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Abstract

The main target of nowadays engine designers is to focus on exhaust emissions, fuel consumption and engine performance, so
during the design phase of a new internal combustion engine, all the aspects related to friction and mechanical power loss must be
deeply considered. And then, also the friction related to engine lubrication system must be analyzed and studied.

In this paper a tridimensional CFD analysis of the lubrication circuit oil pump of a modern high-performance engine
manufactured by Aprilia will be shown. The model was build up with PumpLinx®, a commercial CFD 3D code by Simerics Inc.”®,
taking into account all the phenomena associated to the fluid cavitation. The model was validated by data of an experimental
campaign performed on a hydraulic test bench, at the Industrial Engineering Department of the University of Naples, Federico II.
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1. Introduction

Internal combustion engines have now achieved the objective of high specific power output with low fuel
consumption and low exhaust gas emissions [1]. Consequently, engine running conditions have become very
onerous and engines have to ensure good performance on a wide range of operating points. Hence all engine
components have to be carefully studied and designed from the early stages of their development.

The oil delivery pump is, by all means, one of the components that can be analyzed to reduce mechanical power
losses. In effect, the main drawback of fixed displacement pumps is power losses due to the flow-rate recirculation
within the pressure relief valve, especially at high shaft rotational speed. Such an excess flow-rate is due to the
pumps size selection process, which focuses on providing the necessary flow-rate at low regimes.

In recent years, during the design phase, one - dimensional and three - dimensional codes have been used to
simulate the behavior of the oil circuit components. Using these codes, information may be obtained on points that
are not always experimentally measurable. 1D codes are simpler to use for modeling complex systems and require
less computational power. On the other hand, they can hardly be predictive as 3D codes.

This paper focuses on the modeling of an oil delivery pump with a CFD three - dimensional code. A model
validation exercise has been performed comparing CFD results with experimental data obtained at the Department of
Industrial Engineering of University of Naples “Federico II”.

2. Engine and pump description

In this paper it we present the oil pump of a high performance motorbike engine manufactured by Aprilia (see
figure 1), four cylinders with a displacement of 999,6 cm®, and a maximum rotation speed of 14000 rpm. The
lubrication circuit is a wet sump type and is fed by a gerotor volumetric pump, with a displacement of 8 cm®/rev.

Fig 1. Motorbike engine Fig 2. Pump rotors

The lubrication pump consists of two gears (figure 2), with the inner rotor rotating off - center, creating 5 vanes
with volumes evolving in one revolution from a minimum to a maximum value during the suction phase and vice
versa during the discharge phase.

The rotors have 4 and 5 teethes respectively, the outer rotor rotates with an angular velocity that is equal to 4/5 of
the inner rotor velocity (the transmission ratio between the rotors is 4/5).

The whole pump consists in fact of two (twin) pumping units as it is used also for the oil cooling circuit (as
showed in figure 2).

In this paper, we present the whole pump model (for the lubrication and oil cooling circuit) and the validation of
the lubrication pump model.
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3. Pump model

The pump has been simulated with a commercial CFD 3D code PumpLinx® by Simerics Inc.”, that solves
numerically the fundamental conservation equations of mass, momentum and energy and includes accurate physical
models for turbulence and cavitation.

From the pump 3D CAD geometry, the fluid volume has been extracted, starting from the surfaces wet by the
lubricant itself. The obtained geometry has then been meshed with the program grid generator [4].

Figure 3 shows the pump mesh in a section plane of the considered pump. In the boundary layer we have
increased the grid density on the surface without excessively increasing the total cell count. In the regions of high
curvature and small details, the grid has been subdivided and cut to conform to the surface.

Fig. 3. Binary Tree Mesh — pump cross section

As already mentioned, the code solves, during the simulations, the conservation equations of mass, momentum
and energy:

Mass Conservation

9

Efn(t)pd(H'IJ p(v—v,)ndo =0 (1)
Momentum Conservation
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in which Q(t) is the control volume, o is the control volume surface, n is the surface normal pointed outwards, p
is the fluid density, p is the pressure, f'is the body force, v is the fluid velocity, v, is the surface motion velocity. The
shear stress tensor T is a function of the fluid viscosity p and of the velocity gradient; for a Newtonian fluid, this is
given by the following equation:

Ju; | duj 2 Yu
Tijzﬂ(ﬁ_x;+l9_xli)_§ﬂﬁ_x:5ij “4)
Where u; (i = 1,2,3) is the velocity component e &; ; is the Kronecker delta function.

The code allows for the simultaneous treatment of moving (rotors) and stationary (intake and delivery ports) fluid
volumes. Each volume connects to the others via an implicit interface.

Different techniques are available for the treatment of a moving mesh. For positive displacement pumps, it is
necessary to use a moving/sliding methodology whereby the stationary and moving volumes are meshed separately.
Each moving volume connects to the others via a common interface, which, due to deformations and motion, is
updated at each time-step.
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Fig. 4. Mismatched Grid Interface between the end of two offset cylinders

The model of the considered pump consists of a 400.000 cells mesh. The following figures show section cuts that
illustrate the grid differences between stationary and moving parts.

Fig 5. Pump and Rotors mesh

This CFD 3D code can also implement a real fluid model based on the work of Singhal [S] [10] [12], and
therefore allows for the calculation of cavitation effects, when pressure in a specified zone of the fluid domain falls
below the saturation pressure. Vapour bubbles form and then collapse as the pressure rise again [4] [7] [8].

Many physical models for the formation and transport of vapour bubbles in the liquid are available in literature,
but only few computational codes offer robust cavitation models. This is due to the difficulty to handle gas/liquid
mixtures with very different densities. Even small pressure variations may cause numerical instability if they are not
optimally treated [7].

The cavitation model implemented in the code uses the following equations:

%fﬂ(t) pfdQ+ [ p((v—vn)fdo = [ (Df + Z—;) (Vfn)do + [, (Re — R)dQ 6)

where Dy is the diffusivity of the vapour mass fraction and oy is the turbulent Schmidt number. In the present
study, these two numbers are set equal to the mixture viscosity and unity, respectively [4].

The code fluid model accounts for liquid compressibility. This is critical to accurately model pressure wave
propagation in liquid. The liquid compressibility is found very important for a high pressure system and the systems
in which water hammer effects are relevant.

The software implements mature turbulence models, such as the standard k — € model and RNG k — ¢ model
[11]. These models have been available for more than a decade and have been widely demonstrated to provide good
engineering results. The standard k — & model, used for the simulations presented in this paper is based on the
following two equations [11]:
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With ¢; = 1.44, ¢, = 1.92, 6, = 1, 6, = 1.3; where oy ¢ o, are the turbulent kinetic energy and the turbulent kinetic

energy dissipation rate Prandtl numbers.

Boundary conditions were obtained from experimental data originated by a test bench campaign held at the
Department of Industrial Engineering of University of Naples “Federico II”. In particular, suction port pressure and
lubricant density as a function of rotational speed were provided as input for the numerical model, between 1000

rpm and 4000 rpm and with an oil temperature of 80°C and 110°C.

Once created the model, a large number of simulations has been run to obtain the pump characteristics map,
which is delivery flow-rate as a function of pressure. Figure 6 show the pressure distribution in the pumping volume

and the ports.
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Fig 6. Pressure distribution in the fluid volume and in the the pumping volume (in between rotors)

4. Pump model validation

The pump model validation has been performed, as already mentioned, using data from an experimental
campaign held at the Department of Industrial Engineering of University of Naples “Federico II”. The test bench

hydraulics scheme is represented in figure 7, which will be used to describe the bench functionality.

Fig 7. Pump test bench

The oil pump (3) draws oil from a thermostatic tank (1) and delivers it to a mass flow-rate transducer (5) and a
lamination valve (6). In the test bench circuit, a thermocouple (2) and a pressure transducer (6) are also integrated in
the bench. The pump is motored by an electric motor, which, through an inverter, can vary the pump shaft speed;
acting on the lamination valve, the oil pressure in the delivery line can be changed. The pump speed is acquired

thanks to a 360-teeth encoder.




Emma Frosina et al. / Energy Procedia 45 (2014) 938 — 948 943

The mass flow-rate transducer is a Proline Promass 83F, manufactured by Endress®, with the following
characteristics:

e Measure principle: Coriolis effect;
e Max flow-rate: 6500 kg/h;
e Max error: 1% FS.

The pressure transducer (type LP11DA), manufactured by AVL", has the following characteristics:

e Measure principle: Piezoresistive;
e Range: 0— 10 bar;
e Sensitivity: 930 mV/bar.

The pressure transducer (type RS461-373 Gems®), has the following characteristics:

e Measure principle: strain gauge;
e Range: 0 — 10 bar;
e Precision: £0.25%.

An acquisition system allows to control and manage the test bench output signals via a multi-function National
Instruments® card (type NI PCI MIO 16 E 1) and a software tool for the management and acquisition of data based
on LabView 2011 and developed at the Department of Industrial Engineering of University of Naples “Federico I1”.

The oil was a SW40 that complies with API SL, JASO MA-2, and ACEA A3 specifications.

The tests allowed to determine the full pump characteristics map, in terms of pressure/flow-rate curves (figure 8)
as a function of rotation speed and oil temperatures of 100°C.
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Fig 8. P-Q Curves at 100°C oil temperature

The following figure shows the flow-rate trend in function of engine speed between 1000 — 7000 rpm and oil
pressure of 1bar, 3bar, Sbar and 7bar. The experimental curves here been compared with the theoretical curve.
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Fig 9. Q/rpm Curves

From the analysis of the above graph it can be noted that the slope of the experimental curves is very similar to
the theoretical curve especially at low rotation speed.
The theoretical curve has been obtained from the following expression:

Qteo = Vg -

1000
Where:

®)

V, is the displacement [em’];

n is the pump rotation speed [rpm];

Q is the pump flow-rate [I/min].

The pump efficiency has been calculated with the equation:

Qerf
— xels 9
Qteo ©)

Where Q. is determined from experimental data.
The following graph shows the pump efficiency as function of rotation speed and oil pressure at the lubricant
temperature of 100°C.
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Fig 10. Oil pump efficency 100°C oil temperature

The full pump characteristics map has subsequently been calculated in terms of pressure/flow-rate curves (figure
11) as a function of rotation speed and oil temperatures of 80°C and 100°C.
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Fig 11: P-Q Curves at 80°C and 110°C oil temperature

The model validation has been carried out comparing results from the CFD 3D code simulations with
experimental data at the different rotation speeds and oil temperatures (80°C and 110°C). Plots in figure 12 show the
comparison between numerical model results (dashed lines) and experiments (continuous line).
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Fig 12. Model/Experiment Results Comparison at 80°C and 110°C oil temperature

From the analysis of the above graphs (figure 12), it can be noted that the numerical model curves slope, with
respect to the pressure axis, is very similar to the experimental results. This confirms that the software correctly

simulates the pump and captures all main leakages, inter-gears losses and side losses between rotors and pump
casing (figure 13).
&S\mehcs

Fig 13. Mean velocity of flow in leakage at 1000rpm

For all the analyzed running conditions, i.e. 1000, 1500, 2000, 2400, 2800 and 3000 rpm rotational speeds, the
maximum difference between the model flow-rate data and the experimental one is 9%. This is true also for all the
analyzed oil temperatures.
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Furthermore, the model allow to study the oil flow — rate behavior versus pump shaft angle. The following figures
show the flow-rate trend at two different oil pressures for a pump shaft revolution of 3000rpm.
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Fig 14. Flow-rate at 3000rpm
5. Conclusion

This paper presents a tridimensional CFD analysis of the oil pump of Aprilia high performance motorbike engine.
The pump model was made up with a commercial tri-dimensional code, which allows, starting from the pump
geometry, to evaluate the pump performance, taking into account all the phenomena that occurs during the pump
operation, including cavitation. The pump model results were compared with experimental data performed in a
hydraulic pump test bench of the Department of Industrial Engineering of University of Naples “Federico 117,
showing a good correlation between experimental and simulated data.

The applied methodology and the model results, led us to conclude that the modeling of a lubrication pump with a
CFD 3D commercial code could be an useful instrument to designers to choose the correct pump or to optimize the
pump itself.
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Definitions/Abbreviations

S’ Strain tensor P Liquid density (kg/m?)

U Initial velocity Py Vapor density (kg/m’)

T Dimensionless cavitation coefficient c Surface of control volume
Q Control volume oy Turbulence model constant
n Dynamic viscosity [Pa-s] o) Surface tension

C. Cavitation model constant o Turbulence model constant



