. 8, that
is maybe because the pressure of the rotor duct changes
slowly with the decrease of i and .

3.5.2. Effect of n on the flow fluctuation and pressure
pulsation

Fig. 12 provides the flow fluctuation and pressure
pulsation under different n. From this figure, it can be found
that flow fluctuation and pressure pulsation increase with
the increase of 1, and the changing trend is in accordance
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Fig. 12. Flow fluctuation and pressure pulsation under different 7.

with that of the previous experimental results [19],
indicating that the simulation model is reasonable.

In conclusion, the flow fluctuation and pressure
pulsation decrease with the decrease of rotor speed and
the slowness of the pressure change in rotor duct. The flow
fluctuation and pressure pulsation is smallest when the
pressure change is approximately linear in rotor duct. The
mathematical expression is shown in Eq. (15). The maximal
derivative of Eq. (14) with a = 0 is equal to the slope of the
pressure change in the linear trend.

P’ =2ke=Pr"Po (15)

max _
@y

According to Egs. (12), (13), the Eq. (15) can be expressed

_ Vo””(Ph —Po )1/2

60KC,q, \/E
p

From Eq. (16), there is some balancing limit between the
rotor speed and grooves. The rotor speed is an important
operational parameter for RERD. The minimum rotor speed
can be determined according to the mixing and flow rate
before the groove is designed. Eq. (16) shows the relation
between groove and rotor speed which can guide the design
of damping groove.

bh 16)

4. Conclusion

Flow fluctuation and pressure pulsation which is the
inherent characteristic of RERD, results in the abrupt
pressure change of rotor duct. In order to control flow
fluctuation and pressure pulsation, the rectangular damping
groove was designed in end plate, and the effect of damping
groove on the flow fluctuation and pressure pulsation was
investigated by the method of CFD simulation.

Based on simulation results, the liquid compressibility
is the main reason for flow fluctuation and pressure

pulsation, and the existence of damping groove can prolong
the time of pressure change in rotor duct. Compared to the
model without damping groove, the damping groove can
effectively reduce flow fluctuation from 23.04% to 2.95%
and pressure pulsation from 2.05% to 0.85%.

According to the theoretical equation of compressible
liquid and the damping groove regarded as thin-walled
hole, a theoretical function was built among the transient
pressure of rotor duct, the width and depth of damping
groove, and rotor speed. The simulations results are in
agreement with theoretical equation, indicating that the
theoretical equation is reasonable. Based on the simulative
results, flow fluctuation and pressure pulsation decrease
with the slowness of the pressure change in rotor duct. The
rise of rotor speed leads to the increase of flow fluctuation
and pressure pulsation, and the changing trend is in
accordance with that of the previous experimental results,
indicating that the simulation model is reasonable. Based
on the theoretical equation and simulation conclusion, an
equation describes and quantifies the relation associated
with the grooves and rotor speed. This research can be used
to guide the design an elegant rectangular damping groove
to reduce flow fluctuation and pressure pulsation.
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