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Abstract: The rotary energy recovery device (RERD) plays an important role in reverse osmosis
(RO) desalination; however, few investigations on the formation and influence of lateral force on the
RERD rotor have been published. The transient characteristics of lateral force and its relationship
with pressure distribution and fluctuation in the clearance were analyzed via computational fluid
dynamics (CFD) simulation. The clearance pressure distribution and lateral force were quantified
under different working conditions. The eccentricity of the rotor, resistance torque and decrease in
the rotary speed due to the lateral force were simulated and they were found to change with flow
rate and pressure of high-pressure outlet (Pgp). A new rotary speed prediction method including the
effect of Ppp was developed. With the increasing flow rate or Pgp, the stability of RERD declined. A
design optimization direction was proposed. The variation trends of rotary speed, pressure in the
clearance and its fluctuation were verified through experiment. This research provides an explanation
why in practice the rotary speed decreases with increasing pressure. The conclusions obtained herein
can be of great significance for future research on improving the stability and lifespan and reducing
the maintenance consumption of RERD.

Keywords: desalination; computational fluid dynamics; rotary energy recovery device; lateral force;
pressure fluctuation; stability

1. Introduction

Water shortage has become a worldwide problem [1]. Global water use has been
growing at an annual rate of 1% over the past 40 years and will continue to grow until
2050. Ten percent of the global population is living in countries with high or severe
water scarcity [2]. The shortage of fresh water is causing the world water security great
challenges [3]. Climate change, population growth, pollution and increase in industrial
water use are all causes of this problem, while uneven distribution of water resources makes
the problem worse in some regions [4-7]. To alleviate this crisis, seawater desalination
technology, which is considered to be one of the most economical fresh water preparation
methods due to abundant seawater resources, has become the focus of research [8,9].
Reverse osmosis (RO), with low energy consumption and health risks, is the most widely
used seawater desalination technology [10,11]. Reparation processes and performance
improvement of membrane, design and computational fluid dynamics (CFD) analysis of
energy recovery devices (ERDs) have been the research focuses of the RO desalination
field [12,13] in recent years.

The ERD (with the ability to recover energy from brine for pressurizing seawater
to reduce the consumption of desalination) has become the key equipment of the RO
system,; it is also widely used in other water treatment fields such as underground brine
and water distribution [14]. ERDs can be classified into turbine ERD and isobaric ERD.
When the isobaric ERD is working, the energy of brine directly transforms to the seawater
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without any intermediate steps of energy conversion (called the positive displacement
principle). Therefore, the isobaric ERD consumes less energy than the turbine ERD, with an
intermediate energy conversion turbine step. Moreover, isobaric ERDs can be classified into
a piston-type ERD (also called valve-type ERD) and a rotary energy recovery device (RERD).
The inflow and outflow of brine and seawater are controlled by valves in the piston-type
ERD, while a rotor controls the liquids flowing in and out of the RERD. The RERD (with its
small size and low maintenance) performs well in large-scale reverse osmosis plants [15-18].
The RERD used in the RO system is shown in Figure 1.

RO membrane

Booster pump High pressure pump

RERD

Seawater supply pump

Figure 1. RERD in RO system(blue part is high-pressure and red part is low-pressure).

The RERD contains two end covers, an outer sleeve and a rotor with several channels
(as shown in Figure 2). The device uses high-pressure brine rejected by the RO membrane
to pressurize seawater through contacting each other directly in the rotor channels to save
the power of the high-pressure pump. The high-pressure brine transforms pressure energy
to the low-pressure seawater in the channels of the RERD and then the seawater becomes
high pressure and flows out of the RERD to the membrane. The inflow and outflow of
brine and seawater are controlled by the rotation of the rotor. Meanwhile, the rotor is
driven by the inflow fluids impinging on the channel wall, without an external motor to
save electric energy. There is a clearance (as shown in Figure 3) between the rotor and
sleeve, where liquid film is formed to support and lubricate the rotor [19]. Because of these
structures, RERDs can be affected by various factors, including the driving torque and
resistance torque, respectively, acting on the inner walls of the channels and the outer walls
of the rotor, mixing in the channels between brine and seawater, and the lateral force on the
rotor caused by the even pressure distribution of the liquid in the circular clearance.

Lw-pr:essure igh-pressure
LT Brine
-

Seawater End-cove Seawater

(b)

Figure 2. Structure and working process of RERD. (a) Structure; (b) working process.
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Figure 3. Clearance between rotor and sleeve and the liquid film filling it.

The performance parameters of RERD have been studied extensively in past years.
Xu et al. [20] carried out numerical simulation and experimental research on the static
pressure support of the adjustable liquid film to the rotor. Wu et al. [21] added grooves
to the end-cover structure to reduce the resistance torque of the rotor and improve the
energy recovery efficiency. Jiao et al. [22] researched the hydrodynamics of RERD and
analyzed the influence of working conditions on the rotor torques through simulation and
experiment. Xu et al. [23] studied the rotary speed of the hydraulic self-driven rotor and
its influencing factors, while Huang et al. [24] established the method of speed prediction
by flow rate. Mixing occurs in the channels because there is no physical barrier between
brine and seawater [25]. Zhou et al. [26] explored the factors affecting the formation of
the mixing zone in the rotor channels. Liu et al. [27] observed the flow field and mixing
phenomenon in the channels through the PIV visualization method. Li et al. [28] used
a kind of inclined channel to reduce the mixing rate of RERD. Xu et al. [29] researched
the working conditions influencing the mixing rate of the servomotor-driven RERD via
CFD simulation, while Ye et al. [30] investigated that of a hydraulic self-driven RERD and
the effect of angles in end covers. Ye et al. [31] and Sun et al. [32] designed a rotary vane
RERD and a new swash plate-plunger RERD, respectively. These studies focused on energy
recovery efficiency, rotary speed and mixing of RERD. The studies mentioned above can be
classified according to Table 1.

Table 1. Directions and characteristics of past research on RERD.

Research Direction Highlights What Can Be Improved
. The lubrication, support and leakage mechanism The pressure distribution and lateral
Static pressure support el
of channel liquid film were revealed. force was not researched.

Driving and resistance torque

Mixing behavior

Innovative structural design

The hydraulic self-driving performance of RERD

Th ntricity of the rotor was ignored.
and rotary speed model were found. ¢ eccentricity of the rotorwas ignore

The mixing model was established and the Lack of comprehensive prediction
mixing problem was improved a lot. formula of mixing rate.
The new structures exhibited higher energy Few improvements were made to the
recovery efficiency or lower energy cost. stability of existing devices.

Few reports were found regarding the radial force (called lateral force in this paper)
acting on the rotor of RERD. Lateral force and its effects on the stability of the RERD and
the desalination process were found through problems occurring in the actual operation.
According to previous studies, the rotary speed of RERD depended on the flow rate. How-
ever, it was found in practice that, when the pressure at the high-pressure end cover (Pyo)
increased, the rotary speed began to decrease. It was also found in the Liuheng desalination
plant in Zhoushan, China that the more unstable devices with larger fluctuations in rotary
speed affected by lateral force required more frequent maintenance. In simulation, it was
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discovered that the unbalanced lateral force acting on the outer wall of the rotor through
the liquid in the circular clearance in the direction perpendicular to the rotation axis was too
large. According to the experience of the pump and fluid-excited vibration research, this
force might affect rotary speed via changing the resistance torque of the rotor; meanwhile,
its fluctuation can influence the stability of the rotor [33,34]. Therefore, the investigation of
lateral force, pressure fluctuation and their effects on the stability of RERD in practice is of
great significance to improve the stability of the RO desalination process through finding
the method to make the rotary speed more stable, less affected by operating pressure and
with less fluctuation. This method can be used for reducing the maintenance frequency
and consumption of the rotor and cost of the plant. From the above review, it can be
found that these important questions that should be taken seriously in the RERD field
were ignored in past research. Herein, we discuss the details of lateral force, pressure
distribution, fluctuation and stability.

2. Theoretical and Simulation Methodologies
2.1. Formation and Influence of Lateral Force

The outer wall of the rotor is subjected to the pressure of the liquid in the circular
clearance. As the device is divided into two zones of high- and low-pressure areas, the
pressure distribution on the two ends of the rotor becomes uneven. Therefore, after the
liquid in the end-cover clearance leaks into the circular clearance, the pressure distribution
around the outer wall of the rotor is not uniform, which makes an asymmetry on the liquid
force on the bilateral wall surfaces of rotor central shaft, and the direction of resultant force
is perpendicular to the central axis and points to the horizontal direction. The force is
called lateral force in this paper. Due to the influence of rotor rotation, the pressure of each
point in circular clearance will fluctuate with time, and this pressure fluctuation will result
in the fluctuation of the lateral force. It can be inferred that there is a direct connection
between lateral force magnitude and the pressure distribution around the rotor outer wall
(the circumference of circular clearance) according to the generating mechanism of lateral
force. Meanwhile, the transient change characteristics of lateral force should be of great
relevance with the fluctuation of pressure in this clearance.

The definition of lateral force direction is shown in Figure 4. A rectangular coordinate
system is established on the rotor section (the rotor rotates clockwise). The right side of
the Y-axis is the zone connected to the high-pressure side of the end cover, called the
high-pressure area, and the left side is the low-pressure area.

Sampling Point

Clearance

force

E§\\xx§\&\m

\\-:; High-pressure side
= '\.\ \ X N .
2 N N AR

L

Figure 4. Axis section view of rotor and clearance and diagram of lateral force direction.

The rotor produces an eccentric motion by lateral force, and the variation of clearance
thickness changes the resistance torque of the rotor formed by the liquid film. The thickness
of clearance is very small, usually 0.02 mm, and the flow rate inside it is no bigger than
20 m/s. Therefore, the Reynolds number is usually no higher than 2000, and the laminar
flow is the main flow. According to Newton’s theory of inner friction, end-cover and
circular clearance can be unfolded, while the liquid film can be, respectively, regarded as
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the flow between two circular/rectangular parallel plates. The wall surface of the rotor will
move at a corresponding linear speed while the sleeve wall surface is fixed, and velocity
gradient will occur between the parallel plates. Taking each place in the clearance as two
infinitesimal parallel plates, the shearing stress is calculated on each small infinitesimal
wall surface, and the theoretical formula of resistance torque suffered by the rotor after
using surface integral is obtained [23,24]:

L3 4 4
MR:nzyN(L—i—r 4

15¢1 30cy ) M)

where N is the rotary speed of rotor (rpm); u is the hydrodynamic viscosity (N-s/m?); L
is the length of rotor (m), r and ” are the outer wall radius of rotor and the center hole
radius of rotor (m), respectively; c; and c; are the thickness of circular clearance and the
end-cover clearance, respectively (m). The part before the plus sign in parentheses is the
circular clearance resistance term, while that after the plus sign is end-cover clearance
resistance. When the thickness of circular or end-cover clearance decreases, the flowing
velocity gradient in the clearance becomes steeper and the liquid resistance acting on the
lateral outer wall or the end face of the rotor will increase, which reduces the rotary speed.
The resistance torque also decreases with the rotary speed, forming a negative feedback
balance. The formula is suitable for the ideal case where the rotor is not eccentric. However,
in the study of lateral force, hereafter, it is found that the rotor will move eccentrically under
the impact of lateral force, and the thickness of a single side of liquid film will change to
increase the resistance torque, which leads the annular resistance in the formula to increase
to reduce the rotary speed. Therefore, the experimental speed is a little lower than the
theoretical speed during previous experiments operated by researchers.

2.2. Computational Fluid Dynamics Model and Control Equation

In this paper, STARCCM+ was used to numerically solve the model, and the unsteady
and incompressible three-dimensional Reynolds mean Navier-Stokes equation (RANS)
was solved. The heat transfer during the process of operation was ignored because there
was no heat transfer in the operation of the device. The continuity equation and momentum
equation can be described as [35]:

ou Jdv  Jdw
x oyt 70 (2)
o))  dlpww)  ap ot dpujuf
ot oy, oy Tox, P8 o, 3)

where p is fluid density (kg/m?), pg; is the volume force in the i direction (N/m?), 7 is the
viscous stress tensor (N/m?), and pug u} is Reynolds stress (N/ m?). The Reynolds stress

term makes the system of equations no longer closed and cannot be solved directly. In order
to solve this problem, various turbulence calculation models are introduced, which can be
divided into a Reynolds stress model (RSM) and a vorticity viscosity model according to
different assumptions of Reynolds stress terms. The eddy viscosity model is often used in
engineering, which introduces turbulent viscosity to calculate Reynolds stress [35].

du; ouj 2
oy’ = it T A N ¥ S
pu i .ur(axj + axi> 3Pk‘51] 4)
1
k= Eu’iu’j (5)

where ¢ denotes turbulent viscosity and k means turbulent kinetic energy.

According to the number of differential equations determining ., the eddy viscosity
model can be divided into a zero-equation model, a one-equation model and a two-equation
model. In engineering practice, two-equation models are widely used, including the
standard k-e¢ model, RNG k-¢ model and realizable k-¢ model. According to the research
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results of Liu, the numerical simulation results using the realizable k-¢ turbulence model
are in nice agreement with the PIV experimental data of a rotary energy recovery device,
which can be used to analyze the detailed information of flow characteristics in the rotor
channels of the RERD. The flow in the clearance is mainly laminar flow. According to
the conclusions of Sparrow et al. [36], for the flow simulation that contains independent
laminar flow with turbulence flow in other areas, in the independent laminar flow area,
due to the geometric factor of the device, when Re < 370, the standard k-¢ model has a large
error in calculating laminar viscosity by turbulent viscosity. When Re is higher than this
value for other models, this error is small and acceptable. Therefore, for the fluid domain
studied in this paper, where the laminar flow only exists in the clearance with the Re larger
than 500 and in the other parts there is turbulence flow, the realizable k-¢ turbulence model
can be used to calculate the simulation. Therefore, the realizable k-¢ turbulence model was
adopted in this paper.

2.3. Simulation Scheme

The flow domain model of RERD was drawn in NX UG (ver. 10.0) (shown as Figure 5).
It contains 4 end covers, 24 rotor channels and 2 clearance parts. The length of the channel is
190 mm and the thickness of clearance is 0.02 mm (the same as the device in the experiment).
There are 36 sampling points arranged uniformly around the circular clearance wall,
forming a sampling point circumference. Three such circumferences are evenly distributed
in the rotor axis direction. Circumference N-1 is at the middle height of the rotor, while N-3
is on the end face and N-2 is on the middle line between N-1 and N-3 (N here represents
the circular number of the sampling point, not the rotary speed).

End-cover
clearance

Low-Pressure

High-Pressure
Brine Outlet

Brine Inlet

Sampling
points (36)

High-Pressure
Scawater Outlet

Low-Pressure
Seawater Inlet Circular

clearance

(c) (d)

Figure 5. Flow domain model of RERD and distribution of the sampling points. (a) End covers and
rotor channels; (b) model with clearance and sampling points; (c) 3 sampling point circumferences;
(d) number of circumferential sampling points.
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The mesh model was created in Ansys ICEM CFD (ver. 17.2), as shown as Figure 6. The
structural grid was used for the rotor channels and clearance parts with 6 boundary layers,
while the unstructured grid was used for the irregular part of the end-cover structure. All
the meshes were combined in the simulation software STARCCM+ (ver. 16.02.009-R8). The
total number of meshes was over 2,600,000, and the minimum orthogonal quality of the
whole mass was 0.4.

Low-Pressure

Brine Outlet End-cover

clearance

High-Pressure
Brine Inlet

Rotor
Channels

Circular

Low-Pressure clearance

Seawater Inlet

High-Pressure
Seawater Outlet

Figure 6. Mesh model (clearance part is not shown in the left side).

The end-cover outlets were set as pressure outlets, while the inlets were velocity
inlets to make the calculation easy to converge. Inflow velocity was calculated by the
flow rate and inlet area. Herein, the flow in the clearance was mainly focused and the
mixing problem in the rotor channels was not considered; therefore, the fluid was set as
water without considering the component transport model. The contact surfaces between
the end-cover down face and between the end-cover clearance, the end-cover clearance
and the end face of the rotor channels were set as interfaces to connect the entire fluid
domain according to the actual flow situation, and the other surfaces were set as the wall
surface. The sliding mesh method was adopted for the transient calculation of the rotor
rotation. The fluid domain of the rotor channels was set as the rotating region, and the
inner surface of the clearance liquid film connecting with the rotor was set as the rotating
wall with the same speed as the rotor to comply with Newton’s internal friction theory. The
other walls and areas were set as static surfaces and regions, and wall enhance treatment
was used. The first-order upwind scheme was used to discretely calculate the turbulent
kinetic energy and turbulent dissipation rate. The second-order upwind scheme was used
to calculate the momentum equation. To reduce the residuals, the maximum number of
internal iteration steps was set to 20. The results of the transient calculation negligibly
changed when the time step was lower than the time when the rotor rotated 1°, therefore
the time step was set as that. The residual standard of convergence was set to 1 x 10~ and,
when the residual values were reached, the simulation results were considered to be stable.
Then, the data during at least one rotation cycle of the rotor were taken for monitoring.
The monitors were set to record resistance torque, lateral force in each direction and the
pressure of 108 sampling points on the inner wall of the circular clearance. The power
spectral density curves of lateral force and pressure fluctuation in frequency domain were
generated by fast Fourier transform (FFT) (via Hann window function) in the software
STARCCM+ mentioned above. The reliability of the computation mesh was verified by a
mesh number independence check (Table 2).

Table 2. Mesh number independence check.

Mesh Number (x10°) Resultant Lateral Force (kN) Resistance Torque (N-m)
2.60 138.38 —3.680
3.07 137.70 —3.681

4.07 138.67 —3.676
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3. Simulation Results and Discussion
3.1. Lateral Force, Pressure Distribution and Fluctuation When Rotor Was Non-Eccentric

First, the initial position of the rotor without eccentricity was calculated. The working
condition was set with a flow rate of 70 m3/h and a pressure of 6 MPa, while the estimated
rotary speed of the rotor applied in this paper was 700 rpm (according to Huang's [24]
speed prediction method). The lateral force (the lateral outer wall of the rotor was the only
component that the lateral force acted on) in the X and Y directions on the rotor at this
speed was monitored, and the sampling duration was within one rotating cycle of the rotor,
as shown in Figure 7.

-100,000 T T T T

-105,000 , |

o

-110,000 c
-115,000
-120,000 d

-125,000

Lateral Force (N)
T
Lateral Force (N)

-130,000 - ‘ |
-135,000 | |

140,000

T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Time (s)

Figure 7. Lateral force magnitude within one rotating cycle.

As shown in the figure, the lateral force in the X direction pointed at the negative
direction of the X-axis, and the magnitude fluctuated between —140 kN and —130 kN.
The direction and magnitude of the lateral force in the Y direction fluctuated between the
positive and negative direction of the Y-axis around zero, and the fluctuation range was
bigger than in the X direction. No matter the lateral force in the X or Y direction, they all had
similar periodical laws of fluctuation, which meant there were 16 peak values and 16 valley
values in the curve of lateral force within 1 rotating cycle. The lateral force fluctuated
16 times when the rotor rotated 1 cycle, and there were 8 higher peaks and 8 lower valleys,
which were arranged in order. The valley values were the same, and the higher and lower
peak-valley values of the lateral force in the X and Y directions almost emerged at the
same moment. This fluctuation cycle of the lateral force coincided with the number of
rotor channels. In the device applied in this paper, 16 outer channels and 8 inner channels
existed in 1 rotor, and 2 outer channels and 1 inner channel formed a channel group (total
8 groups). Therefore, it can be inferred that the transient fluctuation characteristics of
the lateral force had a certain relation with the position of the rotor channel. To research
the relations between them, the relative position diagram of the rotor channels and the
inflow end cover was shown when four peak and valley values emerged within a smaller
fluctuation cycle of the lateral force (in Section A, Figure 7, there are two pairs of peak and
valley values (higher peak a and lower peak c, lower valley b and higher valley d)).

At position a in Figure 8, one group of rotor channel I plunged into the high-pressure
end cover area. At that moment, one side of the inner channel i and outer channel i-i
of this group was tangent to the arc edge of the end cover, corresponding to the higher
peak emerging in Figure 7. Meanwhile, this group of channels changed from no liquid
flowing in or out to high-pressure seawater flowing into two channels at the same time.
At position b, part of the inner channel i had already passed inside the inflow area, most
of the outer channel i-i had passed inside the inflow area and the lower valley b of the
lateral force emerged. At position c, part of the inner channel i was still out of the inflow
area, meanwhile one side of the outer channel i-ii was tangent to the arc edge of the end
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cover and starting to go into the inflow area. At this moment, the sub-peak c of the lateral
force emerged and one channel of this group changed from no liquid flowing in or out to
seawater beginning to flow in. At the last position d, both other sides of inner channel i and
outer channel i-ii were tangent to the arc of the end cover, had fully passed into the inflow
area and the sub-lower valley d of the lateral force emerged. Then, the next channel group
rotated until reaching position a of channel group I, the magnitude of the lateral force came
to the next higher peak and the cycles repeated. As there were 8 groups per channel, such a
cycle would repeat 8 times within 1 turn of rotation, which meant the magnitude of the
lateral force had 16 pairs of peaks and valleys. The position of the channel group on the
opposite side of the center of the circle relative to the low-pressure inflow area behaved
the same as above because the rotor had a central symmetry structure. It can be seen from
the above analysis that, when one inner channel and one outer channel of one channel
group plunged into the outflow area at the same time (the moment when the edges of two
channels started to cut the inflowing fluid), the lateral force reached the highest peak value.
And when the edge of only one channel started to cut the inflowing fluid, the lateral force
reached the sub-highest peak value. Moreover, the valley values of the two lateral forces
corresponded to the time that the channels were completely in the outflow area and the
edges no longer cut the inflowing fluid. It was believed that the abrupt change of the inflow
speed at the beginning of the “cut” caused the pressure to reach the peak, and then also
caused the lateral force to reach the peak. The number of channels on the rotor was the
number of peaks of the lateral force and pressure within one turn of rotation, therefore
forming the periodical pressure fluctuation, which caused the periodical fluctuation of the

lateral force.

High-pressure
end-cover

Low-pressure

end-cover
(a) Position a (b) Position b

(¢) Position ¢ (d) Position d

Figure 8. Rotor channel position diagram corresponding to two pairs of peak and valley values of
lateral force (the pink parts are rotor channels).
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Figure 9 shows the power spectral density (PSD) curves in the frequency domain of
the X and Y direction; their main frequency was 185 Hz, 16 times the rotation frequency
(about 11.7 Hz, as the rotary speed was 700 rpm) of the rotor, while the secondary frequency
was 95 Hz, 8 times the rotation frequency of the rotor. It accorded with the fluctuation
curve of the amplitude of the lateral force in the time domain, and also accorded with
the numbers of rotor channels mentioned above. In addition, the amplitude of the power
spectral density at the main frequency (PSDM) of the lateral force in the Y direction was
much higher than in the X direction. It was confirmed that the lateral force in the Y direction
had a larger fluctuation amplitude than in the X direction. The reason for this phenomenon
could be that the lateral force in the X direction was much greater than in the Y direction
and the influence of pressure fluctuation was less obvious, while the lateral force in the Y
direction was small, so it was more affected by the pressure fluctuation. The PSDM of the
lateral force in the X and Y directions were 4.5 x 10° and 1.1 x 107 N?/Hz, respectively.

ity (N*/Hz)

eNS1!

SR
S P
o o
=1

g s
o o
S S
[=2=1

0 50 100 150 200 250 300 350 400
Frequency (1/s)

Figure 9. Power spectral density curve of lateral force.

In order to define the resultant force of the lateral force and its fluctuation range
more conveniently, the lateral force could be regarded as the superposition of a constant
force and a changing pulse force. The constant force was represented by the mean value
of the lateral force, and the standard deviation of the lateral force was used to show the
fluctuation amplitude of the pulse force (called “excitation force” in this paper); the formula
is as follows:

Fo=Y Fi/n ©)
i=1
f= [ (B R @)

i=1

where F( is the mean value of the reluctant force of the lateral force, F; is the reluctant force
magnitude of the lateral force every time, n is the sampling times and f is the fluctuation
amplitude of the lateral force measured by standard deviation (excitation force) with the
same unit as the lateral force. According to the above formulas, the constant force and the
excitation force of the resultant lateral force under this working condition were 139 kN and
1.97 kN, respectively.

Since the lateral force was generated by the uneven distribution of clearance pressure,
the fluctuation of the pressure of the sampling points in the time domain should also have
been consistent with the lateral force. The lateral force in the X direction was mostly related
to the pressure of points 10-1 and 28-1, symmetrical distributing with the Y-axis on both
sides, while the symmetrical distributing of points 1-3 and 19-3 with the X-axis and their
pressure were related to the lateral force in the Y-direction. The pressure of the points are
drawn in Figure 10.
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Figure 10. Lateral forces in each direction and corresponding points’ pressure transient change
curve. (a) Transient curve of lateral force in X direction and pressure of points at two sides of Y-axis;
(b) transient curve of lateral force in X direction and pressure of points at two sides of Y-axis.

It can be seen from the figures that the lateral forces in each direction fluctuated as the
pressure of the points related to them. The time when the peak and valley values of the
pressure fluctuation at each point and the reason were similar to those of the lateral force
were caused by the different positions of the rotor channels (Figure 8). When the pressure
difference between two symmetric points increased, the absolute value of the lateral force
became larger. Moreover, the pressure of the points fluctuated with a frequency similar to
the lateral force. Their main frequency was 185 Hz, 16 times the rotation frequency, while
the secondary frequency was 95 Hz, 8 times the rotation frequency of the rotor. These
points were taken as examples and the other sampling points exhibited similar fluctuation.

For the 36 pressure sampling points on the same circumference, the distribution angle
was defined as Angle 6 (Figure 4) between the line from the sampling point to the center of
the circle and the +Y-axis. The curve between pressure and 6 was drawn by the pressure
from 36 sampling points, as shown in Figure 11. It can be seen that the curve showed an
obvious sine form. Through fitting in origin, the fitting parameters of the sinusoidal curve
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obtained are shown in Figure 11, and the correlation reached 99.9%. According to the fitting
parameters, the circular direction pressure distribution at the N-2 circumference was also
close to the sinusoidal type, and the correlation coefficient reached 99.7%. Although the
circular direction pressure distribution at the N-3 circumference also performed the same
trend and periodicity, and the circular position of the maximum pressure value point was
also the same, the fitting correlation coefficient was only 96.7%, and the curve form was
between sine and square wave.
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Figure 11. Circular direction pressure distribution curve at circumference N-1, N-2, N-3 (red lines are
fitting curves). (a) N-1; (b) N-2; (c) N-3.

The main frequency of pressure fluctuation reflected the time of fluctuations of each
point in one rotation cycle. The main frequencies of pressure at most of the sampling points
were 185 Hz, 16 times the rotation frequency, and the reason was the same as the fluctuation
of the lateral force. The amplitude of PSD reflected the intensity of pressure fluctuation at
each point. Since the amplitudes of the PSDM of most points were much higher than that at
other frequencies, the amplitude of PSDM was used to measure the fluctuation amplitude
of a certain point in this period in order to reasonably simplify the operation.

In the vibration field, the root mean square (RMS) value of vibration was used to
represent the average effective energy of a vibration signal, and the pressure fluctuation
was seen as the result of fluid excitation. The RMS value was taken from the pressure at
certain points in this period, and it had a similar function as PSDM. Figure 12 shows that
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the pressure RMS of each point from point 1-1 to point 36-1 was almost the same as the
distribution trend of PSDM, so it was proven that the method of reflecting the amplitude of
pressure fluctuation by PSDM at frequency domain was reliable.

—M— Power Spectral Density at The Main Frequency
—m— Standard Deviation of Pressure

3.5x10° T T T T T T T T
2.5%10°

oo

| . a

il I X: e
1.5%10° \\ // \ /

1.0x109—: \.\_\ /- _\. /'/ L 0.10

5.0x10°% PN,

3.0x10°

Standard Deviation of Pressure (MPa)

YA - 0.05

0.0

—¥¥—1+——1——1+——+ 0.00

Power Spectral Density at The Main Frequency (Pa”/Hz)

Point Number

Figure 12. PSDM of pressure fluctuation and pressure standard deviation at each sampling point.

Figure 13 displays the distribution of PSDM at each point of circumference N-1, N-2
and N-3. It can be seen that in the high- and low-pressure areas between point 5~15 and
point 23~33, the pressure fluctuation amplitude of each point was low. The closer to the
end face in the axial direction, the smaller the fluctuation amplitude was, of which the
pressure fluctuation in the high pressure area was more intense. In the pressure transition
area between the high- and low-pressure area, especially near point 3 and point 20, the
pressure fluctuation amplitude increased greatly, and, the closer to the end face in the axial
direction, the larger the pulsation amplitude was. PSDM at the end face was much higher
than in the middle, meaning the pressure fluctuation of liquid in clearance was very intense
around the pressure transition area and was gentle inside the high- and low-pressure area.
The closer to the end face in the axial direction, the more obvious the phenomenon was. No
obvious distribution fitting function was in the circular direction of the curve in Figure 13.
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Figure 13. PSDM at each sampling point.
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3.2. Lateral Force, Pressure Distribution and Fluctuation on Eccentric Rotor

The simulation results in this section were based on the actual lateral force and
produced eccentric motion to which the rotor was subjected. To facilitate the monitoring of
data of each sampling point and lateral force and to compare with the data under the non-
eccentric condition, the center O’ of the eccentric rotor was taken as the coordinate origin
(Figure 14), while the point O in the figure was the center of the rotor under non-eccentric
condition (also the center of circle of the shaft section of the outer wall in the clearance).
So, under the working conditions set like this, the origin parameters remained unchanged,
such as the coordinates of each sampling point, the acted surface and direction of the force
and torque, the surface of rotation (the outer wall of the rotor/the inner wall of the liquid
film) and its speed, then the mesh was drawn with the same deformation in the opposite
direction of the liquid film offset to the rotor. The simulation was calculated by this method,
and the parameters and model selection were the same as before. The polar coordinate
method was also adopted to represent the eccentricity by the displacement distance in
the X and Y directions, as shown in Figure 14. The eccentric distance  was the distance
between O” and O, and the deviation angle ¢ was the dip angle between the two-point line
and the X-axis, and the eccentric of the rotor in horizontal direction was represented by
these two parameters.

Sampling Point

Rotor Clearance

X
Low-pressure High-pressure 1 0’ Y
side (original) side (original) b * g

Figure 14. Diagram of rotor eccentricity.

The stable position of the eccentric rotor under the flow rate of 70 m?/h and pressure
of 6 MPa should be found. The stable position was determined as follows: (1) The position
where forces on the rotor was almost balanced. It was hard to totally eliminate the lateral
force, and it would change within a certain range and reduce to a very low level. It could
be regarded as stable when reducing to the same order of magnitudes as the excitation
force. (2) Torque was balanced on the rotor, meaning the driving torque was equal to the
resistance torque. The rotary speed would reduce to a certain extent because the resistance
torque increased after eccentricity. At the stable position under the working conditions
mentioned above, the eccentric distance was 0.0135 mm and the deflection angle was
87°. Meanwhile, the lateral force in the X and Y direction at this time was 1980 N and
2010 N, and the reluctant lateral force was lower than 3 kN. The rotary speed reduced to
650 rpm and the actual central position of the rotor and the rotary speed fluctuated around
these values.

Figure 15 showed the pressure cloud image in the clearance at this time. As ¢ ap-
proached 90°, the high-pressure and low-pressure concentration areas appeared above the
X-axis and on the left and right sides of the Y-axis, respectively. Point 34-1 and point 3-1
were respectively their centers, offsetting the pressure differential of the low-pressure area
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on the left side and the high-pressure area on the right side, which caused the lateral force
in the X direction to greatly decrease. The pressure of the sampling points on the outer

wall of the rotor was taken to draw the pressure distribution curve (Figure 16) for each
circular direction.

Pressure (MPa)
0018426 1.3735 27286 4.0837 54388 67939

Figure 15. Diagram of the clearance pressure at the eccentric stable position.
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Figure 16. Pressure distribution curve in circular direction at eccentric stable position.

When the rotor was eccentric, the pressure in the original high- and low-pressure areas
and pressure transition area changed greatly due to the influence of high- and low-pressure
concentration areas caused by the narrowing of one side of the liquid film, especially on
circumference N-1, where two centers of pressure concentration area (point 4-1, point
34-1) formed. The pressure that was originally in the transition area close to the high- and
low-pressure area changed greatly, forming an extremely low pressure (0.56 MPa) and
an extremely high pressure (6.69 MPa). The two pressure concentration areas appeared
symmetrically on both sides of the narrowest part of the liquid film and were close to the
narrowest part. If the rotation direction of the rotor was called the front, the high-pressure
concentration area appeared behind the narrowest point of the liquid film, while the low-
pressure concentration area was in front of the narrowest point of the liquid film. At this
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time, the narrowest point of the liquid film was almost on the +Y axis and the X coordinate
was negative and very small so that the two pressure concentration areas were generated at
the two positions that centered at points 4-1 and 34-1. The original high- and low-pressure
points moved in the direction of the thickening liquid film, from point 10-1 and point 28-1
to point 14-1 and point 24-1, respectively. Because the centers of the pressure concentration
areas were located on circumference N-1, the farther the distance in the axis direction was
from the center and closer to the end face, the less influence on the pressure it had. For
example, neither the extreme high pressure nor low pressure on circumference N-2 reached
that of circumference N-1; the central positions and pressures of the original high- and
low-pressure areas also changed little. The influence on circumference N-3 was minimal
and it could be seen that the pressure distribution still maintained the original trend of first
increasing, then decreasing and finally increasing again, but the overall dispersion degree
of pressure was reduced. The mean values of the pressure of each point in one rotation
cycle were taken and the standard deviations of such mean values of 36 points on the same
circumference were calculated. The changes are shown in Table 3.

Table 3. Change in the standard deviation of the mean values of pressure on each point on the circumference.

Circumference Non-Eccentric Eccentric
N-1 1.47 MPa 1.49 MPa
N-2 1.69 MPa 1.02 MPa

According to the pressure dispersion degree of the three circumferences, only the
pressure distribution nonuniformity close to circumference N-1 had a small amplitude
increase, and those on the other circumferences were reduced. Therefore, the pressure
distribution nonuniformity in the clearance was greatly reduced as a whole and the lateral
force was reduced from about 140 kN to the same level as the excitation force of 3 kN. The
pressure distribution of circumference N-1 in the figure was very similar to the real pressure
distribution of the centrifugal pump clearance [37], which also showed the reliability of the
simulation in this paper.

Next, the frequency domain data of pressure fluctuation were analyzed. In the 108 sam-
pling points, the main frequencies of the pressure fluctuation at most points were still
16 times (185 Hz) the rotation frequency (about 11.7 Hz, as the rotary speed was 700 rpm),
and there were a few points with different main frequencies that were 8 times (95 Hz) or
32 times (370 Hz) the rotation frequency (Figure 17).

O 370Hz

95Hz

Figure 17. Diagram of the range of pressure fluctuation with 32 times and 8 times rotation frequency.
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It can be seen from the pressure curve that points 29-3, 30-3 and 31-3 were the three
points with the lowest pressure at the end face circumference, and these pressure values
themselves were relatively low, more obviously affected by the inflow and outflow of
the interface of end-cover clearance and circular clearance. The main frequency of the
fluctuation was 370 Hz, twice the number of most of the sampling points.

Several points in the yellow circle were affected by the eccentric movement of the rotor,
resulting in a high-pressure concentration area. Because the pressure became higher, the
influence on pressure fluctuation by the rotor channel cutting the inflow liquid was reduced,
as mentioned above. The fluctuation amplitude produced by a single channel cutting inflow
liquid was much smaller than that of an inner channel and an outer channel cutting at the
same time. Therefore, the main frequency was eight times the rotation frequency.

The distribution of PSDM on each circle is shown in Figure 18. The variation trend
of the main frequency amplitude of pressure fluctuation in the circular direction was not
much different from when the rotor was not eccentric. Meanwhile, the PSD amplitude
of most positions decreased, and only the PSDM in the low-pressure concentration area
increased, reaching a maximum of 7.5 x 1010 Pa2 /Hz, which was more than double the
maximum amplitude when the rotor was not eccentric.
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Figure 18. PSDM of each sampling point in the eccentric state.

3.3. The Factors Affecting the Rotor Eccentric Position and Stability

In this section, the rotor was simulated under different flow rates and Pyp when the
rotor was at the initial position without eccentricity. The pressure distribution curves and
lateral forces were compared. Then, the rotor was simulated under the eccentric rotation
influenced by the lateral force by changing the working condition parameters such as flow
rate and Ppp. The eccentric stable positions under each working condition were found and
the formula corrections of the resistance torque and rotary speed influenced by the lateral
force were obtained.

Firstly, the non-eccentric situations were simulated. The pressure distribution curves
under different flow rates when Py was set as 6 MPa and under different Po when flow
rate was set as 70 m> /h are displayed in Figure 19. The rotary speed related to the flow
rate was set as Huang’s old model without eccentricity. When the flow rate changed, the
dispersion of the curve became very slightly lower as the flow rate increased, while it
decreased significantly when Ppo decreased.
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N-1 Pressure (MPa)

Flow rate (m*h) Rotary speed (rpm)
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Figure 19. Pressure distribution curves of circumference N-1 under different flow rates and Py.
(a) Under different flow rates; (b) under different Pyp.

The lateral forces under the different working conditions mentioned above are drawn
in Figure 20. It was found that the lateral force increased nearly linearly when Pyo increased
and decreased as the flow rate increased, but its decreasing trend was slight compared with
its size. The lateral force exhibited a quadratic function relation with the flow rate. The
fitting degree was good, with adjusted R? over 0.99. It could be told from above that the
rotor would be more eccentric when the flow rate decreased and Pyp increased, similar to

the change in lateral force.
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Figure 20. Change in lateral force under different working conditions (Red lines are fitting curves).
(a) Under different flow rates; (b) under different Pgo.

Then, the simulation was calculated when the eccentric rotor was at the stable position
and, herein, the lateral force was considered at a very low level near 0. The Ppp was
controlled constant and the flow rate was changed. The position and rotary speed of the
eccentric rotor were adjusted for each working condition, so that the rotor reached a stable
state. The stable position of the rotor was very close to the +Y-axis, and the deviation angle
varied between 87° and 90°; meanwhile, the lateral force change caused by the deviation
angle in this range was very small through the simulation test. The most influential factor
was the eccentricity. Therefore, adjusting the eccentric distance 7y was the main method of
adjusting the position of the rotor. When the eccentric rotor was stable under different flow
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Pressure (MPa)

rates, the rotary speed and eccentric distance are shown in Table 4. It was found that the
rotary speed decreased and the eccentric distance increased as the flow rate decreased.

Table 4. Rotary speed and eccentric distance of the rotor under eccentric stabilization with different

flow rates.
Pyo (MPa) Flow Rate (m3/h) Rotary Speed (rpm) Eccentric Distance (um)
6 90 920 11
6 80 760 125
6 70 650 13.5
6 60 520 14.5
6 50 380 16.5

The pressure distribution curve of each circle varied with the flow rate, as shown in
Figure 21. The dispersion of the pressure distribution curve of circumference N-1 decreased
as the flow rate increased. The pressure distribution of circumference N-2 was similar
to that of N-1, and the pressure dispersion was lower than that of N-1. The pressure
distribution trend of the N-3 circumference was not significantly affected by the flow
rate and rotary speed, which was similar to when the rotor was not eccentric. It could
be considered that the change of eccentric distance had little influence on the pressure
distribution at the end-face circumference.
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Figure 21. Pressure distribution curves of the circumferences at the rotary speed of eccentric stabiliza-
tion with different flow rates. (a) N-1; (b) N-2; (c) N-3.
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Then, the inflow rate was controlled constant and Py was changed. The simulation
was conducted under the working conditions when the rotor reached eccentric stabilization.
It can be seen in Table 5 that the eccentric distance reduced as Pyp decreased and the
reducing speed gradually increased. The rotary speed increased, whereas the increasing
speed gradually reduced until the rotary speed finally approached its predicted speed.

Table 5. Rotary speed and eccentric distance of the rotor on eccentric stabilization under different Prjo.

Flow Rate (m3/h) Pyo (MPa) Rotary Speed (rpm) Eccentric Distance (um)
70 6 650 13.5
70 5.5 675 12.5
70 5 680 12
70 4.5 685 11.3
70 4 688 10.5
70 35 692 9.5
70 3 694 8.5
70 2.5 696 7
70 2 698 55
70 15 699 4.5
70 1 700 3

Figure 22 shows the circular pressure distribution curve in the clearance on eccentric
stabilization with different Pyo. When Py decreased, the pressure in the clearance was
reduced as a whole, the dispersion of pressure was also reduced and the non-uniform
pressure distribution was reduced. When Pp;p decreased to 1 MPa, the pressure distribution
curve flattened out, and the influence of the pressure concentration area was minimal.

—— 6MPa
—— 5MPa
74 —— 4MPa|
—— 3MPa
67 2MPa
1MPa

Pressure (MPa)
v
L

Pressure (MPa)

(b) (c)

Figure 22. Circular pressure distribution curves at the rotary speed of eccentric stabilization with
different Pyo. (a) N-1; (b) N-2; (c) N-3.
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The PSDM of the lateral force and the excitation force curve are shown in Figure 23,
and it can be obtained from the figure that the PSDM of the lateral force in the Y direction
and the excitation force of the resultant force both increased (the lateral force value in the
X direction was small and fluctuated around 0; the lateral force in the Y direction greatly
fluctuated). As the flow rate and Ppo increased, the stability of the device reduced as the
magnitude of the pressure fluctuation in the clearance increased.
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Figure 23. PSDM of the lateral force and excitation force under different working conditions. (a) Dif-
ferent flow rate; (b) different Pyo.

It was found from the simulation results above that the eccentric distance and flow
rate exhibited a clear relationship with Ppo. The second-order fitted curved surface was
obtained through their relations, as shown in Figure 24, and the adjusted R? of the fitted
surface was over 0.98. The fitted formula of the eccentric distance 7y was (8). The calculation
results of the efficiency factor (8) of Alford force under different working conditions are
drawn in Figure S1. It increased as the flow rate increased and the Ppp decreased.

v =379 —0.16Q + 6.14Pyo — 0.024QPy0 + 0.0011Q% — 0.32P% (8)

where Q is the inlet flow rate (m3/h).
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Figure 24. Fitted surface among the eccentric distance, flow rate and Pyp.
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When the rotor was eccentric, the liquid film on one side became thinner and the
resistance torque increased, which was not considered in the past theoretical formula
of resistance torque. Herein, the resistance torque under the above eccentric working
conditions was counted, and the relationship between the resistance torque, rotary speed
and eccentricity were fitted with a second-order surface (Figure 25). The formula correction
of the resistance torque influenced by the lateral force and eccentricity was obtained (9).
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Figure 25. Fitted surface among the resistance torque, rotary speed and eccentric distance.
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The quadratic coefficient of rotary speed in the formula was very small because the
order of magnitude of the rotary speed was greatly larger than the resistance torque.
According to Formula (1), the relation between the rotary speed and the resistance torque
was linear, so the related quadratic term was small.

The increase in resistance torque and the decrease in rotary speed caused by the
lateral force and rotor eccentricity were not taken into account by the existing theoretical
calculation formula and speed prediction model related to rotary speed and flow rate.
The experimental rotary speed was slightly lower than the theoretical speed in these
studies. Herein, the rotary speed and flow rate influenced by the lateral force and Pro were
considered for second-order surface fitting (Figure 26), with the adjusted R? over 0.99. The
prediction formula correction of rotary speed related to the lateral force and eccentricity is
listed below:

N = —133 4 12.3Q — 21.2Py0 + 0.31QPyo — 0.00423Q% — 1.66 P02 (10)

Equation A+Bxx+Cry+Drxxy+Exx"2+Fxy"2
A ~122.227734 = 25.10719 Rotary Speed (rpm)
B 12.14633 = 1.15595
C —23.96299 =9.70173 1000
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Figure 26. Fitted surface of the rotary speed, flow rate and Py on eccentric stabilization.

The quantities in the formula were the same as the preceding ones. Among them, the
secondary term of flow rate was small, which was consistent with the previous speed pre-
diction formula. The influence term of Pyp was added in this formula, and the coefficients
were negative. Equations (8)—(10) fit the model of the RERD with 190 mm rotor length,
190 mm rotor diameter, 32° end-cover inclined angle and 0.02 mm clearance thickness.
When the eccentricity caused by the lateral force was considered, the increase in pressure
at the high-pressure side led to the decrease in speed. Therefore, to improve the stability of
the RERD, the operating pressure should not be too high. Due to the pressure demand on
seawater, multiple-stages of RERD may be an improvement option to reduce the pressure
difference of a single device and increase the stability. Moreover, the flow rate should not
be too large to prevent excessive excitation force, nor should it be too small, otherwise
the eccentricity will be too large, which causes low rotary speed, low efficiency and high
mixing rate.
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3.4. Four-Districts RERD: A Direction in Design Optimization

We found that eccentric and lateral forces were major reasons for the decreasing
stability of the device through the above analysis. And the lateral force was caused by
the uneven pressure distribution in the clearance due to the asymmetrical high- and low-
pressure inlet end covers. If improvements were to be made in this direction, the problems
of lateral force and eccentricity might be solved. Herein, a new design called four-districts
RERD was proposed. As shown in Figure 27, it contained two pairs of high-pressure
end covers and low-pressure end covers with a more symmetrical distribution. The other
structures such as rotor and clearance were the same as in the old RERD.

High-pressure

Low-pressure inlet end-cover

outlet end-cover

Low-pressure
outlet end-cover

Figure 27. Structure of four-districts RERD.

CFD simulation of the four-districts RERD was calculated under the same rated
condition as the old RERD (70 m3/h and 6 MPa). The pressure distribution curves in its
circumferences are shown in Figure 28. The positions of circumferences N-1, N-2 and N-3
were the same as in the simulation of the old RERD. The fitting curves of all circumferences
were sinusoidal, with good fitting degree. There were four end covers, twice as many as
the old RERD, so the wave period of the curve was twice as much as the old one.
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Figure 28. Circumference pressure distribution fitting curves of four-districts RERD.
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It was found by simulation that the lateral force of this structure was very low, lower
than the level of its excitation force. According to the analysis above, the eccentricity of the
rotor could be almost negligible and its stable position was nearly at the initial position (the
same as the excitation force). Table 6 lists the comparison of lateral forces at initial position
and excitation forces at stable position between the two RERDs. It shows that both lateral
force and excitation force decreased greatly in the four-districts RERD. It can be inferred
that this was due to higher stability than the old structure. This new structure may be a
suitable design optimization direction and may have research prospects.

Table 6. Comparison between four-districts and the old two-districts RERDs.

Type of RERD Lateral Force at Initial Position  Excitation Force at Stable Position
Old (two-districts) 139 KN 3.05 KN
Four-districts <2 kN 1.70 KN

4. Experiment Validation

RERD will rotate eccentrically under the influence of lateral force in actual operation,
so some simulation conclusions of rotor eccentricity in this paper could be verified by
experiments. Unlike pumps and other rotary liquid machines, the rotor rotated without a
shaft and the eccentricity position could not be measured through the movement of the
shaft. Due to the tiny clearance, it was difficult to install strain gauges or other instruments
on the inner wall of the sleeve. The amount that could be measured through the experiment
was limited. The sensor for measuring pressure fluctuation was inserted into the small hole
on the side wall of the sleeve for measurement, acting as a sealing plug. Through the signal
of the pressure sensor, the pressure change of the extreme high-pressure position (point
34-1) in the time domain and frequency domain under eccentric condition was verified
and compared with the simulation data. The vibration acceleration on the cylinder wall
exhibited a similar variation trend to the lateral force on the rotor, and the RMS of the
vibration acceleration could be calculated by using the method of calculating the excitation
force to represent the average effective energy of the vibration signal. The RMS had the
same trend as the excitation force in the simulation, which could reflect the amplitude of
fluid excitation vibration, thus reflecting the stability of rotation [38].

RMS = (11)

where X; represents the measured value of vibration acceleration (m/ s?), k is the total
number of samples and the unit of RMS is the same as X; (m/ s%). In addition, a laser probe
was used to measure the rotary speed. A hole was opened in the wall of the cylinder, and
the laser emitted by the probe illuminated the reflective band on the wall of the rotor, then
it reflected back to form the speed signal. Due to the sealing and pressure performance of
the sensor and the opening hole on the side of the cylinder wall, the cylinder wall could not
be subjected to too high pressure in this experiment, therefore the measurement only could
be conducted under working conditions below 3 MPa (0.5-2.5 MPa). In the experiment,
the flow rate to be tested (40-80 m®/h) was selected and fixed, while Py was gradually
pressurized from 0.5 MPa to 2.5 Mpa. The pressure, vibration acceleration at point 34-1 and
rotary speed during this process were recorded. The test site and RERD components are
shown in Figure 29, and the sensors for measuring the rotary speed, pressure and vibration
acceleration are shown in Figure 30.
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(a) (b)

Pressure
sensor

Vibration
acceleration
sensor

(b)

Figure 30. Sensors for rotary speed, pressure and vibration acceleration. (a) Rotary speed sensor;

(b) pressure and vibration sensor.

When the flow rate was 70 m3/h and Ppp was 2.5 Mpa, the pressure signal at point
34-1 was taken to plot the time domain signal of pressure fluctuation within about 0.86 s
of one rotor cycle (Figure 31), and the PSD curve in the frequency domain was drawn by
FFT transformation (Figure 32). It was seen that the pressure at this point exhibited eight
obvious periodic fluctuations during one rotation cycle and in each cycle there were two
relatively less obvious small fluctuation cycles (as shown in the enlarged figure in Figure 31),
which was the same as the simulation results. The 8 fluctuation cycles corresponded to
8 groups of channels, and 16 small cycles corresponded to 16 outer channels. Due to the
high pressure, this position was less affected by a single outer channel than the “one inside
and one outside” channel group. The main frequency of pressure fluctuation at this time
was 88 Hz, which was eight times the frequency of rotation. The PSD value at 16 times
rotation frequency was slightly lower, and the PSD value at 8 times rotation frequency was
close to the simulation result (2.12 x 108), with a difference of about 7%. In addition, there
was a large fluctuation in the periodic position that was not found in the simulation, which
showed a significant fluctuation in the frequency domain with a frequency of about 11 Hz
(the same as the rotation frequency). This fluctuation could have been caused by a pressure
fluctuation when the sensor probe was inserted into the cylinder wall on one side to make
the rotor reach this position within one cycle; therefore, its frequency was the same as the
rotation frequency.
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Figure 32. PSD diagram of pressure fluctuation in frequency domain at point 34-1 in a rotation cycle.

Under a flow rate of 70 m3/h and a pressure range of 0.5-2.5 MPa, the experimental
data of the mean pressure in one cycle at point 34-1 were compared with the simulation
results. The comparison of results in the range of pressure 2 MPa and flow rate 40-80 m®/h
is also listed (Figure 33). The pressure change trend in the experiment and simulation was
the same and the pressure error of most working conditions was within 5-7% (no more
than 10%). The experimental pressure was basically lower than the simulation, only the
experimental pressure under 0.5 MPa was higher than the simulation result, and the error
was less than 20%. The error between the experimental data and the simulation results was
within the acceptable range. It could be considered that the pressure value in the simulation
for the rotor being eccentric by the lateral force was reliable.
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Figure 33. Comparison between simulation and experimental data of pressure mean value at point
34-1. (a) Different Pyp; (b) different flow rate.

In the experiment, the relation between the pressure of point 34-1 and Pyo and flow
rate was plotted. The pressure of the extreme high-pressure point when the rotor was
eccentric increased with the decrease in flow rate and the increase in Pyp, which was the
same trend as in the simulation.

The relation between the pressure at point 34-1 and Ppp and flow rate in the experi-
ment was plotted (Figure 34). When the rotor was eccentric, the pressure of the extreme
point of high pressure increased with the decrease in flow rate and the increase in Py,
which was the same trend as in the simulation.
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Figure 34. Relation between the mean pressure at point 34-1 and Py and flow rate in the experiment.
(a) Different Pyp; (b) different flow rate.
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The relation between the RMS of vibration acceleration of cylinder wall at point 34-1
and Pyo and flow rate under different flow rates in the experiment was plotted (Figure 35).
The results showed that the vibration amplitude at this point was positively correlated
with the flow rate and Py, which was the same as the trend of excitation force in the
simulation (Figure 23). The conclusion could be verified that, as the flow rate increased and
Ppo increased in the simulation, the excitation amplitude of fluid in the clearance increased
and the stability reduced.
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Figure 35. Relation between the vibration RMS of the cylinder wall at point 34-1 and P and flow
rate in the experiment. (a) Different Pp; (b) different flow rate.

The experimental rotary speed under the same working conditions, the rotary speed
predicted by Huang’s old model and the speed predicted by the model proposed herein
including the influence of the lateral force and eccentricity (so called “new model”) in this
paper are compared in Figure 36.
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Figure 36. Rotary speed of rotor: comparison between the old model, new model and experimental
data. (a) Different Pyp; (b) different flow rate.

When Py was constant, the rotary speed was positively correlated with the flow rate
and the coefficient of the quadratic term was low. The result was close to the primary type,
so the two prediction models were close to the experimental results (the difference was
not more than 5%). However, when the flow rate was constant and Pyp was changed,
the rotary speed of the old model remained unchanged and the difference between the
experimental rotary speed and the Py increased gradually (no more than 10%), while the
speed of the new model and the experimental speed both decreased with the increase in
pressure. The trend was close to the quadratic type, and the error between them was not
more than 5%. It showed that the rotary speed prediction model considering the lateral
force and eccentricity was closer to the actual situation.
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Figure 37 lists the relation between the rotary speed and Ppo under different flow
rates in the experiment, as well as the relation between the rotary speed and flow rate
under different Pyo. It could be seen that the rotary speed was positively correlated with
the influence of flow rate and negatively correlated with the influence of Py to a certain
extent. They were influenced mainly by the flow rate, and previous research conclusions
and the old model were still reliable. Herein, the rotary speed affected by pressure was
supplemented, so that the understanding of the influencing factors of the rotary speed was
more comprehensive.
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Figure 37. Relation between the rotary speed of rotor and flow rate and Ppo in the experiment.
(a) Different Pyp; (b) different flow rate.

5. Conclusions

Regarding the problems of lateral unbalance force and operation instability encoun-
tered by RERD in actual operation, this paper discussed the causes of the lateral force and its
transient characteristics through 3D modeling, CFD simulation analysis and experimental
verification. The non-uniformity of pressure distribution in the clearance and the stability
of the rotor with the pressure fluctuating in the clearance were studied.

The lateral force fluctuates 16 times as an inlet end cover passes 16 channels in a
rotation cycle. Under ideal conditions, the rotor rotates without eccentricity at the initial
position, and the pressure distribution in the circular direction of the clearance presents a
periodic law close to sinusoidal. The amplitude of the pressure fluctuation in the clearance
can be measured by PSD in the frequency domain after transformation by FFT. When the
flow rate decreases or Py increases, lateral force and the dispersion of pressure distribution
in the clearance increases.

In practice, the rotor rotates eccentrically under the action of the lateral force, and the
pressure distribution in the clearance changes, resulting in a pressure concentration area. In
this case, the rotor eccentricity, resistance torque and the rotary speed are related to the flow
rate and Pyp, and the second-order surface is well-fitted. The new rotary speed prediction
model of the lateral force is consistent with the experimental results. The stability of RERD
will decrease as the flow rate or Py increases.

The conclusions obtained in this paper can explain the phenomenon of the rotary
speed reduction and rotor instability in the actual operation of RERD, and they can provide
important references for improving the stability of RERD through working conditions
and structures. For example, flow rate should not be too large or too small to avoid
excessive excitation force or eccentricity, while the pressure difference of a one-stage
device is supposed to be as small as possible to improve the stability. The lateral force is
caused by the ununiformed distribution of the clearance pressure; based on this reason,
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the improvement of the device structure can focus on reducing the clearance pressure
distribution dispersion, such as a symmetrical arrangement of high- and low-pressure areas
like four-districts RERD. This design optimization is a direction to reduce the influence
by lateral force and improve the operation stability of the device. The rational use of the
advice obtained in this paper will play an important role in improving the lifespan of RERD
and reducing maintenance costs.
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Nomenclature

CFD computational fluid dynamics

FFT fast Fourier transform

PSD power spectral density

PSDM  power spectral density at the main frequency
RERD rotary energy recover device

RO reverse 0smosis

RMS root mean square

c1 thickness of the circular clearance

1) thickness of the end-cover clearance

Fy mean value of the reluctant lateral force

f excitation force

L length of the rotor

Mg resistance torque

N rotary speed

Pro pressure of the liquid at the high-pressure seawater outlet

flow rate (of the inflow liquid)
radius of the outer wall of the rotor
radius of the center hole of the rotor
eccentric distance of the rotor
distribution angle of sampling point
hydrodynamic viscosity

eccentric angle of the rotor center
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