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Abstract. In this paper, the authors present a 0D fluid dynamic model of a vane pump used to refill tanks
with fuel. The model is entirely developed in OpenModelica environment, where the authors have created
specific libraries of elements suitable for the physical modelling of fluid power components and systems.
Amongthe different approaches, the zero-dimension (0D) fluid-dynamic modelling of positive displacement
machines is suitable to study many aspects as: the instantaneous flow rate, pressure and torque transients,
the fluid borne noise related to the flowrate and pressure irregularity, the dynamic behaviour of the variable
displacement control. Overall, this approach in modelling allows to link the geometrical features of the
machine with its dynamic behaviour and for this reason is particularly useful in guiding the design.

The model of the vane pump is described together with the main design features that can be analysed in
terms of their influence on the pump behaviour.

Besides the specific results obtained regarding the design of the pump, the paper also demonstrates the use
of OpenModelica language and environment, and its efficacy, into the applications of fluid power modelling
and simulation.

1 Introduction

Fluid power systems are used in many industrial and mobile applications, thanks to some very valuable
characteristics such as the high power to weight ratio, the flexibility and good controllability, the possibility to manage
very high loads both with rotary and linear actuators. The main counterpart ofthese systems is their efficiency, though.
For this reason, in last decades, researchers of the field have focused more and more in optimizing the design ([1, 2]),
reducing dissipations ([3]), proposing new circuit’s layouts ([4, 5]), improve the efficiency and performances ofthe single
components ofthe systems ([6, 7, 8]). Positive Displacement Machines (PDMs), wildly used in fluid power systems for
mobile and industrial applications, still presentmany challenges related to their design. Thetotal efficiencyis oneof these
critical issues: it is determined by volumetric, mechanical and viscous losses that are certainly influenced also by the
design choices. The optimumcompromise would beto obtain a high and stable value ofthe total efficiency, in the entire
operatingrange of the machine, butthis is a very challenging task. Thus, modelling and simulation have been used in the
last decades on thedifferentarchitectures of PDMs to help designers improving their performance. ([9, 10, 11]).

Noise emission is another critical issue regarding PDMs, especially in those applications where the internal combustion
engine can be replaced with an electric motor. Accurate design ofthe machine architecture, especially the low and high
pressure ports timing and shape, is essential to improve the flow rate irregularity and the pressure ripple and to take care
ofthis issue. Besides experimental analysis, lumped parameter modelling, FEM modelling and analysis of vibrations may
help the designerto prototypenew solutions ([12, 13]).

Cavitation and aeration affect both the machine efficiency and the noise emissions, as well as the duration of the
component. This issue is very challenging to be simulated but advanced CFD analysis combined with lumped parameters
approachand experimental vibrational analysis are able to locate the areas where these phenomena occurand to testany
design solutionintroduced to avoid or limit the damage ([14, 15, 16]).

No surprises, hence, that modelling and simulation have become essential when addressing the design of PDMs to
improve the performances under different aspects.

In this paper, an analysis through modelling and simulation for a low pressure vane pump is realized. The manufacturer
was particularly interested in analysing different designs of the stator internal surface on the instantaneous pressure
transient within the pumping chambers, on the flow rate transient, on the occurring of pressure peaks or local
depressurization. The approach followedto create themodel is the typical lumped parameters approach, as described for
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similar kind of pumps in ([17-23]). In this work, the method forthe geometry definition ofthe main variables adopted in
[17] and [18] was adapted to considerthe differences in the stator and vanes design ofthe pump analysed in this paper,
and was implemented in OpenModelica environment [24, 25], using a special set of models created by the authors to
study hydraulic components and systems. ([26]).

In the following sections the reader will find: a description of the pump analysed, a description of the mathematical model
and ofiits implementation in OpenModelica and a discussion of theresults obtained fromthe simulations.

2 Vane Pump

Vane pumps are PDMs realized coupling an eccentric rotor connected to the pump shaft inside a stator having an
internalsurface of circular or elliptic or even different profile. The rotoris equipped with several radial orinclined slots
where the vanes can slide. The inter-vanes volumes (the volumes confined between two vanes, the rotor and the stator
surfaces) are variable volume chambers as function of the shaft angular position and are connected to the low pressure
during the phase of increasing volume and with the high pressure port during the decreasing of the volume. In that way,
adefinite volume of fluid is transferred fromthe low to the high pressure side ateach shaft complete rotation. It is required
that the vanes remain in contactwith the stator internal surface during the rotation ofthe rotor, t o allow the definition of
the separated variable volume chambers. The centrifugal force may be notenough to pushthe vanes againstthe stator, so
in ourdesignthe vanes present channels throughout their length to bring the pressure thatis inside the inter-vanes chamber
belowthe vane itself, creating a force that is proportional to the pressure, which pushes the vane outside. The vanes are
inclined, as shown in Fig. 1, and the pump has radial ports for the suction and delivery of flow rate. The pump works at
low pressure, to deliver fluid in fuel filling systems; since the delivery pressure is low, the pump is not hydraulically
balanced with axial elements.

Fig. 1 CAD models of the vane pump analysed

Different stator internal surface profile may be used for this pump: in particular, for the pump studied, a circular

profile and a special “3-lobes” profile have been analysed (Fig. 2). With the classical circular profile, there are two critical
moments for the pressure transient inside the inter-vanes volume, when the volume is almost isolated from the suction
and delivery ports, butis changing dueto the rotation of the rotor. While approaching the delivery, after having reached
its maximum value, the volume starts decreasing and a pressure peak arises within the chamber; while the volune i
approaching the suction, after reaching its minimum value, the volume starts increasing to recall fluid from the low
pressure port and a depressurization of the chamber may occur. This pressure transients, characterized by positive and
negative peaks andrepeated for each inter-vanes volumes, create noise, vibration, affect the flow rate and pressure ripples.
During the negative peaks, the pressure can decrease under the saturation pressure of the gas entrained in the fluid,
provoking the freeing of gas bubbles (air) and may even reach the vapour pressure ofthe fluid, causing cavitation. Both
aeration and cavitationneed to be avoided or limited, since they affect the volumetric efficiency, create noise and damage
at the pump components, oncethe air or vapour bubbles implodes whenreaching a higher pressure zone inside the punyp.
The aim of the alternative “3-lobes” profile is to maintain the volume of the inter-vanes chamber constant during the
phases in which the volume is isolated, i. . not connected with the suctionor the delivery port.
In that way, the designer would like to avoid or limit the positiveand negative pressure peaks. Another way to reducethe
peaks is to modify the low and high pressure ports in a way that the inter-vanes volume is neveractually isolated. In this
way, however, a crossing of the ports is allowed, i.e. fora certain angular interval the volume may be connected with both
the ports, thus generating a back flow that negatively affects the volumetric efficiency. In this pump, where there’s no
hydraulic axial balance for the axial gaps and the leakages are already pretty high, this design solution may not be the
best choice.



E3S Web of Conferences 312, 05005 (2021) https://doi.org/10.1051/e3sconf/202131205005
76° Italian National Congress ATI

Stator with 3-lobes Profile

Stator with Circular Profile

Fig. 2 Qualitative comparison of the circular and 3-lobes profile

In orderto evaluate how these design modifications can affect the pressure p transients within the volumes, the flow and
pressure ripples, the continuity equation for a control volume V that exchanges flow rates Q; with the low and high
pressure ports, should be written and numerically solved. Equation 1 reports the continuity equation written for the control
volume V of fluid with Bulk modulus B, in the time t domain and considering an isothermal condition.

r-iEmo-%) M

It is clearnow that, to obtain the pressure transient, the flow rates exchanged through thelow and high pressure ports and
the volume transient have to be expressed as function of the geometrical features of the pump. Besides, considering a
constant angular speed for the pump, it is convenient to look at the pressure and volume transients as function of the
angularposition ¢ ofthe pump shaftas shown in equation (2).

=%, _B (v _V.
w_dt_)dcp_m-v(zlo’l deo 0)) (2)

3. Description of the main geometrical features and their calculation.
3.1 Stator with circular profile

The methods to define the geometrical features of a vane pump are well described in [17]. Among the different
methods explored, it was decided hereto write the volume variation as a function ofthe angular position ofthe inter vanes
chamber, that is rotating with the pump rotor. It is then possible to obtain the volume trend by numerically solving the
equation obtained (equation (3)). With respect to what developed in [17], here the expressionhas been modified first to
take into accountthe different shape ofthe vane and its inclination o with respect to the radial direction, still considering
the case ofa circular internal surface profile for the stator.
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Fig. 3 Technical drawing of a portion of the vane pump with the quotation of the parameters and variables used in equation (3)

The equation is formulated to evaluate the volume variation dV; in correspondence of an angular rotation d¢@, defining
theray vectors p;jas in Fig. 3 and considering theactual shape and direction ofthe vanes. The width ofthe vane/rotor is
called H. The vane lift h;is along the length ofthe vaneandit is corrected in equation 3 to consider the inclination o. The
parameteryiis used to define a variable circumference arc with the rotationalangle. This arc is considered as the length
of'an area that is added/subtracted to the chamber during rotation. It is defined considering the parameters regarding the
vane shownin Fig. 3.

A=H-Rr-d—':-yi-cosa, B=H-RT-(—T—yi)-2—':-cosa 3)
The parameter A is related to that portion ofthe vanethatenters/exits the volume chamber during the rotation. Note that
for asingle chamberifor example the one represented in

Fig. 4, only the vane iis considered affecting the volume variation , while the vane i+1 will affect the following chamber
i+1. This is an approximation, but was considered acceptable giventhe position ofthe contact points Piand Pi+1 of the
vanes at the stator surface.

The parameter B is defined to consider thatportion of volume thatis isolated when the vane is completely inside its slot
and joins the chamber volume when thevane is goingout fromthe slot.

At this point to calculate the volume transient as a function oftheangular position ¢ a code in OpenModelica was written
and the backward finite difference method was applied to numerically find the solution.

Fig. 4 View of the internal components of the pump and generic inter-vanes volume chamber

3.2 Stator with “3-lobes” profile
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An example of what is the “3-lobes” profile for the stator surface is shown in shownin Fig. 5a. With respect to the
rotor centre, the profile is made of circumference arcs, each one with its extension with respect to the rotor centre and
tangent at the extremities to theneighbouringarcs. Each arc has its own curvature centre and radius, as visible in Fig. 5b,
and eccentricity. To adapt the code written for the stator circular profile, the “3-lobes” profile was divided in 9 sectors,
defining the different parameters for each ofthem (radius, eccentricity, angular extension) and applying the same method
to calculate the volume transient. Moreover, for each sector, a routine was implemented, to check where the confining
vanes of the generic chamber are at a specific angular position (in the sector analysed, in the previous one or in the
following one).

Fig. 5 View of the design of the pump with the “3-lobes”profile and of the 9 sectors defined for the sake of an easier definition of
the profile into the numerical code.

3.3 High and low pressure ports

The inter-vanes volume chamber is connected to the low and high pressure radial ports during the suction and
delivery phase respectively (Fig. 6). In orderto determine the flow rates exchanged by the volume chamber with the ports,
it is necessary to determine the flow areas. The flow areas have been determined considering an observer inside the
volume chamber, looking at the opening and closing of these passages; during the rotation, the flow area will open as
soon as the first vane confining the volume overcomes the opening pointofthe specific port, then reaches the maximum
value when the second vane also overcomes the opening point and successively starts decreasing when the first vane is
overcoming theclosingpointtill the total closure when the second vane also overcomes theclosing point. The geometry
of'the ports is quitesimple, but the position ofthe opening and closing points may be critical in determining the angular
interval where the volume may be isolated. Moreover, there exist a design ofthe ports with constantheigth and a design
with variable height. A routine in OpenModelica languagehas been written to obtain thesuctionand delivery flow areas
for the reference volume chamber.

Closing point of the
delivery port

View of one port

Fig. 6 The pump and its radial low and high pressure ports.
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3.4 Geometrical results

In this section the geometrical description ofthe volume, volume derivative and suction and delivery flow areas are shown
for the reference chamber. The other chambers in the pump have the same geometrical features but they are shifted with
respectofthe reference rotational angle ofthe quantity 2n/z, where zis the number of vanes (z=5 for the pump analysed).
In Fig. 7 the volume and volume derivative of the reference chamber for the circular stator profile are shown, non-
dimensioned with respect their maximum values. The trend ofthe volume with respect to theangular reference position
ofthe volume chamber, which follows the shaft angular position ofthe pump, is the typical sinusoidal shape that we find
in the positive displacement pump fora single pumping chamber: between 0° and 180°, the volume is decreasing and it
is connected to the delivery, between 180° and 360°, the volume is increasing and it’s connected with the suction port.
The orange line in figure is the volume derivative, which is a consequence ofthe volume trend.

Volume Ref Chamber Volume Derivative Ref Chamber

1 /—

Q, 50 100 150, 200 250 300 350 400

05 Angular position Ref Chamber [-]

Volume and Volume derivative [-]

-1.5

Fig. 7 Volume and volume derivative transient for a reference chamber with respect to the angular position.

In Fig. 8 the volume and volume derivative ofthe reference chamber for the “3-lobes” stator profile are shown, again non-
dimensioned with respect their maximum values.

Moreover, the values obtained from the numerical procedure were compared with the volume evaluation on the CAD
model ofthe pump. The relative error between the two evaluation is smaller than 5% and was considered acceptable for
this first versionofthe model.

The volume trend in this case (blueline) shows a flat profile nearby and around thedead points (0° and 180°), thus the
volume derivative is almost zero and this helps to avoid aggressive pressure peaks within the chamber, while pre serving
the volume variation in the rest ofthe angular interval, which allows delivery of flow and suction fromthe tank.

—Volume Ref Chamber [-]

N Volume derivative ref chamber [-]

Angular Position [degree]

Fig. 8 Volume and volume derivative of the reference chamber for the “3-lobes” stator profile with respect to the angular position.

In Fig.9 the delivery and suction flow areas together with the volume chamber transient, are shown again with res pect
to the angular position of the reference chamber, for the two design versions, at left with circularstator profile, at right
for the “3-lobes”stator.
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Fig.9 Volume and delivery and suction flow areas with respect to the angular position, circular stator at the left, “4- lobes” stator at
the right.

4. Structure of the model and equations

The lumped parameters fluid - dynamic model ofthe vane pump is realized by connecting z variable control volumes
(z=5) . The control volumes are connected to each other with orifices that represent in the model the gaps between the
vane tip and the stator surface, the axial gaps between the pump body and the assembly rotor-vanes. Furtheraxial gaps
are connectingthe control volumes and thedrainage.

Two variable orifices, then, represent the connection with the low and high pressure ports. Given its structure, it is easy
to modify the modelto adapt to the number of vanes by replicating the same basic coreunit represented in Fig. 10.

High Inter-vanes volume

Pressure Porl

[control
Volume

B

Low Pressure
Port /

High and low
pressure ports

Nearby
volume

Leakages

Fig. 10 Representation of the model of one inter-vanes volume chamber

The modelhas been implemented in OpenModelica Environment[25], using a set of components created by the authors
to specially model fluid power components and sy stems [26], as shown in Fig. 1 1.

It’s worth noting that here the vanes are represented by moving elements (sliding into their radial slots) connected
thorough channels with a volume of fluid at the bottomand with the inter-vans chamberat the top.
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Routine for
geometry
definition

SUCTION

Fig. 11 A graphical representation of the pump model in OpenModelica environment

The mathematical model, manipulated by the OpenModelica solver, is briefly described in the following. For each control
volume, the continuity equation fora control volume is written as in equation (1).

The flow rates exchanged by the control volume with the low and high pressure ports, are expressed using the turbulent
orifice equation:

214p|

Qpart =Cq - A(<p) ' T Sgn(Ap) @

In this equation, Cq represents thedischarge coefficient, whichis defined as a function ofthe fluid Reynolds number in a
way to represent a linear trend at low Reynolds number and a constant value at high Reynolds number; A is the flow area,
Ap is the pressure difference between the port and inter-vanes volume.

The leakages through the gaps listed previously, are expressed using the Hagen-Poiseuille equation and considering the
Couette termdue to the moving elements. The gaps geometry has been schematized as equivalent rectangular gaps, shaped
between a wall that is moving with velocity v and a wall that is still. The length 1, height h and width b of each gap are
considered constant in this model. The height h of the gaps has been set considering the coupling tolerances of the
components ofthepump. Finally, pis the dynamic viscosity ofthe fluid.

bh3 v

anp:f'Ap"'_'h'b (%)

All the geometrical features are determined with the dedicated routine developed in the same environment and completely
parametrized in a way to be applicable to different pump designs without complication ofthe model.

Pressure and flow rate results

A comparison with available experimental data was performed for a qualitative comparison with the model: in order
to compare the simulated results with the real ones, the operating conditions tested at the test rig for the pump equipped
with the circular profile were also simulated with the model.

e Inlet pressure =0.94 bar

e Outlet pressure range =1.2-2.5 bar

e  Pump rotational speed range =3000 — 3200 — 3400 — 3600 rpm

In Fig. 12 the results obtained at 3000 rpm are shown, as an example. At higherrotational speed, the difference between
the numerical and measured flow rate values is similar. There is a maximum relative error of about 5% for the higher
delivery pressure values, in any case thedifference increases with the delivery pressure value. We havetaken this i as a
sign thata more accurateanalysis on the leakages and gaps representation in the model should be introduced in the future.
On the otherhand, for qualitative comparison between different pump designs the use ofthe model has been considered
appropriate and useful.

o]
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15 2
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Fig. 12 Measured and calculated flow rate values at the delivery of the pump with the circular profile stator
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Fig. 13 Results at 3000 rpm forthe pump equipped with the stator with the circular intemal surface ‘s profile

In Fig. 13 some numerical results are shown for the pump equipped with the circular profile stator. In particular, the pressure transient
within the reference inter-vanes chamber is depicted with reference to the angular position of the chamber, together with the suction
and delivery flow areas and volume variation in the same angular interval. All the geometrical values are referred to their m aximum
values. The pressure is referred to the delivery pressure, pm. With thiskind of suction and delivery flow areas, there are small angular
intervals in which the volume is isolated, with the exception of the leakages. For that reason, pressure peaks arise at the beginning and
end of the delivery phase and negative peaks also are visible at the beginning and end of the suction phase. In order to decrease these
peaks, design modifications have to be introduced at the ports flow areas or the shape of the stator internal profile, in a way to control
the volume trend especially at these critical points. Testingthe “3-lobes” stator profile for the pump for the same rotational speed and
very similar delivery pressure, leads instead to the results shown in Fig. 14. Thistime also the volume derivative is shown, to better
understand the pressure transient. The fact that the volume almost remains constant with this stator profile in the angular interval where
the ports are closing and opening, lead to the disappearing of the positive peaks. A negative peak still is present at the end of suction,
when the isolated volume, calculated with the numerical routine is slightly decreasing, but it is soon recovered at the opening of the
delivery andit appears to be not dangerous from the aeration/cavitation point of view. T o understand better howmuch of this negative
peak is due to the actual volume and volume derivative trends, the accuracy in the determination of the volume derivative through the
numerical procedure will be assessed in the future.

In any case, the model is also ready to receive the geometrical data from external analysis/evaluation, to be able to give mo re accurate
results about the pressure transient.
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Fig. 14 Results at 3000 rpm for the pump with stator with the “3-lobes” internal surface’s profile

Conclusion and perspectives

In this paper, a lumped parameters modelofa vane pump is realized in OpenModelica environment, using a setof
components specifically realized to model fluid power components and systems. The model has been created in a
“parametric fashion”. This means that the model can easily be adapted to analyse different design modifications, for
example the numberofvanes, the suctionand delivery flow areas, the stator internal profile.

Wellbefore the realization ofa physical prototype, themodelis useful to give indications on the impact ofthe design on
the pressure transients insidethe volume chambers, pressure and flow ripples, flow rate at the delivery ofthe pump.
Future developments will be addressed to better describe the gaps inside the pump; this may represent a critical point
when we want to be accurate in the pressure negative and p ositive peaks evaluation. For analogous reason, the routine
that determines the geometrical features with special stator profile will be tested with different solution and when possible
the results coming fromthe model will be validated with measurements on the pump prototype.
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