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Abstract—A Gerotor pump is composed of an external and
internal gear with conjugate cycloidal profiles. From suction to
delivery ports, the fluid is transported inside cavities formed by teeth
and driven by the shaft. From a geometric and conceptional side it is
worth to note that the internal gear has one tooth less than the
external one. Simcenter Amesim v.16 includes a new submodel for
modelling the hydraulic Gerotor pumps behavior (THCDGPO). This
submodel considers leakages between teeth tips using Poiseuille and
Couette flows contributions. From the 3D CAD model of the studied
pump, the “CAD import” tool takes out the main geometrical
characteristics and the submodel THCDGPO computes the evolution
of each cavity volume and their relative position according to the
suction or delivery areas. This module, based on international
publications, presents robust results up to 6 000 rpm for pressure
greater than atmospheric level. For higher rotational speeds or lower
pressures, oil aeration and cavitation effects are significant and highly
drop the pump’s performance. The liquid used in hydraulic systems
always contains some gas, which is dissolved in the liquid at high
pressure and tends to be released in a free form (i.e. undissolved as
bubbles) when pressure drops. In addition to gas release and
dissolution, the liquid itself may vaporize due to cavitation. To model
the relative density of the equivalent fluid, modified Henry’s law is
applied in Simcenter Amesim v.16 to predict the fraction of
undissolved gas or vapor. Three parietal pressure sensors have been
set up upstream from the pump to estimate the sound speed in the oil.
Analytical models have been compared with the experimental sound
speed to estimate the occluded gas content. Simcenter Amesim v.16
model was supplied by these previous analyses marks which have
successfully improved the simulations results up to 14 000 rpm. This
work provides a sound foundation for designing the next Gerotor
pump generation reaching high rotation range more than 25 000 rpm.
This improved module results will be compared to tests on this new
pump demonstrator.

Keywords—Gerotor pump, high speed, simulations, aeronautic,
aeration, cavitation.

1. INTRODUCTION

EROTOR pumps are often use in industries to provide
high pressure in hydraulic systems, or in lubrification
systems including aeronautical applications. In this
aeronautical environment, the oil tank pressure might be as
low as atmospheric pressure (like 0.15 bar at 55000 feet
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altitude) to higher than ground atmospheric pressure. The
decrease in static pressure, due either to the ambient pressure
and the high velocity inside the pump, causes cavitation and
degassing. Both phenomena cause gas to appear in the fluid
and may reduce the filling capability of pump and limit the
flow rate. To avoid these phenomena, operational range of
most of pumps is limited to 8 000 rpm, even if connected to a
mechanical drive system with a gear reducer. Embracing the
objectives of increasing durability and reducing weight, the
European Clean Sky PALACE project develops a new pump’s
architecture directly connected to a turbine to rotate over
26 000 rpm. To design a predictable model, experiments
reaching 14 000 rpm in conjunction with numerical
simulations have been conducted with a conventional pump.

Work carried out by Gamez-Montero [1] highlighted the
interest of gerotor over the last decade. Regarding phenomena
of degassing and cavitation, few researchers have addressed
the problem in gerotor pumps. Buono et al. [2], [3] and Shah
et al. [4] attempt to model cavitation from physical modeling
and experimental approach on a specific gerotor. To address
cavitation prediction, first one uses the commercial software
GT-SUITE, whereas the second one applies the submodel
'Generic Hydraulic System' on Amesim environment based on
works from Pellegri et al. [5], [6]. Furthermore, Buono et al.
[2], [3] make use of a vibration technique to observe cavitation
conditions. Hydraulic test bench including calibrated orifices
installed on suction and delivery ports of the pump are used to
force the cavitation. These studies provide a step forward to a
better understanding and prediction of aeration and cavitation
in gerotor pumps. Most recently, Singh et al. [7] employed a
modified version of the cavitation model published in the
literature to enhance effect of dissolved and undissolved gas in
PumpLinx environment. Less than 5% of inaccuracy was
stated by authors for the comparison with the experimental
data. Each of these studies has been conducted with rotational
speed under 6 000 rpm and most of them use value of gas
content from literature. In the following, three methods used to
determine the value of occluded gas in oil are outlined.

The first method called AIR-X used an on-line lubricant
aeration [8]-[11]. The operating principle is based on an
accurate density measurement using X-ray transmission. An
oil sample coming from the mechanical system is circulated
continuously into a compact measuring chamber where the
density measurement is performed.

398 1SN1:0000000091950263



Open Science Index, Mechanical and Mechatronics Engineering VVol:14, No:9, 2020 publications.waset.org/10011412.pdf

World Academy of Science, Engineering and Technology
International Journal of Mechanical and Mechatronics Engineering
Vol:14, No:9, 2020

(hl shee

* | ' Detector |

Fig. 1 Density measurement through X-Ray attenuation [12]

The second method consists of evaluating the amount of gas
that could be dissolved in oil by controlling the volume inside
a piston chamber. Zhou [13] compares CFD models with
dynamic measurements. With this method, fluid density and
bulk modulus have been specified. By integrating a simplified
transport equation for the vapor and free air phases, the model
is suitable to describe the main dynamic features of both
cavitation processes (air release and vaporization) according to
simple control volume approaches, commonly used to
describe fluid power components or systems. Most recently,
Kratschun [14] calculated Bunsen coefficients for three
different hydraulic oils based on experimental results. Test
ring consists of a chamber under piston compression filled
with a mixture of hydraulic oil and air.
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Fig. 2 Test rig operation [14]

The third method explores the sound velocity measurement
in fluid medium at different pressure values. Thus, by
comparison with analytic method it is possible to define the
amount of undissolved gas. It can be estimated using the time
delay of two emitter-receiver transducers. However,
measurement issues can arise for large variations of the sound
velocity which is expected in gas/liquid mixtures, that is why,
the three sensors method seems to be more appropriate. This
method developed by Margolis and Brown [15] allows to
estimate the sound speed in a straight pipe using the spectral
signals of the three sensors. It can be used without any
external excitation so the existing hydroacoustic sources
(pump, valves, ...) are sufficient to calculate the sound speed.

Although the Air-X acquisition method has the advantage
of directly providing the volumetric rate of degassing air, it
requires a significant investment. The second method provides

International Scholarly and Scientific Research & Innovation 14(9) 2020

air content in a static way, without oil flow; therefore it cannot
be representative of test line impacts. The third method, based
on sound measurement, will be considered in following
experiments because it takes account of test bench effects as
confined gas bubbles into dead zones, and has a limited cost
than X-ray analysis.

II. EXPERIMENTAL SETUP

This part deals with a discussion about the test bench, then
sound measurement will be highlighted according to the state
of the art followed by the estimation of desorbed gas mass
fraction.

A.Test Bench

A specific test bench (Fig. 3) has been set up to measure the
sound speed inside the oil, contained in the upstream circuit.
The test facility (Fig. 3) presented through the combination of
several components is made of: the Gerotor pump (nl) driven
by an electrical motor (n2), an oil tank (n3) and a straight pipe
(n4) including three dynamic pressure sensors. The tank
upstream from the pump has a free surface and contains a
temperature probe. A static pressure sensor is mounted
downstream from the pump. Pressure inside the upstream
circuit can be decreased using a regulation valve (n5) and
monitored by a vacuum gauge (n6). The oil volume flow rate
is adjusted according to the pump rotational speed.

Fig. 3 Test bench

In order to visualize the flow and the occluded gas
occurring when the pressure drop, a viewing window has been
set up downstream from the valve (Fig. 4). Slow motion
records and a back flashlight have been employed to improve
the visualization and get a clear analyze of the bubble density.

Fig. 4 (a) Viewing window downstream from the valve (b) flow at P
=-0.1 barg (c) flow at P =-0.3 barg

The parietal dynamic pressure sensors have been set up in a
straight measuring pipe of internal diameter 16 mm. The
distance between the sensor named P, and P, is set to 330 mm
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(Fig. 5), the distance between the sensor P, and P; is set to
660 mm. The sensor P, is considered as the reference sensor.

Fig. 5 Pressure sensor positions

B. Sound Speed Measurement

As seen in the test bench, the three sensors P;, P, and P; of
the straight pipe record the evolution of the pressure
fluctuations due to the travelling of a plane wave sketching the
sound speed measurement. In this study, the viscous effects
have been neglected and the mean flow velocity is assumed to
be much lower than the celerity of the waves.

According to the previous hypothesis,
fluctuation can be written as:

the pressure

P(x, t) = aej(wt+kx) + ﬂej(wt—kx) (1)

P(x,t) is the pressure fluctuation at position X, kK = @/C is
the wavenumber, o is the pulsation and ¢ the sound speed of
the waves in the pipe. This equation can be written in the
frequency domain as:

P(x,f) = Acos(kx) + Bsin(kx) )

By applying this equation to the three positions = —x; ,
x = 0 and x = x3, one can find:

P, = P(—x4, f) = Acos(kx;) — Bsin(kx,)
P,=P0,f)=A4 3)
Py = P(x3,f) = Acos(kxs) + Bsin(kxs)

By combining previous equations
P, sin(kx,) + Py sin(kx;) = P, sin(k(x; + x;)) 4

Thus, by using transfer functions with P, as the reference
sensor

Py, sin(kx,) + Ps, sin(kx;) = sin(k(x; + x3)) ®)

With P;, and P;, the transfer functions such as P;, = P, /P;
and P;, = P;/P, . In the case where x, = 2x,, the previous
equation can be simplified as

2Py, cos(kx;) + P3, = cos(2kx;) + 2 cos(kx;)? (6)

This simplified equation (6) permits avoiding the right term
to be zero. The celerity is estimated thanks to this equation by
minimizing a cost function between the measurements (left
term) and the analytical expression (right term).
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Fig. 6 Experimental curves against theoretical ones at: (a) 2000 rpm;
P =-0.4 barg; ¢ = 44m.s" (b) 1000 rpm; P =-0.1 barg; ¢ =117 m.s™"

The sound speed measurement has been done for several
operating points by varying both the downstream pressure and
pump rotational speeds. Fig. 6 shows an example of
superposed experimental and theoretical curves for different
downstream pressure. As mentioned before, the cost function
is minimized to find the speed of sound c in the pipe. It can be
noticed that the algorithm only applies on spectral lines with
coherence greater than 0.8 to limit measurement noise.

Fig. 7 highlights plots of the sound celerity in function of
downstream pressure for all the operating points. The plotted
circles survey different rotational speeds. The sound celerity
increases as the downstream pressure gets higher.

Several theories have been proposed to explain this
phenomenon; prior study comes with Jakobsen [16] who
showed that the sound speed quickly decreases with an
increase of low gas volume fraction in a liquid/gas mixture. It
is due to interferences from released bubbles and sound
waves. When the gas volume fraction becomes high enough,
the interferences are reduced, and the speed of sound becomes
close to the one in the gas.

In this experiment, when the downstream pressure
decreases, air (released as bubbles in the oil) slowly increases
the gas volume fraction and the sound speed in the oil/air
mixture is also quickly reduced as shown in Fig. 7.
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Fig. 7 Experimental sound speed against the downstream pressure for
different rotational speeds

C.Test Desorbed Gas Mass Fraction Estimation

When the desorption phenomenon happens, the mixture
needs equilibrium time to get back to equilibrium state after a
pressure variation as described by [11], [13]. According to
[17], this duration is not instantaneous, and it is compared to
the fluctuation period. The first case known as frozen sound
speed comes up when equilibrium time is longer than
fluctuation period, so the desorbed quantity of gas does not
vary while the wave front passes. In the other hand, when it is
shorter, the mixture always gets back to equilibrium and we
fall in the equilibrium sound speed case.

It is usually agreed that frozen conditions lead to a better
estimation of the speed of sound [18]. Thus, the frozen model
is used to estimate the sound speed in the mixture. The sound
speed based on the gas mass fraction will be then compared
with the sound speed of obtained with the three sensors
method.

To simplify equations, the specific volume v or mass
volume is defined as

(7

In a mixture of desorbed gas in a liquid, the specific volume
of the liquid is noted v; and is considered as incompressible
fluid (independent of the pressure variation) whereas, the gas
specific volume vy p is pressure dependent.

In the equilibrium state, the liquid contains dissolved gases,
which vary with pressure. The dissolved gas mass fraction g,
can be expressed according to the solubility a, of air in the
liquid as

Ui

009 py ®)

Qo= a

Henry’s law [19] states that the amount of dissolved gas in
a liquid is proportional to its partial pressure above the liquid.
Thus, it is possible to link the dissolved gas mass fraction g
from different pressure conditions (for example: atmospheric

and reference) with this relation:
Qo __ @1

Py Py (9)
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So, the desorbed gas mass fraction x in oil at pressure P can
be written as

=0,(1-2) 1

X = 0o 7o (10)

For the present mixture containing desorbed air in oil, the

specific volume of the mixture vp at the pressure P can be

derived from the air mass fraction as

vp = (1 —x)y; + xugp (11)

The specific volume of the gas at the pressure P can be
deducted from the ideal gas law such as

v, =0Ty
g,P To P g,Po

12)

In the air/oil mixture, the sound speed is given by the
Newton—Laplace equation

c = JKsup (13)
with K; the coefficient of stiffness such as
1_ _1 (%
v =) (14
Therefore, sound celerity can be written as
L__ L (%
== (o) (1)
Through algebraic manipulations, (15) becomes:
1 1 S5 Svg, 6.
C—Zz—ﬁ((l—x)s—;l+x ;"+(vl—ug,},)§—ﬁ) (16)

According to [17], the frozen model considers the mass
fraction x as constant along the measuring pipe the previous
equation is rewritten as:

(17

2 v p2
ciz = —#((1 _x)lc%*'x;%)
where ¢; and ¢, refers to the sound speed inside the oil and the
air at the operating temperature.

The following values are fixed for the numerical
applications: sound speed in oil is taken as ¢, = 1200 m.s™", in
air ¢, = 342 m.s”, solubility a, = 6.8%, v;= 1/940 m’ kg™ and
Vg p,= 1/1.2m kg™

The solubility of air in the liquid a, was found by
minimizing a cost function between the frozen model and the
three sensors sound speed. Fig. 8 shows the sound speed
values resulting from these two methods using the solubility
ap=6.8%. A good consistency is outlined from the two
methods, which tends to validate the frozen model and the gas
mass fraction in order to be able after that to evaluate the oil/
air mixture density.
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Fig. 8 Speed of sound obtained via the frozen model against speed of
sound obtained via the three sensors method

The curve values on Fig. 9 represent the growth of the
mixture density in function of downstream pressure that will
be used as input data for the pump simulation. The density
quickly decreases as downstream pressure, and when this
pressure drop occurs, the gas volume fraction increases, and
the associated density decreases.

Mixture density

Downstream pressure [barg]
Fig. 9 Mixture density versus downstream pressure

III. NUMERICAL MODEL

As Gamez-Montero et al. [20] show, the use of CFD in all
fields of engineering is growing exponentially. Main
difficulties with this tool consist of modelling dynamic mesh
with contact points. The same authors [21] used ANSYS
Fluent 12 to model the contact point as a high-density zone.
This method was updated by Garcia-Vilchez [22] to increase
robustness. Castilla at al. [23] used a similar model with
OpenFOAM. To confront two kind of simulations Pellegri [5]
benchmarks 1D Amesim - 3D PumpLinx model with a good
agreement.

CFD investigations offered high degree details of internal
pump flow with high computational time. So, 3D model looks
more appropriate for advanced studies. Therefore, a 1D model
as Amesim environment seems to be more suitable for this
study.

A. Gerotor Configuration Tool

Amesim v16 contained a “submodel” to represent gerotor
pump, called gerotor configuration tool [24] established from
[25]-[27]. A set of 8 parameters are needed to model the
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gerotor pump (Figs. 10 and 11).

Fig. 10 Gears dimensions; z: number of teeth on external gear, H:
gears thickness [mm)], rotinit = shaft initial angle [degree]

Inlet and outlet ports can be modelled in two different ways.
The analytic one considers an annular shape limited to an
angular sector defined by the user. The other one can be
specified as a table containing the coordinates (x, y) of points
describing the contour of the port.

Each cavity trapped in the spaces between the teeth is
modeled as a variable volume. For each control volume the
flow rate going through the suction/delivery ports is computed
with an orifice law with:

2./AP|

dm = p.cq. A

. 2.1 Dy [2.lAP|
ith: ¢, = . nh( ) nd: A =—. [—
with: ¢ = ¢gmax-ta po d: 14 - p

For this study, values for ¢y and A are set to 0.57 and 2 000
for suction port, and 0.29 and 1 000 for discharge port. These
values remain in a reasonable range according to the authors’
experience and literature data.

Only internal leakages between teeth tips of the internal and
external gears are considered in the Amesim submodel as a
sum of a Poiseuille and a Couette contribution as

(18)

(19)

]
qleakp = —H;”;"L‘ AP

Vs.hmin-H
2

qleakc = (20)

The gap hmin in Fig. 12 is fixed and equal to the clearance
between the two rotors. The length L for Poiseuille calculation
is determined as the distance between two regions in which
the clearance between the rotors is equal to

h* = hpn. (1 +€) 21

According to [5], the value of € is chosen to be 0.1. An

analysis by analytic methods of the flow rate by the several

leakage paths described by [26] has shown that internal
leakages are predominant compared to the others.
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Fig. 11 Gerotor configuration tool

Fig. 12 Internal gap in gerotor pumps [28]

B. Aeration/Cavitation Modelling

The liquid used in hydraulic systems always contains some
gas, generally air dissolved in the liquid. When the pressure
drops, it tends to be released in a free form (bubbles): this
process is called aeration. Conversely if the pressure rises the
free gas tends to dissolve again in the liquid (dissolution).

In addition to air release and dissolution, the hydraulic
liquid itself may vaporize due to cavitation (pressure decrease)
or boiling (temperature increase). The cavitation phenomenon
is important to obtain a realistic behavior in thermal-hydraulic
capacitances at low pressure.

The situation is summarized on Fig. 13:

e Above Py, the gas is dissolved in the liquid in a
molecular form. The gas molecules do not increase the
volume of the liquid although they do increase its mass.
The compressibility of the liquid is not changed by the
presence of the dissolved gas. Below Pgy, gas bubbles
appear, changing the bulk modulus of the equivalent fluid
which is now a mixture.

e Vapor bubbles appear when pressure becomes smaller
than Pyon. As gas bubbles, they significantly change the
bulk modulus of the mixture. Below Py, there is no
more liquid in the mixture.
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Fig. 13 Fluid states

Vaporization pressure, €.g. Py has been evaluated in
laboratory between 70 and 170 °C and interpolated for other
values. It should be noted that the vaporization pressure values
are considerably low (< 0.1 mbar). This analysis permits to
increase knowledge of oil properties that will be implemented
in Amesim’s fluid database.

Puaph, Psat and the amount of oil’s gas content Aeration are
usually estimated by parametric studies to correlate
performances curves obtained from tests results. This kind of
study requires some computational time and the set of values
acquired may not be representative of oil’s characteristics.

Table I exposes values of the aeration model computed with
parametric study and the sound velocity analysis.

TABLEI
VALUES FOR AERATION MODELLING
Case Puapi Puaph Psat Aeration
1 — Estimation ~ 0.1 mbar 0.25 bar 1.5 bar 150 mg/kg
2 —Real Values = 0.1 mbar 0.15 bar 1.3 bar 87 mg/kg

It can be seen from the curve of Fig. 14 based on values
from Table I that equivalent density worked out from real
values compares well with measurement data. Starting from
atmospheric pressure, measurement and the both simulations’
data are perfectly superposed and reach an asymptotic value as
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Fig. 14 Equivalent density

C.System Simulation

Fig. 15 presents the Amesim model scheme based on the
test bench used to determinate aeration rate.
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Fig. 15 Schematic representation of test ring

A specific batch is set to cover the whole range of test cases
from low to high velocities and from low to high delivery and
suction pressure. To compare simulation results and
measurements, a specific python code is employed to extract
mean values of pressure and flow rate for the last pump
revolution.

IV. RESULTS ANALYSIS

This section explores the results performed by simulation 1
(from parametric study) and simulation 2 (from sound celerity
analysis). Figs. 16 and 17 exhibit performance curves in
function of rotational velocity, for the two simulations data at
atmospheric pressure and pressure difference evolution at
6 000 rpm.

The simulation based on real values is closer to
measurements with a 5% difference compared to simulation
with estimated values. The last ones performed results with
more disparity but remains under 20%. It can be also noted in
Fig. 16 that as the rotational velocity increases, the gap with
the performance curves is more pronounced.

Only one set of simulations was necessary to obtain results
shown in Fig. 17. The Amesim inputs are specified as Real
Values from Table I. The results are much closer to the test
measurements with a difference less than 5%.
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On all curves, it is worth to note that from atmospheric
pressure the performance is constant at certain value and
especially shows no dependencies to the rotational velocity till
14 000 rpm. After this value, degassing and cavitation might
be predominant and flow rate theoretically should decrease.

Considering the three-sensor method allows to directly
define the main oil properties into the Amesim fluid database.
Thanks to this method, the Gerotor model is more predictive at
high-speed and low-pressure operating conditions.

V.CONCLUSIONS

A complete three-sensor method investigation of the
evolution of gas contained in oil in function of pressure by a
sound velocity analysis has been processed. Results from this
investigation have been supplied in Amesim model. The low
cost three-sensor method is helpful to determinate the set of
aeration model parameters and consequently improves the
Amesim model prediction.

Further tests will be carried out on a high-speed pump
prototype in operational conditions (low pressure, high speed
up to 26 000 rpm). This will be an opportunity to confirm the
experimental and numerical studies. Developing dynamics
effects of degassing and dissolution as explained by Rundo
[11] presents a way to improve Amesim model.
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