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ab s t r ac t
In this study, models of a rotary vane pressure exchanger (RVPE) which is expected to be used as an 
energy recovery device in seawater reverse osmosis system were newly developed to study the perfor-
mance of the proposed structure. The suitable design of the cylinder profile in RVPE was conducted. 
The leakage between brine stream and seawater stream, and the flow rate considering the leakage 
were studied. The contact performance between the cylinder and vane was discussed. Energy perfor-
mance analysis was conducted to illustrate the energy saving potential of RVPE. The results show that 
the matching design of the cylinder profile and vane number can eliminate the short-circuit leakage 
and reversed flow, and reduce the energy loss in the energy recovery process. The interior leakage was 
controllable, and the flow rate presented periodic flow fluctuations. A careful selection of the device 
parameters, such as rotor speed, vane material density, vane thickness and vane radial length, is criti-
cal in order to ensure the contact performance between the cylinder and vane. According to the results, 
the RVPE is of reasonable structure, reliable performance and high energy saving potential to be a new 
type of energy recovery device.
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1. Introduction

The demand of water resource is more and more serious 
due to the population growth and expanding industrial pro-
duction scale. The seawater reverse osmosis (SWRO) tech-
nology has been proved as an effective method in seawater 
desalination to deal with the shortage of freshwater resources. 
In the SWRO technology, the application of energy recovery 
devices (ERDs) can obviously reduce the energy consump-
tion and make the production of freshwater with low carbon 
emission [1].The SWRO system coupled with ERDs includes 
a seawater supply pump, a high pressure pump, a booster 
pump, membrane modules and ERDs, as shown in Fig. 1.

Several kinds of ERDs have been developed for energy 
recovery [2]. They can be classified as the centrifugal 
ERDs [3,4] and positive displacement (PD) ERDs [5,6]. 

The centrifugal ERDs include the split ERDs and integrated 
ERDs. The split centrifugal ERDs mainly include the Francis 
turbine and Pelton impulse turbine (PIT). The Francis turbine 
is required to run nearly at the rated flow rate and suitable 
temperature. By contrast, the PIT is of higher energy recovery 
efficiency, and its efficiency varies slightly with the flow rate 
and operation pressure. But in the meantime, it is of com-
plicated impeller structure and manufacture technique. An 
example of the integrated centrifugal ERDs is the hydraulic 
turbocharger. The energy recycle unit and pump body are 
located within the same shell, which reduces the mechanical 
transmission energy loss to some extent. In the centrifugal 
ERDs, the energy transfer process is completed by “hydrau-
lic power to mechanical power to hydraulic power.” In con-
trast, for the PD ERDs, the hydraulic power is transferred 
directly from brine stream to seawater stream. Hence, the PD 
ERDs is of higher work transfer efficiency than the centrifu-
gal ERDs [7]. The common devices of the PD ERDs include 
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the piston-type work exchanger (PWE) and rotary pressure 
exchanger (RPE). The PWE is of high energy recovery effi-
ciency and low fluid mixing rate. But its initial investment 
cost and maintenance cost are relatively high. Meanwhile, 
globe valves and servo valves are needed to precisely control 
the flow directions of fluid streams [8,9]. The RPE is of high 
efficiency, strong stability and low maintenance cost, which 
has been a critical component to decrease the energy cost in 
SWRO system [10,11]. Meanwhile, it is of difficult manufac-
ture and serious fluid mixing [2,12]. In recent years, Al-Hawaj 
[13] has proposed a rotary vane pressure exchanger (RVPE) 
which was similar to a double-action sliding vane pump. 
Models for flow rate, friction and leakage loss, and efficiency 
of the device were presented based on the elliptic cylinder 
profile and under the assumption that each vane always con-
tacted with the cylinder. It was found that the feasibility for 
the RVPE as an ERD highly depended on the friction loss and 
the leakage in the vane tip.

RVPE is a kind of rotary vane machines which mainly 
include rotary vane compressors, expanders and pumps. 
Rotary vane machines have been widely used because of their 
simple structure, easy manufacture, low cost and convenient 
operation. Much work has been conducted on the cylinder pro-
files, interior leakage, flow rate analysis, contact performance 
in the vane tip and device efficiency of rotary vane machines. 
Regarding cylinder profiles of rotary vane machines, Li et al. 
[14] compared the characteristics of a rotary vane compres-
sor with different kinds of curves (elliptic curve, simple har-
monic curve, cubic curve, etc.) as cylinder profiles. The shape 
of cylinder profile had great impact on the contact force, the 
seal performance between vanes and cylinder, the suction vol-
ume of compressor, and the pressure angles between vanes 
and cylinder. Song et al. [15] proposed the combined cylinder 
profile for a rotary vane compressor. The compressor with the 
combined cylinder profile had better vane motion character-
istics, larger working volume and lower friction power than 
the compressor with harmonic cylinder profile theoretically. 
Experiments indicated that the test refrigeration cycle with 
the newly designed compressor had higher cooling capacity 
and coefficient of performance, and the newly designed com-
pressor was of better performance in volumetric and isentro-
pic efficiency. Jia et al. [16] showed that the larger eccentricity 
and vane incline angle of the cylinder profile in the rotary 
vane expander resulted in higher expander efficiency.

As to the interior leakage and flow rate within the device, 
Al-Hawaj [13] developed the mathematical model to study 
the leakage within RVPE. It is found that the leakage in the vane 
tip had a significant effect of the energy recovery performance 
of RVPE. Jia et al. [16] indicated that leakage through both the 
sealing arc and end clearances had a vital effect on the expander 
efficiency. Al-Hawaj [17] also investigated the interior leakage 
within the compressor by the proposed thermodynamic and 
dynamical mathematical models. The study illustrated the 
significant effect of leakage on power input requirement, dis-
charge pressure and mass delivery, and less significant effect 
on mechanical efficiency and specific mass delivery. Lu et al. 
[18] developed the mathematics model to study the leakage 
flow of a rotary vane pump and compared with experimental 
results. Giuffrida and Lanzafame [19] proposed a mathemati-
cal model to determine the flow rate of a double-acting rotary 
vane pump. Lu et al. [20] experimentally tested the flow rate of 
the water vane pump and hydraulic vane motor. 

With regard to the contact performance between the cyl-
inder and vane, Lu et al. [18] studied the friction pair mate-
rial, the structure and the vane tip contact force of a rotary 
vane pump by experimental test and mathematical model. 
The soft–hard material combinations presented superior 
friction characteristics. Yang et al. [21] showed that the tight 
contact between the cylinder and vane owing the springs 
arranged in the vane slots improved volumetric efficiency 
and isentropic efficiency of the rotary vane expander, and 
resulted in higher coefficient of performance in the transcrit-
ical CO2 refrigeration cycle. Yang et al. [22] also established 
the mathematical model of vane dynamic of a CO2 rotary 
vane expander to study the vane movement, especially the 
contact status between cylinder and vane, and validated the 
results with the pressure measurement experiment. The two 
adjacent vanes presented different movement behaviors, and 
adding springs in the vane bottom contributed to the tight 
contact between the cylinder and vane.

Towards the energy performance, especially for device 
efficiency, Bianchi and Cipollone [23] studied the friction 
power loss of a rotary vane compressor by experimental 
and modeling approaches. The improved configurations in 
vane mass, rotational speed and compressor aspect ratio can 
increase the compressor efficiency. Bianchi and Cipollone 
[24] also optimized geometrical and operation parameters 
of the rotary vane compressor to improve its mechanical 
efficiency. Inaguma and Hibi [25] theoretically and experi-
mentally investigated the friction torque characteristics of 
the rotary vane pump, especially the friction torque char-
acteristic between the vane tip and the cylinder wall and its 
influences on the mechanical efficiency. Lu et al. [20] intro-
duced an integration of water vane pump and hydraulic vane 
motor in small reverse osmosis system, and the hydraulic 
vane motor was used as an ERD. The device efficiency and 
energy consumption have been experimentally investigated, 
and the results showed that the type of integration pump can 
decrease the system energy cost.

Much thorough research has been done on rotary vane 
compressors, expanders and pumps; but the study on RVPE is 
inadequate. As to RVPE, the problem of short-circuit leakage 
and reversed flow still occurs when the vane sweeps through 
outlet ports [13]. An accurate flow rate prediction with an 
appropriate model is still necessary to provide detailed flow 

Fig. 1. SWRO system coupled with ERDs.
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information in RVPE. The assumption that the vane always 
contacts with the cylinder has not been validated. Actually, 
the contact status between the cylinder and vane varies with 
the structural parameters and operation conditions. The pre-
diction of the contact performance between the cylinder and 
vane is highly needed to guide the structural design of the 
device. Hence, in this paper, the suitable cylinder profile, 
which matched the number of vanes, was proposed. Then, 
a model focus on the leakage between brine stream and 
seawater stream was presented to study the leakage charac-
teristics. The research on flow rate considering the leakage 
was conducted to investigate the flow rate characteristics. In 
addition, a vane dynamic model was developed to study the 
contact performance between the cylinder and vane. Finally, 
the energy performance analysis was conducted to illustrate 
the energy saving potential of RVPE.

2. Structural model

2.1. Cylinder profile

Fig. 2 shows the two-dimensional structure of the RVPE 
device. It consists of a circular rotor, a cylinder and several 
sliding vanes. The vane slots are evenly arranged in the cyl-
inder, and the vane moves in respective vane slot. The rotor 
is inside the cylinder, which defines two crescent-shaped vol-
umes. The volume at the brine side connects to high pressure 
(HP) brine inlet and low pressure (LP) brine outlet. The vol-
ume at the seawater side connects to LP seawater inlet and HP 
seawater outlet. The working theory of RVPE is simple: The 
HP brine stream pushes the vane to drive the rotor to rotate at 
brine side and entrains the LP seawater to HP pipe network at 
seawater side. The energy is transferred mechanically by the 
rotor and vane from brine stream to seawater stream.

The work transfer efficiency considering the flow rate dif-
ference between at the brine inlet, seawater inlet, brine outlet 
and seawater outlet can be described as:

η = 
P Q P Q
P Q P Q

so so si si

bi bi bo bo

−
−

 (1)

where Qbi, Qbo, Qsi and Qso are flow rates at the brine inlet, 
brine outlet, seawater inlet and seawater outlet, respectively, 
and other related parameters are shown in Table 1.

Based on the device structure and working theory of 
RVPE, the design principle of the cylinder profile can be 
obtained as follows: (1) The seal performance between brine 
stream and seawater stream should be ensured to reduce 
the fluid mixing between brine stream and seawater stream. 
(2) The impact, vibration and operation noise of the vane 
is supposed to be controlled to a small value. It means that 
smooth and continuous cylinder profile must be adopted. (3) 
The tight contact between the cylinder and vane ought to be 
ensured. (4) The friction loss should be controlled to a small 
value, since the excessive friction loss would reduce the life 
and efficiency of the device.

In the RVPE device, the cylinder profile determines the 
characteristic of the cylinder inner contour, which is designed 
for the desired displacement of the vane. Fig. 3 presents the 
cylinder profile of RVPE at the seawater side. The cylinder 
profile at the brine side is symmetrical with that at the sea-
water side. As shown in Fig. 3, the cylinder profile consists of 
the seal section 1, inlet section, middle section, outlet section 
and seal section 2.

In the seal section 1 and seal section 2, each segment 
of cylinder profile is a circular arc whose radius is slightly 
larger than the radius of the rotor. The clearance fit between 
the rotor and the cylinder is adopted to reduce the leakage 
between brine stream and seawater stream. In the inlet sec-
tion and outlet section, the cylinder profile characterized 
by high order polynomial is connected to the inlet port and 
outlet port, respectively. High order polynomial curves are 
conductive to the smooth mathematic continuity of cylinder 
profile to prevent unusual vibrational motions of the vane 
[19]. The middle section is the major part of the cylinder pro-
file, which directly determines the fluid flow and the volume 
of the working chambers. The working chamber volume 

Fig. 2. Two-dimensional structure of RVPE.

Table 1
Default calculating parameter settings

Physical quantities Parameters Values

Short radius of cylinder profile, mm R1 70
Long radius of cylinder profile, mm R2 85
Rotor radius, mm r 69.98
Clearance between rotor and  
cylinder in seal sections, mm

c 0.02

Angle, ° θ0/θ1/θ2/θ3 5/30/150/175
Vane density, kg·m–3 ρ 3,120
Vane thickness, mm t 15
Vane radial length, mm h 40
Vann tip friction coefficient μ1 0.05
Vane side friction coefficient μ2 0.05
Rotor speed, rpm n 2,000
Number of vanes N 3
Cylinder axial length, mm b 30
Brine inlet pressure, MPa Pbi 6.000
Brine outlet pressure, MPa Pbo 0.300
Seawater inlet pressure, MPa Psi 0.300
Seawater outlet pressure, MPa Pso 5.715
Work transfer efficiency η 0.95
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should be relatively large, and the forces acting on the vane 
ought to be in good condition. Comparing several common 
profiles, such as elliptic profile, simple harmonic profile, 
double harmonic profile and parabolic profile, the charac-
teristic of the simple harmonic profile is better than that of 
other profiles. So the simple harmonic profile is adopted in 
the middle section.

In this paper, seventh order polynomial curves are 
adopted in the inlet section and outlet section, which allows 
the continuity of the cylinder profile up to the third deriva-
tives. According to the above description, the cylinder profile 
function can be written as:

ρ

θ θ

θ θ

θ

θ θ θ θ θ θ θ

( )

,( )
,(

=

≤ <

+ + + + + + + ≤

R

a a a a a a a a
1 0

0 1 2
2

3
3

4
4

5
5

6
6

7
7

0

0
<<

≤ <

+ + + + +

+

θ

− θ θ θ θ

θ θ θ θ

1

1 2 1
2

1 2

8 9 10
2

11
3

12
4

13

)
)( sin ,( )R R R

a a a a a a θθ θ θ θ θ θ
θ θ π

5
14

6
15

7
2 3

1 3

+ + ≤ <
≤ <















a a
R

,( )
,( )

 (2)

where the related parameters are shown in Table 1, and θ is 
angular position, ρ(θ) is radial coordinate of cylinder profile, 
the polynomial coefficients (a0~a15) can be solved uniquely.

2.2. Number of vanes

The short circuit flow occurs if there are no vanes located 
in the middle section at brine side. Similarly, at seawater side, 
the LP seawater inlet is exposed to the HP seawater outlet 
if there are no vanes located in the middle section, leading 
to the reversed flow due to the HP differential. Although the 
check valve can be arranged downstream of the seawater 
inlet to prevent the reversed flow, it will add the complex-
ity of the device and the flow resistance loss of the fluid. 
In addition, if there are more than one vane located in the 
middle section, the volume between the two adjacent vanes 
increases and then decreases when the vane sweeps through 
the middle section, which results in the energy loss in the 
decompression process of the liquid and possible damage of 
the device in the compression process of the liquid. So, only 
one vane should be always located in the middle section. 

For double-vanes RVPE, the status that no vanes are 
located in the middle section will occur during the operation 
of the device. For three-vanes RVPE, the angle between the 
adjacent two vanes equals 2π/3, and the cross angle of the 
middle section can be also designed to 2π/3. In this case, there 
always exists only one vane located in the middle section at 
the brine side and the seawater side, respectively. Similarly, 
for four-vanes RVPE, the cross angle of the middle section 
should be designed to π/2. By that analogy, the reasonable 
vane number shall meet the conditions that the product of 
the number of the vane and the cross angle of the middle 
section is 2π. This matching design of the cylinder profile 
and vane number can eliminate the short-circuit leakage 
and reversed flow, and reduce the energy loss in the energy 
recovery process.

3. Interior leakage

Leakage within RVPE adds the fluid mixing between 
brine stream and seawater stream, and also leads to pressure 
loss in the energy recovery process. Fig. 4 displays the inte-
rior leakage paths in RVPE. Path 1 is the clearance between 
the cylinder inner wall and rotor outer wall in the seal sec-
tions, which can be divided into HP side seal section and LP 
side seal section, as shown in Fig. 4. Path 2 is the axial clear-
ance between the end cover and rotor. The leakage occurs 
through path 3 between the cylinder wall and vane tip if the 
vane does not contact with the cylinder inner wall tightly. 
Path 4 is the axial clearance between the end cover and vane. 
The leakage occurs between two adjacent chambers through 
path 5 between the vane and vane slot.

Leakages in path 2, 4 and 5 can be controlled to be prac-
tically small by appropriate structural design of the device. 
The leakage in path 3 can be eliminated by ensuring the tight 
contact between the cylinder and vane in middle section, 
which will be discussed below in this paper. With regard to 
the leakage in path 1, a length of sealing circular arc whose 
radius is slightly larger than the rotor radius is arranged in 
the cylinder inner wall to control the leakage clearance and 
leakage length. The leakage rate can be obtained by simpli-
fying the leakage passage into the clearance between two 
parallel plates of relative motion. Fig. 5 shows the simplified 
leakage flow model in seal sections. The cylinder inner wall 
is regarded as the stationary nether flat, and the rotor outer 
wall is regarded as the moving upper flat with a speed of U in 
the x direction. The movement of the upper flat is referred as 

Fig. 4. Interior leakage paths within RVPE.Fig. 3. Five-part form cylinder profile at the seawater side.
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the rotation of the rotor relative to the cylinder. The clearance 
between nether plate and upper plate equals c, and the pres-
sure difference between the two ends of the leakage channel 
equals Δp. The boundary conditions are: z = 0, u = 0; z = c, 
u = U.

Reynolds equation can be written as:

∂ ρ
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Taking the assumption that liquid is incompressible and 
the liquid flows only in the x direction, the above equation 
can be simplified as one-dimensional Reynolds equation:
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Substituting the boundary conditions, the flow velocity 
of the fluid can be obtained:
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where the velocity is made up of two items. The former is 
the flow velocity caused by the pressure difference, and the 
latter is the flow velocity caused by the shear action of the 
rotor outer wall.

Assuming that the pressure drop is evenly distributed in 
the x direction, the average flow velocity and the volumetric 
flow rate can be acquired, respectively:
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Fig. 6 shows the effect of clearance on the leakage flow 
rate with a constant rotor speed of 2,000 rpm. As Fig. 6 shows, 
at the LP side seal section, brine leaks into seawater, and the 
leakage flow rate increases linearly when the clearance is 
0–0.05 mm. While at the HP side seal section, seawater leaks 
into brine and then brine leaks into seawater when the clear-
ance is 0–0.05 mm. With an increasing clearance, the leak-
age flow rate increases and reaches a maximum, and then 
reduces to a negative value. Fig. 7 presents the effect of the 

rotor speed on the leakage flow rate with a constant clearance 
of 0.02 mm. As shown in Fig. 7, at the LP side seal section, 
brine leaks into seawater, and the leakage flow rate increases 
with the rotor speed linearly. While at the HP side seal sec-
tion, brine leaks into seawater and then seawater leaks into 
brine when the rotor speed is from 0 to 3,000 rpm. The leak-
age flow rate increases with the rotor speed linearly from a 
negative value to a positive value. 

Theoretically, the leakage characteristic can be improved 
by the adjustment of the clearance and the rotor speed. 
Actually, with a rotor speed of 2,000 rpm and a clearance of 
0.02 mm, the leakage flow rate that seawater leaks into brine 
accounts for the brine inlet flow rate 0.069% at the HP side 
seal section. While at the LP side seal section, the leakage flow 
rate that brine leaks into seawater accounts for the seawater 
inlet flow rate 0.088%. The flow rate of the leakage is rather 
small when compared with the flow rate of the device, indi-
cating that the leakage flow rate in the device is controllable.

4. Flow rate prediction

The flow rate characteristic is closely related to the 
work transfer between brine stream and seawater stream. 
Regardless of the leakage between brine stream and seawater 

Fig. 5. The simplified leakage flow model in seal sections.

Fig. 6. Effect of clearance on leakage flow rate.

Fig. 7. Effect of rotor speed on leakage flow rate.
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stream, the flow rate in RVPE only relates to the cylinder pro-
file and rotor speed. It is assumed that the vane contacts with 
the cylinder in the middle of the semicircular vane tip, and 
the rotor rotates in the clockwise direction with a constant 
speed. The clearance between the vane side and the vane slot 
is neglected, since it is too small when compared with the 
vane thickness.

Fig. 8 displays the initial position of a vane and its posi-
tion after dθ angular rotation. And Fig. 9 presents the partial 
enlarged view close to the rotor center. As presented in Figs. 8 
and 9, if θ locates the vane axis in the initial position, then the 
vane axis in the new position is located by the angle θ + dθ. 
The vane contacts with the cylinder at the point T. The point 
E is the intersection point of the vane left side and rotor outer 
contour. The point M is the intersection point of the vane left 
side and vane tip contour. The point N is the intersection point 
of the prolongation of the vane left side and cylinder inner 
contour. It is found that the prolongation of the segment NE is 
tangent to a circle whose radius equals half of vane thickness 
and circle center lies in the rotor center. The tangent point 
lies in the point P. The curve TME and the vane axis OT have 
moved to TiMiEi and OTi, respectively, during the dθ angular 
rotation. The point J is the intersection point of the prolonga-
tion of the segment NP and the prolongation of the segment 
NiPi. The subscript i stands for the new position.

The angle ψ is the angle between the straight line ON 
and the axis of the vane, which is determined by solving an 
implicit function:

ρ θ ψ ψ( )sin /+ = t 2  (8)

The volume of the discharged fluid during the dθ angu-
lar rotation can be evaluated as:

dA A A ANEE N N NETN N E T Ni i i i i i
( )θ = + −  (9)

where the subscripts stand for the closed zone, and A is the 
area of the closed zone. The representations method is also 
applied in the flowing equations.

The first item on the right in Eq. (9) can be calculated as:
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Neglecting the infinitesimal of the order greater than the 
first, it is possible from Eqs. (10)–(12) to come to Eq. (13):

A NP EPNEE N Ni i
= −

1
2

2 2
( ( ) ( ) )dθ θ θ  (13)

where

NP t( ) ( ) ( / )
/

θ ρ θ ψ= + − 
2 2 1 2

2  (14)

EP r t( ) ( / )
/

θ = − 
2 2 1 2

2  (15)

The latter two items on the right in Eq. (9) can be 
expressed as:
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Fig. 9. Partial enlarged view close to the rotor center.

Fig. 8. The initial position of a vane and its position after dθ 
angular rotation.
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Taking the vane axial length into account, the ideal flow 
rate Qid can be written:

Q b A
id

d
d

( ) ( )
θ ω

θ
θ

= ⋅  (19)

Considering the leakage between the two fluid streams, 
the flow rates at brine inlet, brine outlet, seawater inlet and 
seawater outlet can be expressed as follows:

Q Q Q Qbi so id hl= = −  (20)

Q Q Q Qbo si id ll= = −  (21)

where Qhl is the leakage flow rate at the HP side and Qll is the 
leakage flow rate at the LP side.

The outlet flow rates, especially the seawater outlet 
flow rate is the primary concern variable. Fig. 10 shows the 
instantaneous flow rate at the brine outlet and the seawater 
outlet with a vane thickness of 15 mm and a rotor speed of 
2,000 rpm. It can be observed from the figure that the sea-
water outlet flow rate Qso and brine outlet flow rate Qbo all 
present periodic flow fluctuations with a cycle of 2π/3 which 
equals the cross angle of the middle section. The variation 
trends of the seawater outlet flow rate Qso and the brine outlet 
flow rate Qbo are similar. The mutation of the flow rate occurs 
at its minimum value. This is due to the mutation of the cham-
ber volume between the two adjacent vanes when the leading 
vane leaves the middle section and the trailing vane enters 
the middle section. Efforts should be made to reduce the flow 
fluctuation, such as multi-rotor arrangement [13]. Multiple 
rotors operate in parallel and are synchronized to a same 
shaft with equally distributed vane angular shift. Fig. 11 pres-
ents the flow rate at seawater outlet for k-rotor arrangement 
RVPE. As shown in Fig. 11, the arrangement of multi-rotor 
can obviously decreases the flow fluctuation. Specifically, the 
four-rotor arrangement decreases flow fluctuation to lower 
than 8.4% of the main flow over the course of the rotor rota-
tion. Meanwhile, the multi-rotor arrangement decreases the 
period of the flow fluctuation. It should be pointed out that 
the multi-rotor arrangement has a similar effect on the flow 
fluctuation at brine inlet, brine outlet and seawater inlet.

5. Contact performance

The contact performance between the cylinder and vane 
has a vital impact on the work transfer process between brine 
stream and seawater stream, and can eliminate the leakage 
in the vane tip. Fig. 12 presents the forces acting on the vane. 
The vane bears the gravitational force Fg, the coriolis inertial 
force Fk, the centrifugal inertial force Fr, the convected inertial 
force Fe, the force Fb acting on the vane bottom caused by the 
liquid in the vane slot, the force Fp acting on the vane side 
caused by the liquid pressure difference between the two 
sides of the vane, the forces Fpt1 and Fpt2 acting on the vane 
tip caused by the liquid in the vane tip, the contact force Fnt in 
the vane tip, the contact forces Fn1 and Fn2 at the two sides of 
the vane, the friction force Fft in the vane tip, the friction force 
Ff1 and Ff2 at the two sides of the vane. The inertia forces, Fe, Fr 
and Fk, are obtained according to vane kinematics. The forces, 
Fp, Fb, Fpt, Fpt1 and Fpt2, are related to the pressure of the liq-
uid at two sides of the vane and in the vane slot at the given 
angle. The forces, Fn1, Fn2, Fnt, Ff1, Ff2 and Fft, are obtained by 
solving the force equilibrium equations. The contact status 

Fig. 11. Flow rate at seawater outlet for k-rotor arrangement 
RVPE.

Fig. 10. The flow rate at brine outlet and seawater outlet. Fig. 12. Forces acting on the vane.
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between the cylinder and the vane can be identified by the 
calculated results. It is concluded that the vane tightly con-
tacts with the cylinder if the contact force Fnt is positive. But 
if the contact force Fnt is zero or negative, it is concluded that 
the vane does not contact with the cylinder. The following 
assumptions are under consideration: (1) The rotor, cylinder 
and vane are rigid without wear. (2) The contact forces act 
along the surface of the vane uniformly in the axial direction. 

Since the direction of the centrifugal inertia force Fr, the 
coriolis inertia force Fk, the frictional forces Ff1 and Ff2 are 
associated with the direction of vane velocity relative to the 
rotor, the forces acting on the vane should be all separated 
into two cases, that is, the case that the rotation angle ranged 
from 0 to π/2 and the case that the rotation angle ranged from 
π/2 to π. But the two cases can be expressed as a uniform 
formula by introducing a sign function.

If the vane contacts with the cylinder, the force equilib-
rium equation can be written as:

− − − −
− −

−

cos sin ( ) ( )
sin cos

(sin co

α µ α µ µ
α µ α

α µ

1 2 2

1

1

1 1
sign signv vr r

ss ) / / ( ) / ( / ) ( ) /α µ µh h v t h l v t

F

r r2 2 2 2 22 2− − − − +















sign sign

nnt

pt pt

F
F

F F F F F F
F F F

n

n

e r g b

k g p

1

2

1 2

















=

− + + − + +

+ −

sin
cos
θ

θ

−− − + −















F h l F t F tp( ) / / /2 4 41 2pt pt

 (22)

where l is the vane radius length out of the vane slot, α is 
the inclined angle between the vane axis and the normal line 
at the contact point between the cylinder and vane, vr is the 

vane velocity relative to the rotor and other related parame-
ters are shown in Table 1.

If the vane does not contact with the cylinder, the contact 
forces at the vane sides are obtained by:
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The size of Fn1 and Fn2 reflects the tilt status of the vane. 
If Fn1 > 0 and Fn2 > 0, the vane is in the forward-leaning state 
shown in Fig. 13(a). If Fn1 > 0 and Fn2 ≤ 0, the vane contacts 
with the rear surface of the vane slot shown in Fig. 13(b). If 
Fn1 ≤ 0 and Fn2 ≤ 0, the vane is in the backward-leaning state 
shown in Fig. 13(c). If Fn1 ≤ 0 and Fn2 > 0, the vane contacts with 
the front surface of the vane slot shown in Fig. 13(d). If the 
vane contacts with the rear surface of the vane slot, the vane 
slot bottom connects the front chamber, so the pressure of the 
fluid on the vane slot bottom equals that in the front chamber. 

Fig. 13. The tilt state of the vane during the movement.

Fig. 14. Effect of rotor speed on vane tip contact force at the sea-
water side.

Fig. 15. Effect of vane material on vane tip contact force at the 
seawater side.

Fig. 16. Effect of vane thickness on vane tip contact force at the 
seawater side.
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If the vane contacts with the front surface of the vane slot, the 
pressure of the fluid on the vane slot bottom equals that in 
the near chamber. If the vane is in the forward-leaning state 
or in the backward-leaning state, the pressure of the fluid on 
the vane slot bottom equals the average value of the liquid 
pressure between in the front chamber and near chamber.

The contact performance between the cylinder and vane is 
characterized by the value of the contact force Fnt in the vane 
tip. Figs. 14–17 display the influences of the rotor speed, vane 
material, vane thickness and vane radial length on the vane tip 
contact force Fnt between the cylinder and vane at the seawater 
side. From these figures, the trends that the contact force chang-
ing with the angle are almost the same. In the seal section 1 and 
the seal section 2, the contact force is positive and remains con-
stant. The contact force fluctuation occurs in the inlet section 
and the outlet section, because the polynomial curve profile 
can only guarantee the finite order mathematical continuity 
of the profile. In the middle section, several mutations of the 
contact force occur due to the change in the direction of the 
frictional forces, Ff1 and Ff2, and the transition of the vane tilt 
state. Calculation results of the contact force at the brine side 
are similar to that at the seawater side, so this paper only pres-
ents the specific results at the seawater side.

In Figs. 14–17, the status that the vane tip contact force Fnt 
equals to zero occurs in the middle section, the inlet section 
and the outlet section. It is not necessary to ensure that the 
vane contacts with the cylinder in the inlet and outlet sec-
tions, so zero value of the contact force in the vane tip are 
acceptable. But in the middle section, in order to ensure effi-
cient work transfer process, the tight contact between the 
cylinder and vane should be ensured, thus the status of zero 
values of the contact force should be avoided. 

The conditions that the vane cannot contact with the cyl-
inder are prone to occur at the angle of 30°–90°, especially 
close to 90°. This is because the small variation rate in the 
diameter of the cylinder profile leads to small values of the 
inertia force Fr, the inertia force Fe, the frictional forces Ff1 and 
Ff2, which is not conducive to the tight contact between the 
cylinder and vane. As shown in Fig. 14, the vane tip contact 
force increases with the rotor speed as a whole, which is ben-
eficial to the tight contact between the cylinder and vane in 
the middle section. As shown in Fig. 15, if the vane is made 

of light material such as Teflon, the vane cannot always con-
tact with the cylinder when the vane goes through the middle 
section. On the contrary, if the vane is made of heavy mate-
rial such as alumina ceramic, super stainless steel and nickel 
base alloy, the vane can always contact with cylinder in the 
middle section. Figs. 16 and 17 show that increasing the vane 
thickness and vane radial length are all beneficial to the tight 
contact between the cylinder and vane in the middle section. 
The study above mentioned shows that the specific vane 
structure and the rotor speed can be reasonably designed to 
improve the contact performance between the cylinder and 
vane in the middle section.

6. Energy performance analysis

Considering hydrodynamically lubricated conditions, 
the energy performance analysis is conducted to illustrate 
the energy saving potential of RVPE with parameters shown 
in Table 1. In this study, the work transfer efficiency is firstly 
assumed as a constant value of 95%. With the variation of 
the rotor speed, vane material density, vane thickness and 
vane radial length, the vane friction loss, which is the main 
energy loss in the energy recovery process, accounts for the 
output power in brine side of 1.88% to 3.65%. It indicates that 
the vane friction loss is within the range of the energy loss 
according to the designed work transfer efficiency. Hence, 
the designed value 95% of the work transfer efficiency of 
RVPE is reasonable.

Fig. 18 shows the SWRO system without ERDs. The sea-
water stream is pressurized from P0 to Ps by a HP pump to 
overcome the transmembrane osmotic pressure. The work 
done by the HP pump is expressed as:

W
Q P Ps s

hp
hp

=
−( )0

η
 (25)

where Whp is the work done by HP pump, P0 is the pressure at 
the entrance of HP pump, Ps is the pressure at the exit of HP 
pump, ηhp is the HP pump efficiency.

The specific energy consumption is defined as the electri-
cal energy request per unit of freshwater. Then, the specific 
energy consumption for the SWRO system without ERDs is 
evaluated by:

SEC hp
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η

 (26)

where SEC0 is the specific energy consumption for the SWRO 
system without ERDs, Qf is the flow rate of freshwater.

Fig. 17. Effect of vane radial length on vane tip contact force at 
the seawater side. Fig. 18. Schematic of SWRO system without ERDs.
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Fig. 19 shows the SWRO system with a single RVPE 
device. The brine stream discharged from the membrane 
module with HP is used to pressurize a part of seawater 
stream. Hence, the pressure energy in the brine stream is 
used in cycle, and the total energy consumption is reduced. 
The energy consumption in the SWRO system includes sea-
water supply pump work, HP pump work and booster pump 
work, which can be evaluated by:

W
Q P P

ss
ss hp

ss

=
−( )0 0

η
 (27)
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where Wss, Whp and Wbp are the work done by the seawater 
supply pump, HP pump and booster pump respectively; Qss, 
Qhp and Qbp are the volumetric flow rate of the seawater sup-
ply pump, HP pump and booster pump, respectively; ηss, ηhp 
and ηbp are the efficiencies of the seawater supply pump, HP 
pump and booster pump, respectively; P0 is the pressure at 
the entrance of the seawater supply pump; Php0 is the pres-
sure at the entrance of the HP pump (equals the pressure at 
the exit of the seawater supply pump); Ps is the pressure of 
seawater stream at the entrance of the membrane module.

The specific energy consumption for the SWRO system 
with a RVPE is defined as:
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where SEC1 is the specific energy consumption of the SWRO 
system with a RVPE device, Qf is the flow rate of freshwater.

Consider a SWRO system in the presence of a single RVPE 
device with parameters in Table 1, then Qbp = 18.09 m3·h–1, 
P0 = 0.100 MPa, Php0 = 0.300 MPa, Pbp0 = 5.715 MPa, Ps = 6.000 MPa. 
With the target recovery rate of 0.4, the flow rates of seawater 

supply pump Qss, HP pump Qhp and freshwater Qf are 30.15, 
12.06 and 12.06 m3·h–1, respectively. Assuming ηhp = 0.80, 
ηss = 0.85, ηbp = 0.85, the specific energy consumption SEC1 can 
be calculated by:
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While, regarding a SWRO system in the absence of ERDs 
shown in Fig. 18, the specific energy consumption SEC0 is 
solved by:

SEC 30.15 kWh m0
36 0 1

12 06 0 8
1000
3 6

5 122=
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×
= −( . )

. . .
.  (32)

According to the calculation results, the specific energy 
consumption decreases from 5.122 to 2.282 kWh·m–3 by intro-
ducing the RVPE. Considering the current specific energy 
consumption in the SWRO system which is 2–3 kWh·m–3 
[26–28], the calculation of the specific energy consumption 
in our results is reasonable. Moreover, with the multi-rotor 
RVPE devices used in the SWRO system, the reduction of the 
energy consumption will increase multiply.

7. Conclusions

In this study, a theoretical approach was applied to study 
the leakage, flow rate, contact performance and energy perfor-
mance of RVPE based on the proposed structural model. The 
three-vane RVPE matched with the five-part cylinder profile 
is designed and used to carry out the following analysis. The 
leakage flow rates between the brine stream and the seawater 
stream is controllable and can be ignored when compared 
with the inlet flow rates. The instantaneous flow rate presents 
periodic flow fluctuations with a cycle which equals the cross 
angle of the middle section. The multi-rotor arrangement can 
significantly decrease the flow fluctuation which is of vital 
importance for the practical application of RVPE. Increasing 
rotor speed, vane material density, vane thickness and vane 
radial length are all beneficial for contact performance between 
the cylinder and vane. The application of RVPE in the SWRO 
system can obviously decrease the energy consumption the-
oretically. The results present considerable potential of the 
RVPE as an efficient ERD for the SWRO system.
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