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Abstract: This work contributes to the development of advanced designs of double-acting vane
pumps for applications requiring high efficiency and extended service life. A comprehensive analysis
is carried out using theoretical modeling, numerical simulations, and experimental validation. This
study investigates the mechanical, tribological, and fluid-dynamic behavior at this contact interface.
The interaction at the contact point between the vane and the stator is a critical factor affecting the
performance, efficiency, and durability of double-acting vane pumps. The research focuses on contact
forces, wear characteristics, and lubricant film behavior and their impact on pump efficiency and
operational stability. The findings provide insights into optimizing vane material properties, stator
surface finish, and lubrication strategies to enhance pump reliability. This paper aims to provide a
detailed investigation of the mechanical and fluid-dynamic interactions at the vane-stator contact in
a double-acting vane pump. By integrating theoretical modeling, numerical simulations, and
experimental validation, the study seeks to uncover the underlying mechanisms driving the contact
behavior and their impact on pump performance.

Keywords: vane pump; rotor; stator; mathematical modeling; axial clearanceradial clearance;
clearance in the gap; operating pressure; experiment

1. Introduction

Double-acting vane pumps are widely used in various industrial and automotive applications
due to their compact design, high efficiency, and ability to deliver consistent flow rates under varying
operating conditions. A key element that governs the performance and durability of these pumps is
the interaction at the contact surface between the vanes and the stator. This interaction plays a key
role in ensuring effective sealing, minimizing leakage, and maintaining smooth operation throughout
the life of the pump.

However, the contact interface is subject to complex mechanical and tribological phenomena,
including high pressure fluctuations, varying loads, and lubrication challenges. The contact
dynamics significantly affect wear rates, energy losses, and overall pump efficiency. In addition, the
complex interaction between blade material properties, stator surface characteristics, and lubricant
film behavior further complicates the analysis and optimization of this critical interface.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The findings of this research will not only contribute to the fundamental understanding of the
operation of vane pumps, but will also provide information on the design of more efficient and
durable pumping systems for demanding applications.

A double-acting vane pump performs two pumping cycles per rotor revolution due to its
symmetrical design. These phases occur simultaneously on opposite sides of the rotor.

The suction phase occurs when the rotor rotates and the vanes slide outward along the stator
profile due to centrifugal force and fluid pressure. The increased volume between adjacent vanes on
one side of the rotor creates a vacuum, drawing fluid into the pump through the inlet port. This
occurs at the widest part of the stator profile.

The compression phase occurs after the suction as the rotor and vanes continue to rotate towards
the narrower part of the stator. The fluid-filled chamber decreases in size as the vanes are pulled
inward, compressing the fluid. The discharge phase occurs when the compressed fluid is expelled
through the outlet when the chamber volume reaches its minimum. This discharge process is
synchronized with the compression phase on the opposite side of the rotor.The compression phase
occurs after the suction as the rotor and vanes continue to rotate towards the narrower part of the
stator. The fluid-filled chamber decreases in size as the vanes are pulled inward, compressing the
fluid. The discharge phase occurs when the compressed fluid is expelled through the outlet when the
chamber volume reaches its minimum. This discharge process is synchronized with the compression
phase on the opposite side of the rotor.

Figure 1. Model of vane pump with double effect and section cut of pump.

The main parts of a double-acting vane pump are shown in Figure 2, and their role is as follows:

The pump housing (Figure 2a) has an inlet and outlet port. The ports in the pump housing for
the inlet (suction) and outlet (discharge) of the fluid are usually located diametrically opposite for
double-acting function). The pump housing includes the rotor, stator, vanes and other components
and ensures the integrity of the structure and the content of the working fluid.

The stator (Figure 2b) is fixed to the outer casing, with an elliptical or eccentric internal profile,
guides the vanes and provides a sealing surface during operation.

The vanes (Figure 2c) are rectangular in shape, radially inserted into the slots of the rotor and
are in contact with the stator under the action of centrifugal force or spring force.

The rotor (Figure 2d) is a rotating element mounted eccentrically within the pump housing,
containing radial slots for accommodating the vanes and driving the blades to follow the contours of
the stator.

The drive shaft (Figure 2e), receives mechanical energy from the pump drive motor.

The seals and bearings prevent fluid leakage, support the rotor during operation, and increase
durability and reduce
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Figure 2. Main components of a vane pump.

The double-acting design provides simultaneous action so that while suction occurs on one side
of the rotor, discharge occurs on the other. This continuous operation results in smoother flow and
reduced pulsation compared to single-acting pumps. The double-acting mechanism increases
volumetric efficiency by allowing two fluid delivery cycles per rotation. Reduced pulsation ensures
a stable flow, critical for hydraulic and automotive applications.

2. Mathematical Model

Based on the load calculations, a mathematical model was derived that describes the physical
processes in the sliding gap between the vane and the lifting ring. Due to the high contact loads, the
rules of elastohydrodynamics were applied. The complete contact model was modified to solve the
specific problem of calculating the sliding gap in the vane pump.

An approach has been developed in which the pressure and gap profile in a sliding contact are
determined using approximate equations and the accurate calculation of the velocity, temperature,
and viscous field in the gap is specified. With a simulation program created based on this approach,
the gap parameters can be calculated by varying the external contact loads, geometry, and fluid
properties.

Table 1. The Descriptions of Parameter symbols.

Symbol Description
R, Variable radius of the stator
R, Smaller radius of the stator
Ca1r Caz Values of axial clearance
t Vane thickness
n Dynamic viscosity of working fluid
Ds Suction pressure
Pe Pressure in the chamber
Po Operating pressure
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Cr1y Cra Values of radial clearances

w Angular speed of rotor

@ Angle of rotor rotation

R, Bigger radius of stator

u Outflow coefficient

A, Cross-sectional area

p Density of working fluid

Cg Clearance in the gap
L, Length of the front vane when rotor is in transmission area
=l-(-7)

Ap =p, —p | Pressure increment

AV =V, =V | Change of volume

1’4 Fluid volume at the pressurep,
Apy, Pressure increment in the chamber between the vanes p, < p;, <
Pp
Py Thrust pressure of working fluid
Vie(rp) Volume of the chamber (when the chamber is in the zone of

pressure change constrained by angle ¢ and bigger stator radius
Rb)

B —o0) Angle between two adjacent vanes
b Vane width

2.1. Model Assumptions

e  Theblades are considered rigid, and the deformation is primarily attributed to the stator surface
or the lubricant film.

e  Lubrication at the blade-stator interface follows a hydrodynamic or mixed lubrication regime.

e  Friction and wear are modeled using Coulomb friction and Archard's wear law, respectively.

e The fluid dynamics in the blade chamber are governed by the Reynolds equation and

conservation of mass.

2.2. Volumetric Losses Affecting Pressure Changes

To operate properly, the pump must have adequate clearances between the rotor blades and the
valve plates. There is a certain flow through these clearances. Volumetric losses in the chamber can
be classified as follows:

e losses at vane side made by axial clearances Van

e losses over vane top made by radial clearances Vrn

e  losses made by flow withdrawal Vpr

e  losses through the slot at valve plate Vpz

e  losses through the gap made by the vane in rotor groove Vpc

2.2.1. Losses Made by Axial Clearances

Assuming that the flow is current, the losses through the axial clearances are:
a) volumetric losses for the chamber in front of the vane:
_ (p1=7)Zas’ .
Var = = = 1P = pilsign(pr — i) (1)


https://doi.org/10.20944/preprints202501.0436.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2025 d0i:10.20944/preprints202501.0436.v1

5 of 16

b) volumetric losses for the chamber behind the vane :

-1)2zq 3
Var = P22 (py = ). @)

2.2.2. Losses Made by Radial Clearances

Between the inside surface of the stator and vane top working flow leaks which can be presented
as:

a) volumetric losses for the chamber in front of the vane can be presented :
b-zri3

Ve = 7505 [Pr — piclsign(or — pi) (3)
b) volumetric losses for the chamber behind the vane can be presented :
b-z
Vo = 12:; (P — Pu) @

2.2.3. Losses Made by Flow Withdrawal

The mean value of lossess made by flow withdrawal at the vane is presented by :

Zg1/2W(R+1)(R-T)
‘/pr — 1/2 " (5)

2.2.4. Losses Through the Slot at Valve Plates

Losses through the slot in thrust port at valve plate are determined in the following manner:

Vpz = pA \/% (pr — Di)sign(pr — px) ©)

2.2.5. Losses Made by the Vane in Rotor Groove

If the pressure in the chamber is higher than working pressure of the pump there is a gap in
rotor groove made by front vane tilting because of tangential load and there is oil leakage which can

be presented by:
bzpc

V;;c 1211, (pk pr) (7)

2.3. Rate of Change of Pressure in the Chamber

If initial volume V is lowered for dV =V, —V = —(V = V,), due to pressure rise dp =p; —p

the relative volume —dV /V, calculated per pressure unit:
1 dv
S=E"w v ©)
is compressibility coefficient. The reciprocating value of compressibility coefficient is called the

compressibility modulus (&s),

8_1_ dp
ST s avyw

which has the same dimension as the pressure.

©)

In previous expressions the minus sign shows that pressure rise corresponds to volume decrease
and vice versa. The previous expression can be also presented in the following form, in case of final

changes of pressure and volume
_Av_4p
T (10)
which represents so called Hooke's law.
The pressure increment in the working chamber of vane pump with double effect can be reached

from the following expression (10)

(AV)k(R) (11)

Volume Vjz)is calculated like this:
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Vi = 7 (R? —=12)(B — o). (12)
The speed of pressure change in the chamber is obtained by differentiating the expression (11)
in case when
At — 0; AVy gy = dVi gy = Oanddpy — dpy, - 0:
avk _ & WVk® (13)
dt Vg dt
If we put the expressions for volumetric losses (1 to 7) into the expression for speed of pressure
change in the chamber (14) we reach the following expression:

Wi — = (ZHD 1 Wy — 2z + Viy = Vi = Vpr +

= +
dt Vk(R) dt pz

Vo). (14
After replacing the values for volumetric losses we get required expression for speed of pressure
change in relation to the clearance in the chamber of vane pump with double effect:

dp & Vi (pr—1) - zay® i
s S [ ® 428 L |p, — pelsign(pr — pi) —
dt Vi

dt 12ns

(p1—1) " 255° b-z.43 _
2 @)+ I pilsign(er — pi)
3
- blzz,;z (P~ Pu) ~
_ w + uA \/% (pr — pidsign(pr —pi) +
IZZ: (P — pr)] (15)

3. Simulation Results

Figure 3 shows the general configuration of a vane pump. The pump consists of several vanes
within a rotor. The vanes are nested in a circular array within the rotor at equal intervals. The vanes
are held tightly against a ring using the force of fluid and the centrifugal force, and the bushing is
held tightly against the rotor and ring. While the rotor isdriven, a single chamber consists of
neighboring vanes and rotorring and bushings.

X
7/

Vane

8

Silencing
groove

Discharge
port

Figure 3. Schematic diagram of vane pump.

Figure 4 shows the configuration of variable are asilencing groove ( I ) and invariable area
silencing groove (1I) and complex silencing grooves (Il ) which are used on the bushing. The section
of variable area silencing groove and invariable area silencing groove are corresponding triangle and
rectangle.
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The complex silencing grooves are parallel connection of triangle and rectangle. In this paper,
the calculation of three type silencing grooves area follow the principle that the backfilling volume
of oil through silencing grooves are same within the angle of transition regions (A¢). Figure 5 shows
the area of three type silencing grooves as ¢ goes from 0 to Ag. Figure 6 illustrates the shape of
idealized pump flow as it varies with ¢. From the results which are shown in Figure 6, it can be
conclude that the vanes which pass over the intake ports withdrawing from the rotor is the only
influential factors of idealized flow-ripple.

A :
A-A
(1) dan  amn 2:1

Figure 4. Area of silencing grooves

035¢
0.30
0.25}
020
0.15¢
0.10
0.05¢
0.00

Ao (x107°m?)

0 1 2 3 4 5 6 7 8 9
Angular position

Figure 5. Schematic diagram of silencing grooves

041 J

0.35- . ]
Idealized flow of pump

0.25 Flow of a single chamber 1

/\

QVvh(l/S)
o
©

0 20 40 60 80 100 120 140 160 180
Angular position (deg)

Figure 6. Idealized flow of pump.

Figure 7 illustrates the shapes of back filling flow under the adoption of three type silencing
grooves as it varies with ¢. From the results, one may generally conclude that the Max. Of negative
flow is only half at the adoption of complex silencing grooves compare with the separateness
adoption of variable area silencing groove or invariable area silencing groove.
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3
S 0015/ ]
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Angular position (deg)
Figure 7. Negative flow that occurs due to the pre-loading process.

Substituting the numerical results of pino can yield the pressure gradient dp/d¢ vary with the
configuration of silencing groove, as shown in Figure 8.

16

— - L
[ S
T T T

dp/dp (x10 MPa/rad)

(=R S e
T T T T

Angular position (deg)

Figure 8. Pressure gradient varying with the type of silencing grooves.

X

4. Experimental Verification

Experimental verification of the operating parameters of the prototype of the double-acting vane
pump type 641-4300L, with simulation of real pump operating conditions, was carried out on a multi-
purpose hydraulic test bench AMS ZI 108-94262 FRESNES (FRANCE) TYPE BAH 1622/B38-5.

This multi-purpose hydraulic test bench is used for testing pumps, hydraulic motors (hydraulic
motors), manifolds, other hydraulic accessories (cranes, valves, etc.) and assemblies and static testing
of hydraulic components. The equipment consists of three sub-assemblies: test panel, hydraulic
system and electrical cabinet.

The hydraulic system is installed in a separate room. The electrical system is in the same room
as the hydraulic system and groups. All necessary electrical components work on the stand.
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Figure 9. Universal test stand AMS ZI 108-94262 TYPE BAH 1622/B38-5 (3x380V, 50Hz, 100 KW).

The rate of pressure change in a double-acting vane pump chamber can be affected by axial
clearance (Figures 10 and 11) due to its effect on internal leakage and compression/expansion
dynamics. Larger axial clearances result in larger leakage, reducing the effective pressure increase.
The positioning and contact of the first vane with the chamber wall affect the rate of pressure change.
The viscosity and density of the fluid will determine how the leakage flow will behave through the
axial clearance. High rotational speeds reduce leakage time, but increase dynamic effects. A smaller
clearance reduces leakage flow, resulting in a larger pressure change and better efficiency. A larger
clearance increases leakage, resulting in a slower pressure change and potential pressure instability.

The simulation results were validated with experimental data by measuring chamber pressures
at different operating conditions and axial clearances.

The rate of change of chamber pressure for different values of axial clearance on the first vane
of a double-acting vane pump is shown in Figure 10.

The rate of change of chamber pressure due to variations in axial clearance on the second vane
Figure 11 of a double-acting vane pump can be determined using a similar approach to the first vane,
but taking into account how the second vane affects the pressure dynamics within its chamber.

The second vane operates in a different phase of the pump cycle (e.g. expansion or compression),
which means that its influence on the pressure dynamics may differ from that of the first vane.

The axial clearance on the second vane affects internal leakage, which directly affects the
pressure rise or fall in the chamber associated with this vane.
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Figure 10. Speed of pressure change in the chamber for various values of axial clearance at the first vane.
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Figure 11. Speed of pressure change in the chamber for various values of axial clearance at the second vane.

The rate of change of pressure in the chamber of a double-acting vane pump for different radial
clearances (Figures 12 and 13) can be analyzed by considering how the radial clearance affects
leakage, vane dynamics, and the compression/expansion processes in the chamber. The radial
clearance refers to the distance between the vane tip and the inner surface of the pump stator. This
directly affects the leakage flow. Larger clearances allow more fluid to leak past the vane tip. Vane
dynamics affect irregular contact, and large clearances can result in ineffective chamber sealing.
Smaller radial clearances improve sealing and increase pressure rise rates. A small clearance
minimizes leakage flow, provides a better chamber seal, and results in a higher rate of pressure
change. Large clearance increases leakage flow, reducing the effective pressure increase, slowing the
rate of pressure rise, and reducing volumetric efficiency. It can cause instability or uneven pressure
profiles. By instrumenting the vane pump with pressure sensors near the first vane chamber, the
chamber pressure was measured over time for various radial clearance conditions. Comparing the
experimental data with the simulation results, the expected trends were obtained. A smaller radial
clearance gives steeper and more consistent pressure rise curves, while a larger radial clearance gives
shallower pressure rise curves with potential delays in reaching peak pressure.
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Figure 12. Speed of pressure change in the chamber for various values of radial clearance at the first vane.

The rate of change of pressure in the chamber of a double-acting vane pump when the radial
clearance on the second vane is changed (Figure 13) is critical to understanding its impact on leakage,
sealing, and efficiency. The dynamics of the second vane are particularly important because they
affect the pressure dynamics in the corresponding chamber during specific phases of the pump cycle
(e.g. compression or expansion)
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Figure 13. Speed of pressure change in the chamber for various values of radial clearance at the second vane.

The rate of change of pressure in the chamber for different clearances in the rotor groove Figure
14 of a double-acting vane pump is significantly affected by the movement and sealing of the vane
within the groove. The clearance of the rotor groove affects the dynamics of the vanes, fluid leakage,
and pressure build-up in the chamber.

The effect of the clearance between the vane and the rotor groove affects the stability of the vanes
because a tighter fit reduces flapping of the vane and improves the sealing of the chamber. Excess
clearance allows fluid to leak past the vane, reducing the effective pressure in the chamber. Smaller


https://doi.org/10.20944/preprints202501.0436.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2025 d0i:10.20944/preprints202501.0436.v1

12 of 16

clearances increase friction, which leads to faster wear of the vane and groove. The ability of the vane
to maintain a tight seal in the groove directly affects the rate of pressure rise or fall in the
corresponding chamber. A small rotor groove gap improves the seal between the vane and the rotor
groove, reduces leakage and results in a higher rate of pressure change and can increase friction,
causing more wear on the vane and groove. A large gap increases leakage past the vane. It slows
down the rate of pressure change due to loss of sealing efficiency. It leads to lower volumetric and
overall efficiency. A smaller groove gap results in a steeper pressure rise and fall curve and increases
volumetric efficiency and minimizes leakage. A larger groove gap causes a slower pressure rise due
to increased leakage and reduces overall pump efficiency and can lead to inconsistent pressure
dynamics. The optimal gap strikes a balance between minimizing leakage and avoiding excessive
friction or wear. Over time, the groove clearance can increase due to wear, requiring periodic
maintenance or component replacement. For precision applications (e.g., hydraulic systems with
high pressure requirements), smaller clearances are critical.
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Figure 14. Speed of pressure change in the chamber for various values of the gap in rotor groove.

The relationship between outlet pressure and flow in a double-acting vane pump is primarily
influenced by the pump design, operating parameters, and system resistance. This relationship can
usually be characterized by a pump performance curve, which shows how the flow rate varies with
outlet pressure under given conditions. The geometric displacement of the pump determines the
maximum theoretical flow rate. Internal leakage increases with outlet pressure, reducing the effective
flow rate. Higher velocity increases flow rate, but also increases friction and heat generation.
Viscosity and bulk modulus affect leakage and compressibility. Outlet pressure is determined by the
load or restriction in the downstream system. As resistance increases, outlet pressure increases, and
flow rate may decrease due to leakage and loss of efficiency. This indicates a linear decrease in flow
rate as outlet pressure increases, assuming constant velocity and viscosity. The performance curve of
a double-acting vane pump shows that at low outlet pressures, the flow rate is close to the theoretical
flow rate. As the outlet pressure increases, the flow rate decreases due to leakage and loss of
efficiency. At very high outlet pressures, the pump may reach a stall condition, where the flow rate
drops significantly. Three double-acting vane pumps (n0.051, no.054 no.054) connected to a hydraulic
circuit with an adjustable resistance for changing the outlet pressure were experimentally tested. The
instrumentation included flow meters to measure the outlet flow and pressure sensors to monitor the
outlet pressure. A procedure of gradually increasing the system resistance was applied to increase
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Figure 17. Dependance between the outlet pressure and the flow of the pump with oil different kinematic

viscosity.
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The relationship between outlet pressure and flow in a double-acting vane pump (Figure 18)
varies significantly with the use of oils of different kinematic viscosities. Viscosity affects internal
leakage, friction, and overall pump efficiency, thus changing the relationship between outlet pressure
and flow rate. Higher viscosity oils have advantages such as reduced internal leakage due to better
sealing between components (e.g. vanes, rotor grooves, and chamber walls) and higher volumetric
efficiency at higher pressures. Disadvantages include increased fluid friction, resulting in greater
energy loss and heat generation. It can also lead to reduced flow at higher pressures due to increased
viscous drag. Lower viscosity oils have advantages such as lower friction losses, allowing higher flow
rates at low to moderate pressures. They are suitable for high-speed operation. Disadvantages are
manifested by increased leakage, especially at higher pressures, reducing volumetric efficiency. They
are more prone to cavitation under high pressure conditions.

Signal

o To Mgplications Toole Bindow Help o .
amll)hﬁer T ArFAAH N OO ) Qs W Data line

oscillograph
l High-
computer frequency
pressure

SENsors

Figure 18. The overall structure of experiment.

5. Conclusions

The developed mathematical model accurately predicts the behavior of a double-acting vane
pump, including flow rates, pressure variations, and efficiency. The model includes key parameters
such as vane dynamics, clearances, and fluid properties, demonstrating its ability to effectively
simulate real-world pump operation.

The study highlights the critical influence of geometric and operational parameters, such as rotor
groove clearances, vane clearances, and fluid viscosity, on pump performance. These parameters
significantly affect internal leakage, flow pulsations, and the rate of pressure change in the chambers.

Experimental testing confirms the significant influence of oil viscosity on pump performance.
Higher viscosity oils reduce leakage and improve volumetric efficiency at higher pressures, while
lower viscosity oils result in higher flow at lower pressures but suffer from efficiency loss at higher
pressures.

The leakage flow through the blade gaps and rotor grooves increases with outlet pressure,
leading to a decrease in effective flow rate and efficiency. The results highlight the need for clearance
optimization to balance leakage reduction and friction losses.

Experimental testing validated the mathematical model, showing strong agreement between
simulated and measured data for various operating conditions. This confirms the reliability of the
model as a predictive tool for analyzing and optimizing vane pump performance.

The research provides valuable insight into the design and operation of double-acting vane
pumps, offering guidance for improving efficiency, durability, and performance. It is particularly
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useful for applications where precise flow and pressure control is critical, such as hydraulic systems
and power steering mechanisms.

The study suggests further research into advanced materials, surface treatments, and real-time
monitoring to improve vane pump efficiency and reduce wear. Extending the model to include
thermal effects and cavitation phenomena could further improve its applicability.
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