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ABSTRACT

A three-dimensional model of an external gear pump and a new application of an
algorithm for the measurement of the unsteady flow rate in hydraulic pipes are
presented. The experimental delivery flow ripple was compared with the outcomes of a
simulation under different operating conditions. A comprehensive computational fluid
dynamics model of the pump and of the high-pressure delivery circuit was developed in

SimericsMP+®, The pump model considers the clearances, which vary according to the
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shaft angle, between the tip of the tooth and the inner surface of the stator, as well as
between the flanks of the teeth that are in contact. The pump delivery circuit is
constituted by a straight pipe with a fixed orifice at the end to generate the load. The
model of the entire system was preliminarily validated in terms of delivery pressure
ripple. Subsequently, the simulated flow ripple was contrasted with the instantaneous
flow rate, measured by means of an innovative flow meter. It was found that the
proposed flow meter is reliable in assessing the flow oscillations under the various
working conditions.
1. INTRODUCTION

The delivery pressure ripple in positive displacement pumps represents the main
source of noise. This ripple is generated by the interaction between flow rate oscillations
and the impedance of the circuit [1]. The flow oscillation in turn originates from the
volume derivative of the variable chambers, with respect to the rotational angle
(kinematic flow ripple), and from the real behavior of the component: non-ideal timing,
leakages, compressibility of the fluid and incomplete filling of the variable chambers.
A few studies on the active reduction of the kinematic flow ripple are available in the
literature. Edge and Lipscombe [2] developed a multi-lobe cam mechanism to reduce the
flow oscillations of an external gear pump. Minav et al. [3] have recently proposed
adjusting the angular speed of an axial piston pump by means of a fast torque control of
the electric prime mover. A similar method was also implemented by O’Shea [4] on a

gerotor pump. The feasibility of inducing high-frequency oscillations of the swash plate in
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order to modify chamber volumes was investigated in Kim and Ivantysynova [5] and Casoli
et al. [6].

Regardless of the method that is used, its effectiveness has only been assessed so far by
measuring the pressure ripple. In fact, although the measurement of such a quantity is a
trivial task, the evaluation of the real flow oscillation has always represented a challenge,
due to the low dynamics of flow meters.

The most frequently cited procedure for measuring the flow ripple is the “Secondary
Source’” method [7], which is grounded on an analysis of the pressure wave propagation
in a circuit made up of the pump being tested and an auxiliary source of fluid-borne noise.
A different technique, based on particle image velocimetry, was used in Garcia-Vilchez et
al. [8] and applied to a gerotor pump. However, such methods suffer from some intrinsic
limitations and can only be implemented on dedicated test benches.

On one hand, the possibility of measuring the instantaneous flow rate with minimal
modifications of the hydraulic circuit is a promising solution that could lead to practical
applications, including model validation.

On the other hand, the accuracy of an innovative flow meter can be assessed by means
of a reliable simulation model of the pump, since a flow transducer with comparable
dynamic characteristics is not available. The pump model should preliminarily be
validated on the basis of measurable dynamic quantities, such as the pressure ripple.
Different approaches can be used to build a pump model that is able to reproduce delivery
pressure oscillations [9]. The simplest approach, as far as lumped parameter models are

concerned, involves only three variable control volumes (inlet, delivery, and trapped). In
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spite of this simplification, if the main aim of the simulation is to evaluate the delivery
pressure ripple, such an approach may be satisfactory, if a very short delivery pipe is
installed in order to minimize the amplitude of the oscillations that are due to the
unsteady flow field [10]. Otherwise, an approach that allows the pressure waves in the
piping system to be simulated is mandatory to analyze the interaction of the pump with
the circuit. In this case, a one-dimensional (1D) model of the ducts, considering capacitive,
resistive and inertia effects, must be coupled with the pump model. For a more complete
analysis of the pump performance, a control volume should be associated with each
hydraulic chamber of the pump, so that it is possible to simulate the pressure drop
through the port plate and in the meshing region [11-13]. Additional features can be
added to the model to study specific aspects, such as cavitation14 or mechanical—
hydraulic efficiency [15,16].

The three-dimensional (3D) computational fluid dynamics (CFD) simulation represents
the best methodology to obtain detailed knowledge of the pressure field inside the pump.
Nowadays, with the increase in computational capabilities, the 3D simulation of an entire
circuit is becoming more and more feasible. External gear pump models have been
developed in OpenFOAM® [17, 18], in ANSYS Fluent® [19] and in ANSYS CFX® [20].

A specific template that can be used to manage the mesh in gear pumps is available in
SimericsMP+®, which was formerly known as PumplLinx [21]. The code has been proved
to be very reliable for the simulation of all types of gear machines, namely internal gears
[22], gerotors [23] and external gear pumps [24]. The latter machine type is the most

common pump used in constant displacement hydraulic power units, but it features very



Proceedings of the Institution of Mechanical Engineers: Part C: Journal of Mechanical Engineering Science

high flow oscillations. The possibility of directly measuring such a ripple could be useful
to determine the source of the fluid-borne noise that generates air-borne noise [25].

In this framework, the aim of this study is the application of a high-dynamics flow meter
(the commercial name is Flotec), developed for unsteady flow rates in high-pressure
pipelines, which was successfully tested on a proportional high-performance hydraulic
valve [26] and on diesel injection systems [27, 28], to measure the flow ripple of a fluid

power gear pump.

2. COMPONENT DESCRIPTION

The reference pump used for this study is a Casappa Magnum HDP 30.51 external gear
unit, which is shown in Figure 1, with displacement 51.5 cc/rev, a maximum working
pressure of 230 bar and speed in the 300-2500 r/min range. The casing houses a couple
of rotors with 10 teeth integral to the shafts and the journal bearings are mounted directly
in the two covers. The gears have an external diameter of 57 mm and an axial width of 33
mm.

The balance plates (also referred to as port plates), used to compensate for the axial
clearances (cf. Figure 2), are provided with millings in order to manage the connections
of the fluid with either the delivery or the suction environment during the compression
phase. The clamping force exerted by the balance plates depends on the surface of
influence at the rear of the port plates, where the delivery pressure acts. Seals are used
to separate the high- from the low-pressure regions. Fluctuations of the pressure force

on the gears and leakage flow oscillations, which can both be due to changes in the
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clearance between tooth tip and stator (these changes are caused by variations in the
loading conditions, the speed or the fluid temperature), are minimized because the oil
can flow from the delivery volume to the tooth spaces, through the backflow grooves and
the peripheral channels in the balance plates.
3. TEST RIG AND INNOVATIVE FLOW METER

The pump was tested on a hydraulic rig installed at the Fluid Power Research
Laboratory of the Politecnico di Torino. The pump was mounted in a closed circuit and
driven by a variable-speed electric motor.

The Flotec flow meter was installed at the delivery port. It includes two GS XPM5
miniaturized pressure transducers, which are indicated as P1 and P2 in Figure 3.
The transducers are temperature-compensated between 0 C and 60 C, with a 0-200 bar
measuring range, a sensitivity of 100 mV F.S. and linearity error lower than +0.25% F.S.
The GS XPM5 sensing element consists of a (temperature-compensated) Wheatstone
bridge, which includes strain gauges. The zero offset of the transducers has been adjusted
in order to obtain a measure of 0 bar when the system is not in pressure. It has been
assumed that only the transducers accuracy affects the uncertainty, hence the latter is
lower than 0.5 bar (according to the linearity error).
The two pressure transducers are installed, at a distance of L =450 mm, on a straight steel
pipe with an internal diameter d = 10 mm. The holes for the transducers were drilled on
steel cylinders previously machined and welded on the pipe.
The value of the aspect-ratio L/d = 45 is high enough to avoid errors in the measurement

of the instantaneous flow rate [27]. Furthermore, an optimal value of L should be



Proceedings of the Institution of Mechanical Engineers: Part C: Journal of Mechanical Engineering Science

significantly higher than 2aAt [28]. These constraints could lead to a not negligible total
length of the straight pipe in case of high displacement pumps due to the high size of the
delivery port that induces a subsequent increase in the value of d; however, such a length
would not represent a limitation for a laboratory instrumentation.

The flowmeter algorithm is based on continuity and momentum balance partial
differential equations, written for a one-dimensional flow. Based on the incompressible
flow hypothesis and on the continuity equation, the momentum balance equation can be

simplified as follows:

ou  10p _ 41y
at p 0x - pd

(1)
where u is the flow velocity, p is the pressure, p is the fluid density and t,, is the wall
shear stress. Multiplying Eq. 1 by the pipe cross-section area A, then integrating the thus

achieved equation over length L (the distance between the transducers) and finally

dividing it by the same L, one obtains:

2= Lap-md @10 @

dt 842
where Q represents the space averaged volumetric flow rate, Ap is the instantaneous
pressure difference measured by means of the pressure transducers and f is the space

averaged friction factor (the wall shear stress has been developed by using the Darcy-
Weisbach approach). Quantities between angular brackets (< >) are time-averaged. The

instantaneous pressure difference can be expressed as a Fourier series [28]:

Ap(t) = (Ap) + Xk=1 [ay cos(wyt) + by sin(wit)] 3)
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where ax and bk (with k > 1) are the coefficients of the k-th harmonic term, which

refers to angular frequency @, =2kz /T , and N is the maximum wave-number that
includes 95% of the energy of the Ap Fourier spectrum. Eq. 2 can be integrated over a

complete working cycle and, under the hypothesis of periodic flow, one obtains [27]:

Z(0p) = nd L)1) @

842
The flow rate fluctuations around the mean value are then obtained through the
following equation, which is achieved by substituting Eq. 3 into Eq. 2 and by taking Eq. 4

into account [27, 28]:

N

A a, . b,
AQ(t)=— {—ksm o t)——%cos(wt } (5)
RS-t
The instantaneous flow-rate can be finally estimated as Q(t) = {(Q) + AQ(¢t).

Time-averaged flow rate (Q) can be evaluated on the basis of the pump displacement V,

the pump speed w and its volumetric efficiency 7, or can be measured by means of a

steady-state low-pressure flowmeter applied to the circuit where the pump is installed.
In fact, Eq. (4) is critical for the evaluation of the mean flow-rate, due to the zero-offset
errors of the pressure transducers.

Proportional closed-loop controlled valves can be used to choose the inlet and outlet
pressures of the pump. However, in order to have a simple layout that is suitable for the
validation of the pressure ripple, the load was generated by means of a calibrated orifice

with a diameter of 4 mm, drilled into a plate clamped between two flanges and located
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at the outlet of the high-pressure flow meter (downstream of transducer P;). A section
view of the delivery line, with details of the two ends, is shown in Figure 4.

A GS XPM5 pressure transducer, with 0-20 bar measuring range, was mounted directly
onto the pump casing in order to monitor the pressure in the inlet volume. The excitation
voltage (10 Vdc) sent to all pressure transducers was supplied by an Entran MSC-A1l
conditioning module, with a frequency band of 0-50 kHz at -1 dB. The same unit was used
to amplify the output signals, which were acquired with a sampling frequency of 50 kHz,
through a 16 bit NI 6250 National Instruments data acquisition card, with a multi-channel
sampling rate of 1 MS/s. The gain in the entire measuring chain, in terms of bar/V, was
checked using a deadweight tester. An ISO VG46 Mobil DTE 25 hydraulic oil was used as

the fluid in the circuit. The tests were performed at an oil temperature of about 30 °C.

4, CFD MODEL

The pump and delivery pipe model was developed in SimericsMP+ v5.0, where the
governing equations were discretized by means of a finite volume method. The surfaces
of the fluid domain were extracted, in standard triangulation language (STL) format,
starting from the 3D computer-aided design (CAD) model of the pump. The gear profiles
were generated analytically, starting from the geometric parameters, and the 3D
drawings were then created by extruding the profiles. A 3D view of the pump model is
shown in Figure 5.
Since direct contact between the gears is not possible in the model, a minimum distance
between the flanks of the teeth of 16 Im was used in the meshing region. Such a clearance

was obtained by means of an initial rotation of the driver gear by 0.28°.
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Due to the resolution with which the profiles of the gears were imported, it was found
that the clearance of 16 um is the minimum value that allows avoiding interference
between the flanks of the gears for any angular position.

In this kind of machines, a critical aspect is represented by the tooth tip clearance that is
function of the current eccentricity between the shafts and the bearings. Therefore,
compatibly with the fact that in the model the axes are fixed, an operating condition as
much realistic as possible was assumed. Hence, for simulating the effect of the radial force
acting on the gears, their axes were shifted so that the diametrical clearance was shared
10% at the inlet side and 90% at the outlet side. In this way, a linear increment of the
tooth tip clearance is obtained as the chamber moves from the suction to the delivery
volume.

The axial clearance between the gears and the port plates was neglected. This assumption
is reasonable, since the clearances are mainly compensated for by the micro-movement
of the balance plates.

The rotating mesh was generated with a specific template for external gear pumps, which
allows a structured hexahedral grid to be obtained for each gear. The number of cells in
the radial direction is maintained constant during the rotation and the grid is compressed
in the meshing region when a tooth of the opposite gear enters the tooth space. The cell
nodes that are in contact with a gear profile are anchored to the latter, while the
outermost layer of the cells is made to slide with respect to the casing and to the mesh of
the opposite gear. The cells were also squeezed in correspondence to the teeth clearance.

A total of 720 cells were set in the circumferential direction and 10 cells in the radial

10
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direction. Details of the grid in the meshing region and in the tooth tip clearance region
are visible in Figure 6.

The remaining fluid volumes were meshed with a general mesh generator that allows an
unstructured Cartesian grid to be obtained with cubic elements. Four different regions
were defined: the inlet volume, the delivery volume, the straight delivery pipe, and the
volumes of the grooves on the port plate; the latter were meshed with a finer grid.
Moreover, the cells lying on the boundary of each volume feature a higher density. A
mesh sensitivity analysis was then carried out, and it was found that the number of cells
mainly influences the mean value of the delivery pressure. The delivery pressure
oscillation, in correspondence to pressure transducer P1, is plotted in Figure 7 for three
values of the total number of cells. A variation in the number of cells in the 462.000-1.8
million range has a negligible effect on the pressure waveform, even though an
appreciable effect has been observed for the simulated pressure signal phase. Moreover,
it has been verified that 1.5 million cells are adequate to obtain mesh independent
results, in terms of an instantaneous pump-delivered flow rate. Since the computational
efforts increase significantly when the number of cells becomes very large, the
configuration with 1.5 million cells was selected. The corresponding typical grid sizes of
the different regions are reported in Table 1.

As far as the physical models are concerned, the flow module is used to solve the mass
and momentum conservation equations. The integral form of Reynold’s Averaged Navier-

Stokes Equations (RANS) is defined as follows:

11
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% I de+Ip(V—VU)-ndO'=0 (1)

Q(t) o

% J. deQ+Ip(V—VU)-n~VdJ=J.[17]-nda—‘|. pndG+J.fdQ
o o Q

Q(t) o

(2)

where v is the fluid velocity, o is the control surface, n is the outward normal of surface
o, Vs is the velocity of surface G, pis the fluid density, p is the pressure, f is the vector of
the source terms and [1] is the shear tensor stress. The components of the shear stress

tensor are:

ou; | 0uj  209uy )

Ty = (U + pr) (Ej-l'a_xi_Ea_kaif

)

where u; (i = 1,2,3) are the velocity components, u is the dynamical viscosity of the fluid,
Mt is the turbulent viscosity and 9 is the Kronecker Delta function.

The conjugate gradient squared (CGS) linear solver was used for the velocity, while the
algebraic multigrid (AMG) solver was applied for the pressure. The turbulence model was
deactivated (u; = 0), since it was demonstrated, in previous studies, that its effect was
negligible [29].

The pressure was set, as a boundary condition, at the inlet port and downstream from
the fixed orifice that simulates the load. The conjugate gradient squared linear solver was
used for the velocity, while the algebraic multi-grid solver was applied for the pressure.
Pressure—velocity coupling was performed with the SIMPLE-S algorithm. The cavitation
module was enabled, even though, for the aims of this study, it had no influence on the

pressure at the pump delivery port.

12
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5. RESULTS

The model of the pump with the delivery line up to the fixed orifice has been validated in
terms of pressure ripple. The simulations were performed, with an angular step of 0.5°,
on a workstation with an eight-core Xeon processor at 3.4 GHz. The time required to
simulate a complete revolution of the shaft is about 12 h; 2—3 revolutions are usually
required to obtain a steady-state point.

The delivery pressure, measured by means of transducer P1, is plotted, as a function of
the shaft angle, under three different operating conditions: at 1000 r/min and 45 bar in
Figure 8, at 1500 r/min and 95 bar in Figure 9, and at 1750 r/min and 133 bar in
Figure 10.

A low-frequency oscillation of the mean value of the delivery pressure was observed at
1750 r/min. Such behavior was also reproduced by the model and was ascribed to the
interaction between the pump and the delivery circuit.

Once the model had been validated experimentally, in terms of pressure, the outcomes
from the simulation were used to assess the reliability of the flow oscillation
measurements and for a further validation of the model.

Figures 11 to 13 show the results of a comparison between the flow rate calculated by
the CFD model and the flow rate measured by means of the Flotec flow meter. The curves
have been superimposed in order to obtain the same mean flow rate calculated by the
CFD model (Flotec does not measure an absolute flow rate but rather the fluctuation with
respect to an average value). For the reported results, the Flotec uncertainty can be

considered lower than 0.26 I/min [27].
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A very satisfactory agreement has been obtained in terms of flow oscillations, in all the
analysed configurations (for the sake of conciseness, only three working points are
reported). Therefore, the Flotec approach has been found to give accurate flow rate
results, and the dynamical model of the pump has also been further validated by the
results of the comparison. Moreover, the model for the fluid leakages through the pump,
which can have a significant impact on high-pressure systems [30], and particularly on the

prediction of the instantaneous flow rate, has been shown to be adequate.

6. CONCLUSIONS

The CFD model of a fluid power external gear pump, developed in SimericsMP+,
has been presented. The 3D computational domain considered in the model includes all
the internal volumes between the suction port of the pump and the fixed orifice that
generates a counterpressure at the end of the high-pressure delivery duct. The simulation
of the complete piping system, located downstream from the pump, was necessary to
accurately validate the dynamic behavior of the pump. However, the high-pressure test
circuit, installed at the pump delivery, was deliberately simplified in order to reduce the
computation efforts. Furthermore, thick wall steel ducts were used in the experimental
system to avoid the uncertainty that could occur because of the deformation of the pipe
walls. A comparison between the simulated and experimental pressure amplitudes at the
pump delivery has shown a very satisfactory agreement, without any specific tuning of
the model.
The model, validated in terms of pressure, was then applied to assess the accuracy of the

Flotec device, which supplies the real flow ripple of the pump. The excellent agreement

14
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that was achieved between the Flotec and the model flow rate oscillations, under all three
analyzed operating conditions, has demonstrated that the Flotec principle, already
validated in other applications, can also be used for gear pumps installed in fluid power
systems.

Furthermore, the here presented results can also represent a further validation of the

developed pump model in terms of instantaneous delivered flow rate.

NOMENCLATURE

A cross-section of the pipe

a fluid speed of sound

a, by coefficients of the k-th harmonic term of the Ap Fourier series
d internal diameter of the delivery-pipe

f body force (source term) vector

f friction factor

L distance between the transducers

n outward normal-to-control volume surface

N total number of harmonics in the Fourier series of Ap
p pressure

Q volumetric flow-rate

Q average volumetric flow-rate

Jij Kronecker delta function

Ap instantaneous pressure difference

AQ instantaneous flow-rate fluctuations with respect to the mean value
At measurement time step

V pump displacement

v fluid velocity vector

Vo surface velocity vector

p fluid density

15
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fluid dynamical viscosity
control volume surface
shear stress tensor

wall shear stress

shaft angular speed
circular frequency

control volume
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Figure 1: view of the external gear pump
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Figure 2: 3D drawing of a balance plate (gear side)
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Figure 4: detailed view of the test-rig delivery line
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Table 1: Cell size for different fixed volumes

Volume On the surfaces Other cells (mm)
Delivery volume 0.5 mm 2 mm

Inlet volume 0.5 mm 3 mm

Port plate 0.26 mm 0.26 mm

Pipe 0.5 mm 1 mm
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