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Abstract

This work illustrates a numerical methodology for the description of effective flow rate of axial piston pumps and
motors. The presented mathematical model is similar to classical lumped parameter approaches that are commonly used
to simulate hydraulic units; however, this work uniquely utilises a mathematical formulation for compressible flows
based on an original description of fluid density. Assuming the behaviour of typical mineral oil, the model can evaluate
fluid density for all possible values of pressure while considering the occurrence of gas cavitation (due to the release of
air normally dissolved into liquid) below saturation pressure, and of vapour cavitation (due to liquid change of phase)
below vapour pressure.

The developed simulation model allows a description of several characteristics of the machine (i.e. instantaneous
cylinder pressure and density, delivery and inlet flow rates, etc.) in its whole field of operation taking into account con-
ditions of insufficient flow due to cavitation at the low pressure port.

Tests were carried out on a swash plate type axial piston pump for open circuit applications to verify potentials of
the developed numerical model. Experiments were conducted to test the pump under typical operating conditions as
well as situations critical from the point of view of cavitation (high shaft speed, low values of inlet pressure), thus per-
mitting the comparison between the prediction given by the developed model and experimental results over a wide
range of data.

Results highlight how fluid density changes can be used to characterize effective flow rate but also to justify, in par-
ticular operating conditions, the utilization of the approach for compressible flows. Results show that the developed
model uniquely allows the calculation of effective flow rate through the pump at fair and extreme conditions, thus per-
mitting the ability to predict limitations of the machine. Furthermore, the realistic prediction of pressures throughout the
machine in these conditions leads the accurate predictions of pressure forces and of flow through the lubricating gaps
that may be critical in other models.
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1 Introduction

Nowadays, axial piston pumps and motors are often like displacement control actuation and new continu-
the preferred choice of energy conversion units in many ously variable transmissions and hybrid power trains.
fluid power applications. Reasons of success of these Thus, the market share for variable displacement ma-
types of units lie in their simple structure, high reliabil- chines has continuously increased over the last 30 years
ity, elevated efficiencies and high operating pressures. and the demand towards energy savings will strengthen
The number of applications of axial piston machines is this trend.
expected to increase. Axial piston machines can be Significant research on axial piston machines has
designed as variable displacement machines which appeared in literature within the last forty years. Most
make them suitable for several new system applications published works have been concerned with aspects

related to control of variable displacement units and
operating efficiency. More recently, many researchers
have focused their attention on topics related to noise
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emissions, in particular flow ripple and oscillating
forces exerted on pump parts.

A significant portion of the mentioned research
takes advantage of simple predictions of effective flow
rate which include lumped parameter models based on
continuity, state equation for liquids, and the orifice
equation for incompressible turbulent flow. Some ex-
amples include Edge et al. (1989), Palmberg (1989),
and Manring (2000) which utilize this type of simpli-
fied approach to perform studies concerning the analy-
sis and the reduction of delivery pressure ripple of axial
piston pumps. In Schoenau et al. (1990) and Kim et al.,
(1987) similar models were used inside wider models
for the analysis of displacement control systems; while
in Wieczorek and Ivantysynova (2002) and Ivanty-
synova et al. (2002) the same approach is used as a part
of the in-house developed code CASPAR to investigate
swash plate moments and flows through lubricating
gaps in swash plate type axial piston machines. In
Seeniraj and Ivantysynova (2008), a similar model was
proposed to optimize valve plate designs for reduction
of both flow ripple and oscillating forces on the swash
plate. In Klop and Ivantysynova (2008), this type of
model was extended to simulate a basic hydrostatic
transmission by use of a suitable line model.

All mentioned works highlight the advantages given
by adopting simple and fast approaches for the calcula-
tion of effective flow rate for analysis of various as-
pects related to design or control. However, there are
cases where such simplified approaches can provide
rough or incorrect estimations. These incorrect evalua-
tions affect all calculation based on the estimated pres-
sures or flow rates (like the forces acting on moving
components of the pump, the flows into lubricating
gaps, etc.). Obviously, this occurs when the limiting
hypotheses made on the mathematical model are unsat-
isfied. In particular, a frequent assumption made in the
mentioned models is the state equation for liquids used
to evaluate fluid density, neglecting the influence of
gas or vapour cavitation. Cavitation phenomena take
place below saturation pressure'; the release of air
normally dissolved into the fluid (gas cavitation) occurs
in the form of bubbles for p < pgar and vapour cavita-
tion occurs for p < pyapy. Cavitation has erratic and
local features and is an undesired phenomenon for
hydraulic components; damages to mechanical parts
can be caused from the formation of bubbles that col-
lapse. Moreover, usually in case of positive displace-
ment machines for open system circuits, cavitation can
occur at the LP port, limiting the discharge flow rate of
a pump.

Past attempts to model cavitating flow numerically
can be roughly divided in two classes: interface track-
ing and continuous methods. Interface tracking is a
technique for two-phase flows where each phase is
treated separately. There are typically separate equa-
tions for conservation of mass and momentum of each
phase, which more than doubles the cost of modelling
the flow. Furthermore, a scheme for reconstructing the
interface of the sub-cell level is required. For this pur-

1 For fluid power systems tank pressure, usually atmospheric pres-
sure, can be assumed to be saturation pressure.
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pose, there are several possibilities, as described in
Hyman (1984). In continuous methods a distinct inter-
face is not present and the two phases (gas and liquid)
are considered to be the same fluid. Fluid properties,
such as density, reflect the liquid and vapour contents.
The continuum method is a convenient way of model-
ling the flow numerically, because it doesn’t imply
more equations than a single phase flow. The difficult
part of developing such models is deriving meaningful
and stable equations for the evaluation of fluid pressure
and density. Significant examples of continuum meth-
ods are described in Delannoy et al. (1990), Schmidt et
al. (1999) and Singhal et al. (2002) where a barotropic
equation of state in which density is a function of pres-
sure is used to simulate 2D cavitating flows. The pro-
posed work considers a continuum method for the
evaluation of fluid properties simpler than the men-
tioned one, being not based on the evaluation of bub-
bles’ radius. The main objective of the proposed work
is developing a numerical model for the evaluation of
flow from the inlet port into the displacement chamber,
and flow from the displacement chamber to the outlet
port; the model considers main effects due to cavita-
tion, and quantifying the amount of cavitation without
providing detailed features about bubble formation,
growth and collapse. The proposed model is an alterna-
tive to standard lumped parameter models commonly
used to simulate axial piston machines; the model of-
fers a wider range of applicability while obtaining the
same features of simplicity and simulation swiftness.

In fluid power literature, it is possible to find few
works concerning simplified models for the evaluation
of effects due to cavitation on flow. As reported in
Lamb (1987), a simple parameter, the cavitation num-
ber, can be used to quantify the amount of cavitation
for flow across an orifice. Few models, like the one
proposed in Schmidt et al. (1997), utilize this parameter
to correct the discharge coefficient used in standard
turbulent orifice equations. In LMS IMAGINE SA
(2007), a simple model for the calculation of fluid
density as a function of pressure suitable for lumped
parameters models is described, and the same model is
successfully applied for simulation of hydraulic sys-
tems in the commercial software AMESim®. Similarly,
in Casoli et al. (2006), different and simple approaches
for the calculation of fluid properties are presented and
compared on the basis of results achieved using a sim-
ple fluid dynamic model of a hydraulic component. In
particular, one of the approaches described in this latter
work has been considered in the development of the
proposed model, but rewriting it in an enhanced form.

One of the crucial points concerning lumped pa-
rameter models typically used in fluid power that con-
sider a complex calculation of fluid properties is per-
forming a consistent integration between the model for
fluid properties and the equations used to solve for
various flow rates. To achieve desired simplicity and
simulation swiftness, the majority of the mentioned
studies adopt approaches for incompressible flow,
adding a correction of some equations in order to ac-
count for variable fluid density (with average values of
density or defining correction coefficients). However,
this can imply a rough prediction of flow in case of
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relevant incipient cavitation.

The proposed approach in this paper reassesses the
standard lumped parameter models commonly used for
the simulation of positive displacement machines by
proposing a formulation valid for compressible flows,
where fluid density is calculated considering a contin-
uum also in case of cavitation.

To accomplish this result, the model implemented
in the “CASPAR Pressure Module” software (Wiec-
zorek et al., 2002) has been taken as an initial refer-
ence. In this paper, a novel set of equations describing
fluid properties and features of flow has been devel-
oped and implemented in a new version of “CASPAR”.

To verify predictions given by the new model,
simulation results have been compared with experimen-
tal data. For this purpose, an open circuit swash plate
type axial piston pump was tested up to conditions of
incipient cavitation at the suction port.

The comparison between experimental data and
simulation results is discussed and used to clarify how
the model simulates the onset of cavitation for the con-
sidered machine. The discussion about simulation re-
sults also involves the range of validity of the standard
approach based on the simple equations for liquids and
for incompressible flows. In particular, results identify
zones where the standard approach represents a good
approximation of reality and the remaining zones
where the effects of cavitation are more relevant and
need to be described by compressible flow models.
Results also show an accurate prediction of effective
flow rate at extreme conditions which reveal limitations
of the machine.

2 Modelling Fluid Properties

This section aims to define a reliable model for the
calculation of fluid density over a wide range of pres-
sures suitable for lumped parameter approaches for
hydraulic components. As a consequence, the model
must be characterized by a simple definition of the
input parameters required for the description of fluid
also in case of mineral oils (typically given by mixtures
of components of different chemical nature).

The approach for the calculation of fluid properties
considered in this study belongs to continuous methods.
This permits modelling flow from the ports to and from
the displacement chamber with equations typical for
mono-phase flows. In particular, fluid density and its
derivative are the main properties of fluid that charac-
terize flow. For the calculation of these quantities the
pressure field has been subdivided into four regions or
zones (Fig. 1). Values for psat, pvapu, pvapL are defined
by the user as model’s parameters. In this way, the
model can take into account effects due to gas and
vapour cavitation in a simple manner’.

2 Vapour cavitation (described by regions 3 and 4 of Fig. 3) is an extreme
condition for flow through common hydraulic components. However, it
has been considered for the sake of generality of the proposed model
and in order to formulate a numerical code also suitable for design pur-
poses (during the design process it is convenient to use a code able to
estimate also bad designs that can lead to vapour cavitation).
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The approach for the calculation of fluid properties
is comparable with the methodology described in
IMAGINE SA (2007) and with one of the approaches
presented in Casoli et al. (2006). In particular, with
respect to Casoli’s work, several improvements have
been made in the formulation presented in this paper:

e possibility to use available experimental data for
fluid density and bulk modulus as a function of
pressure;

e calculation of effects due to fluid temperature (flow
through the pump is not isothermal);

e consideration of different ranges of pressure that
govern air release.
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Fig. 1:  Four different zones considered for the calculation
of fluid properties

For each region, equations used for the calculation
of fluid density are described:

2.1 Zone 1: Liquid

For p > psar the model is simply based on the state
equation for liquids, where fluid density and bulk modulus
are obtained by means of interpolations between values
provided by the oil supplier (constant values can be used
in case of lack of experimental data). For example in Fig.
2, data pertaining to the density of oil used during the
experimental tests (see Section 5) are reported.

As concerns the value of parameter psar, in this work
it has been assumed psar = 1.013 bar, assuming the equi-
librium between liquid and air in a tank open to the at-
mosphere.

Similarly to classical lumped parameter models for
hydraulic components, in this zone (p > psar) the model
assumes the incondensable gas (air) completely dissolved
into liquid.
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Fig. 2:  Density of HLP 32 mineral oil (gauge pressure)

The value of the density derivative is therefore
given by Eq. 1:
(a_p] e 1)
0P )il iy P(PTH)
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The model assumes that in this region experimental
data include the mass effect of air dissolved into oil.

2.2 Zone 2: Liquid + Free Air

Below saturation pressure, the model calculates the
amount of air dissolved into liquid as a function of fluid
pressure with a relationship that approximates Dalton-
Henry’s law. In order to obtain a continuous derivative
function also at boundaries of zone 2 (to avoid solver
complications for the solution of all mono-phase flow
equations used in the model), the amount of free air is
calculated according to a polynomial (Fig. 3). The
polynomial well approximates® the theoretical line and
it is characterized by a null first derivative at (p -
pvart)/(psat - pvart) = 0 and at (p - pvar) / (psat -
pvarL) = 1. Once the free gas fraction, ¢, is known, the
amount of free air is given by y «, where y is the vol-
ume content of air at reference conditions.
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Q
w
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- P~ PvarL
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Fig. 3:  Polynomial expression used instead of the Dalton-
Henry law

The calculation of fluid properties is based on a
definition of a specific initial state. For convenience,
the initial state is described based on a unit volume, ",
of mixture at temperature 7, assuming all air released.
At these conditions, putting the volumes of the liquid
and gas (air) phases at saturation pressure, these are
given by:

vi=1-
llq* X (2)
Vgas =X

For the considered volume the related masses and
densities are:

My = pro (1= 7)
My = XPso 3)
Piiq = Pro
Paas = Poo

At a generic value of p < psar, the same mass of
mixture is characterized by a different amount of re-
leased air, according to Fig. 3. Therefore, considering
the volumes at p = psar:

3 From Fig. 3 it is possible to notice a slight underestimation of the
free gas fraction for x > 0.5. This is consistent with the real air re-
lease process, which is not an instantaneous process as assumed in
the model.
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*

Vliq :l_/}./
Vs = 22 )

Mg = Pro (1_Z)+(1_a)7(pco
mgas = Z“p(io
The expression for m;q of Eq. 1 includes the mass
contribution of the dissolved air into the liquid. From

Eq. 1, it is possible to derive the densities related to the
two phases:

(1_0‘)ZPG0
Piiq = Pro - ?)
pgas = pGO

Expressions for volumes in Eq. 1 are valid for
P = psat, the pressure that defines the value of oy and
pco- Considering the actual pressure for the liquid
phase, the volume becomes:

x PLo
Vi :—(I_Z) 3)
! P (p,T)

While for the gas phase, the volume can be calcu-
lated assuming a change of temperature form 7 to 7,
then a change of pressure from p, to p with a polytro-
phic exponent, 5, selected by the user:

1

* ol Yo
Vi =% [p—] 4)

Iy \p

By dividing the total mass, given by mjqtmig,s of
Eq. 1, by the total volume 7y +y;,. given by Eq. 3 and

Eq. 4, it is possible to obtain:
(1 _)()pLo + XPco

p(p.T)= [i] -6
(1-7)e +ZaT(pSAT]%’
L\ p
Where in Eq. 3 it has been assumed*:
P~ Psat
P (p’T):pLo'eKO(T) (6)

From deriving Eq. 5, it is also possible to obtain the
analytical expression of the derivative term

%)

2.3 Zone 3: Liquid + Free Air + Vapour

p*.T*

For pyapL < p < pvapn, fluid is considered as a uni-
form mixture of liquid, free air and vapour. Similarly to
zone 2, the amount of free air is given by Eq. 1. Vapour
fraction, ¥, is null for p = pyapn and equal to one for
p = pvarL- Therefore, the model considers the evapora-
tion of liquid in a range of pressure defined by the user.
In this way, the phase change of liquids given by com-
ponents of different chemical nature (like mineral oils)
can be easily simulated. Values for pyapy and pyapr can

4 For p < psar it is considered the available values of bulk modulus at
saturation pressure dependent on temperature. This values is indi-
cated with Ky(7) in Eq. (9).
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be deducted from literature (Tillner et al., 1993 and
Washio et al., 2001). In order to guarantee continuity of
the equations’ first derivative, the model adopts a poly-
nomial expression for the calculation of ¥ with a for-
mulation similar to that used for o (Fig. 3).

The calculation of fluid density in this zone follows
passages similar to that described for zone 2, consider-
ing that only the mass fraction (1-¥) is liquid and with
the addition of the vapour phase:

1

- Pro Tl[pVAPH Jyv

w0 Pvo T p
1
Ly _p
Pvap = Pvo 7, (7)
b T (pVAPHJ
mvap = pLol[/

In Eq. 7, the pressure taken as reference for the poly-
trophic process iS pyapy, considering that for p = pgar
there is no vapour. Simplifying the description of vapour
behaviour, assuming the equation for ideal gas:

-m
— pYAPII T (8)
RG 'TGo
where, for mineral oil, m, = 200 g/mol.

Considering all three phases (liquid, gas, vapour) as
in uniform:

Pvo

(1 _Z)pLo + XPgo

p(p.T)= A+B+C
[pSAT’P]
A=(1-z)(1-%)e 1)

i )
B= Pro (I_Z)BUT[pVAPH jyv

TyPvo p

1
C= ZaT{pSAT Jy‘}
L \p

Once again the term (é_p] comes from the de-
T

op

p*,T*

rivative of Eq. 9.

2.4 Zone 4: Free Air + Vapour

In this region, air is assumed to be completely re-
leased, and the liquid fully evaporated. The expression
for the mixture density (and, consequently, of its de-
rivative) can be derived from Eq. 9 assuming o = ¥'=
1.

Figures 4, 5, and 6 show predictions provided by
the described fluid model in terms of fluid density and
0p/dp for mineral oil HLP32 (the same oil used for

tests performed in this work). The Bunsen coefficient,
7, was assumed to be 9 %, a value typical for mineral
oil (Ivantysyn and Ivantysynova, 2000). Four different
regions of the pressure domain are highlighted. Pres-
sure values higher than psar (zone 1) is given by ex-
perimental data, according to the measured bulk
modulus. Pressure values below pgar show a significant
decrement in density, due to gas cavitation (zone 2),
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followed by a sudden drop when pyapy is reached.
Below pyapr, (zone 4) the density value is reduced by
almost three orders of magnitude, compared to typical
liquid values.
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Fig. 4:  Oil density: regions 1 and 2 considered by the
numerical model (y = 9 %; T = 50 °C)
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Fig. 5:  Oil density: regions 3 and 4 considered by the
numerical model (y = 9 %,; T = 50 °C)
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Fig. 6:  Derivative of pressure over fluid density (y = 9 %,
T=50°C)

According to continuum methodology used to de-
scribe the fluid, the importance of Fig. 6 lies in the
meaning of the partial derivative of pressure with re-
spect to density; this term has a direct influence on the
speed of sound for a uniform mixture, being:

_[er
fE

The strong reduction of the partial derivative of
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pressure with respect to density is noticeable in Fig. 6’
when p < pgar is consistent with what is found in pre-
vious researches on cavitation, where a significant
reduction of the speed of sound was highlighted in
presence of cavitation phenomena (Takahashi et al.,
2003; Tillner et al., 1993), as effect of the disturbance
of gas bubbles on wave propagation. For p < pyapL
fluid is described by only the gas phase. This explains
higher values of speed of sound.

3 The Pump/Motor Simulation Model

The presented model has been implemented within
the pressure module of CASPAR. The main structure
of the program closely resembles that by Wieczorek
and Ivantysynova (2002). Figure 7 illustrates the
framework of the model based on a lumped parameter
approach. Flow from each displacement chamber to
and from both ports through the valve plate is calcu-
lated based on opening areas Aypi and Aypup;. The
presented model is also capable of considering special
valve plate designs such as pre-compression filter vol-
umes (PCFV); flow into and out of the PCFV depends
on Ayppcry,i. The test unit used in this study utilizes this
special design feature. In order to realize oscillations in
pressure and flow at both ports, constant opening areas
A, and 4, along with constant boundary pressures are
used; these values are adjusted to achieve desired mean
pressures at the ports.

Pressures in each displacement chamber denoted by
subscript i, both ports, and the PCFV are determined by
solving a set of pressure build up equations based on
conservation of mass. Figure 8 illustrates flows enter-
ing and exiting a control volume of one displacement
chamber.

cylinder block

supply
,,,,,,,,,,,,,,,,,,
const.
Vip % pressure
AL L -
n pistons
+
=
&
A const
> | const.
Vip [—5%— pressure

— . Pour__
A\'pIIP.i return

Fig. 7:  Basic model for pump simulation

5 (a—p] is used in this work as approximation
op )y

of (2—10] . This is a good approximation for the liquids
P s
(zone 1) where for the entropy: s = s(p, T) = s( 7).
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Fig. 8:  Displacement chamber pressure control volume

The pressure build equation for one displacement
chamber considering independent densities for each
flow is as follows.

dpo;i _ 1 (OPvi)
d  Vp; U 0p );

. dVy;
[mr.i + Ps6iGsci ~ PskiPski — Pspilspi — Pp,i d?j

an

Volumetric leakage flows between the valve plate
and cylinder block, QOsp;, piston and cylinder bore,
Osk.i» and slipper and swash plate Osg;, are taken into
account by the Gap module of CASPAR. The Gap
module solves lubricating gap laminar flows on the
basis of Reynold’s equation, determining the geometry
of the self-adjusting gaps (Wieczorek and Ivanty-
synova, 2002). The volume of the displacement cham-
ber changes throughout one shaft revolution and is
taken into account by the term

dVy;
dt

where v ; and Ay ; represent the velocity of the piston
and the area of the piston, respectively. The resultant
mass flow, #1_., is calculated by the orifice equation

=V 'AK,i (12)

i
written for each port separately to capture any cross-
flow between high and low pressure ports.

. Pwvr—Ppj
Myp; = Pps O " Ayprpi * Vinp;  (13)
‘ wp ~ Ppi ‘
. Ppi~Prr
Myp; = Pps Op  Aprp;* Vigrp;  (14)
‘ D,i _pLP‘
. Pp,i ~ Prcrv
Mpcpy i = Pps " Ap 'AvaCFV,i : “Vipcrv, (15)
‘PD,; ~Prcry ‘
m; = Myp; +Myp; + Mpcry i (16)

Flows entering or exiting the displacement chamber
from both ports are dependent on downstream density,
pps. For example, flow exiting the displacement cham-
ber into the HP port depends on density of the port,
Pps= pup. In case of back flow from the HP port to the
displacement chamber, pps = pp .

Note that, in this form of the orifice equation, it is
possible to consider the influence of pressure and tem-
perature on fluid density, and consequently on the ideal
(isentropic) speed.
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Via = J;pl(dp/p)s (17)

Figure 9 illustrates the enthalpy vs. entropy repre-
sentation of compressible flow across an orifice com-
paring a standard case with a case with sonic (choked)
conditions.

® ®© ®

Jlow =

]\
JN

=
=

fenthalpy)

(enthalpy)

& 5
fentropy) fentropy)

) h)

Fig. 9:  Enthalpy vs. entropy representation of compressible
flow across an orifice: standard case (a) and pres-
ence of sonic (chocked) conditions (b)

Due to low values of (dp/dp), for mineral oils,

highlighted in Fig. 6, sonic conditions can easily occur
where one of the two CVs connected by an orifice is
characterized by p < psar (usually happens at LP con-
nections for open circuit pumps or motors). To account
for these conditions, the model assumes a nozzle’s
behaviour; the minimum value between the speed of
sound given by Eq. 17 and that given by Eq. 10 is taken
as the value for ideal velocity when calculating flow
across an orifice.

In order to avoid a significant increase of simulation
time, compared to a standard lumped parameter model
that utilizes a constant (average) value of density for
the evaluation of ideal velocity, the proposed model
utilizes pre-calculated look up tables. At the beginning
of the simulation, the program calculates look up tables

P
of values J; (dp/ p) , varying p; these values are then

used during the simulation to evaluate ideal velocities
across each orifice.

Pressure build up equations for the HP and LP port
are written based on mass flow entering and exiting the
control volume.

dpp _ 1 [5PHP] < ;
= | 2 Myggp = (18)
dt Vi \0p )y |7 ™ 7
dpip _ 1 (@%P] R
-1 |y =S, (19)
v ap Jp | § LP.

where n7, and 71, represent mass flow rates across

boundary orifices with openings areas 4, and A4,, re-
spectively. These mass flow rates are calculated with
the same formulation of Eq. (13 to 15 using calculated
ideal velocity.

The flow through the pump is simulated solving all
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the described pressure build up equations and calculat-
ing the flow on the basis of the resultant pressures in
the defined control volumes. In order to solve the pres-
sure build up equations, the implemented code utilizes
a conditionally stable Runge-Kutta method (4™ order
with step size control, as described in Hoffman (1992)).

A system of equations comprised of pressure build
up equations is solved using a 4™ order Runge-Kutta
variable step solver implemented in the code.

By observing the system, one can highlight how the
described fluid model (Section 2) largely affects the calcu-
lation of effective flow rate. Contrary to standard lumped
parameter models that restrict the influence of pressure
and temperature only on p and K, the effect of fluid com-
pressibility is taken into account in a more thorough way,
considering aspects that can play an important role in the
simulation of open circuit pumps. More precisely:

e pressure build equations
Effects of fluid properties are considered separately,

regarding terms (Jp/ 8,0)T and p. In this way, calcu-

lations of pressure in each CV are more accurate for
cases where connected CVs have different pressure
values, thus, very different values of density. Figure
10 illustrates the case where the position of one cyl-
inder is open to both ports simultaneously; separately

considering terms (ﬁp/ ap)T and p s critical.

e calculation of flow rates
Equations for compressible flows are used for the
evaluation of flow across an orifice regarding un-
equal values of densities. Ideal velocity is accu-
rately evaluated and flow rate is bounded by sonic
(choked) conditions.

900 A

- oDC f
= 600 O] /
E : i :
B 500 ; = / !
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pressure [Pa]

Fig. 10: Cylinder transition from LP to HP for an open
circuit pump. Cylinder’s flow (from LP and HP)
can be subjected to different values of density

4 Simulation Results

The proposed model was used to run simulations
for an open loop pump at various operating conditions
with additional focus on those which may result in
insufficient filling. Simulation studies were made using

6 K can be expressed in the pressure build up equations considering

the incompressible formulation being: g — p(apJ This form
op );
implies the assumption of equal values for all density terms.
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a 46 cc open circuit swash plate type axial piston pump.
This particular unit was chosen for a simulation study
because it was available for experimental measure-
ments as well, as described in the next section. Figure
11 illustrates normalized effective flow rate, Qup/ Ok,
as a function of normalized speed, #/my.. This plot
shows the ability of the developed model to predict the
drop of effective flow rate at the pump outlet when
cavitation occurs at the inlet. Moreover, it shows a
comparison with the proposed model considering cavi-
tation with a simpler model that evaluates fluid density

and (ap/@p)S by simply extending zone 1 (see Fig. 1).

This simplification is a common lumped parameter
approach used for the simulation of positive displace-
ment machines. The simpler model extrapolates ex-
perimental values of density taken at p > pamv through-
out the entire pressure range, thus, incurring errors at
p < patm- Such errors result in inaccurate approxima-
tions of effective flow rate at conditions of insufficient
filling, high shaft speed and low inlet pressure. Figure
11 shows that a simplified model provides good ap-
proximations only for speed ranges of 7 < 0.872y.

1.4 1
~=~cavitation ‘/‘
1.2 4 =4=n0 cavitation
1 4
2
D 0.8
~
[}
S 06
0.4 4
0.2
0 T T T
0 0.2 0.4 0.6 0.8 1 1.2

1/ M

Fig. 11: Simulated effective flow rate with and without

cavitation effects (pyp = 0.25 Puaw, Prr = 1.2 Paris
£-100 %)

In order to better describe how the proposed model
considers fluid cavitation, detailed simulation results of
two different conditions of the characteristic shown in
Fig. 11 are discussed further: (1) an operating condition
where there is an absence of insufficient flow
(n=0.33"n,.) and (2) an operating condition resulting
in clear cavitation effects (1 = ).

Figure 12 illustrates normalized cylinder pressure,
pp, and density of one displacement chamber over one
revolution at operating condition n = 0.3371,,; cylinder
pressure is higher than the saturation pressure for a
large part of the suction stroke (only for a small interval
immediately after the IDC, pp is slightly lower than
psar)- This implies small variation of fluid density, as
shown in the same figure.

Figure 13 illustrates normalized mass flow rates en-
tering the displacement chamber during one complete
shaft revolution at operating condition # = 0.3371,,¢. AS
expected, the PCFV is shown to have a positive effect;
backflow from Vyp to the cylinder at the beginning of
the delivery stroke is significantly limited. The remain-
ing part of flow from the cylinder to HP follows a sinu-
soidal motion of the piston due to pump kinematics.
Similar considerations can be made for flow from V}p;
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in this case after an initial backflow, the trend follows
the motion of the piston.
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Fig. 12: Simulated cylinder pressure and density at
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Fig. 13: Simulated cylinder mass flow rates with LP, HP,
and PCFV control volumes at n = 0.33 N4, (Q > 0
signifies flow entering the cylinder)
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Fig. 14: Simulated Mach number for HP and LP cylinder
flows of Fig. 12 at n = 0.33 1,4y

Figure 14 reports the ratio between instantaneous
fluid velocity and sound speed related to HP and LP
flows at operating condition 7 = 0.33n,,. It is impor-
tant to notice how this ratio is always lower than 0.3;
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this is later compared with Mach numbers at 7 = 7.

Figures 15, 16 and 17 report the same quantities of
Fig. 12, 13 and 14, but for the operating condition at
1 = Nmax. Figure 15 illustrates lower values for cylinder
pressure, pD, during the suction stroke with respect to
that of Fig. 12; this is due to higher piston speeds (that
derives from the higher shaft speed). Cylinder pressure
drops lower than psar for the entire suction stroke,
causing a fluid density significantly lower than that
corresponding to the delivery stroke. Therefore, volu-
metric flow rate is attenuated due to high requests of
flow and an increase of specific volume.
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ent trend of flow rate Q;p;, that characterizes the suc-
tion stroke with respect to that shown in Fig. 13”. This
can be explained by the compressible fluid approach
used by the proposed model, which limits the drop of
pp by accurately calculating an increased specific vol-
ume of the fluid during the suction stroke.

Figure 17 displays normalized Mach number of HP
and LP flows at the high speed operating condition
1= Ny for a large part of the suction stroke the pre-
dicted Mach number related to Qy p,;. is greater than 0.3.
This value is typically considered as the limit of appli-
cability of incompressible models for the description of
flow (Shaughnessy et al, 2005). For all conditions con-
sidered in this work it has been found that when the
average Mach number related to QO p is greater than 0.3,
the predictions given by the simple model which ne-
glects the effects of cavitation are different than results
obtained using the presented model. Therefore, as
shown in Fig. 11, the point where both curves separate
can be interpreted as the upper limit of application of
standard lumped parameter models used for the simula-
tion of open circuit pumps which neglect effects due to
cavitation.
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Fig. 15: Simulated cylinder pressure and density at n = n,,,,
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Fig. 16: Simulated cylinder mass flow rates with LP, HP,

and PCFV control volumes at n = n,,,,

Figure 16 illustrates normalized mass flow rates; at
the high speed condition » = n,,,, the PCFV is not
sufficient to avoid backflows from Vyp at the beginning
of the delivery stroke. It is important to note the differ-

7 Using the prediction of the simplified model used to obtain results
of Fig. 11, that neglects both gas and vapour cavitation, at the
highest speed pp drops to negative (not physical) values during the
suction stroke. With the proposed model, however, the trend of
mass flow rate entering the cylinder keeps the typical sinusoidal
trend of Fig. 13 also at high speeds.
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9[deg]

Fig. 17: Simulated Mach number for HP and LP cylinder
flows of Fig. 15 at n = nyy,

Regarding flow Qyp, Fig. 17 illustrates how the cor-
responding Mach number is very low for the delivery
stroke, with the exception of an initial backflow neces-
sary to pressurise the displacement chamber in prox-
imity of ODC, where Mach = 1; at this condition, flow
is assumed to be sonic.

5 Experimental Verification of the Model

The proposed model has been benchmarked to
evaluate its validity and potentials through experiments
performed at the MAHA Fluid Power Laboratory using
a swash plate type axial piston pump for open circuit
applications. The objective of the experiments was to
measure effective flow rate under conditions of insuffi-
cient suction flow due to cavitation. Measurements
were made on the same 46 cc open circuit swash plate
type axial piston pump as used for the simulation study.
To achieve conditions of insufficient filling, the pump
was tested at higher speeds than the manufacturer rec-
ommends; i.e. np, chosen for this experiment was
higher than 7,,,, recommended by the manufacturer.
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An ISO schematic of the test rig is shown in Fig. 18.
By means of pressure compensated pumps, the hydraulic
power supply connected to the system maintains a con-
stant value of pressure (= 10 bar) upstream OR1 for all
the conditions considered in this work. A variable orifice
is placed at the inlet of the pump in order to achieve low
inlet pressure conditions. A second variable orifice is
placed at the outlet of the pump to set the desired load on
the unit. A picture of the test rig setup is shown in Fig.
19. Table 1 displays more detailed information of sen-
sors and equipment used on the test rig.

hydraulic
power
supply

electric
motor
=
Fig. 19: Picture of the test rig

In order to emphasize conditions of insufficient inlet
flow due to cavitation, two types of tests were carried
out. All test conditions are normalized according to max
pressure and speed for confidentiality reasons.

Test type 1 (t1): constant HP, LP pressure, varying
shaft speed:

In these tests, the effective flow rate of the pump
was measured for different shaft speeds. At each shaft
speed, orifices OR1 and OR2 were manually adjusted
in order to obtain desired values of pyp and py p, accord-
ing to the test plan reported in Table 2.

Test type 2 (t2): constant shaft speed and HP pres-
sure, varying LP pressure:

Measurements of effective flow rates were carried
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out varying suction pressure by manually adjusting the
ORI opening area. As reported in Table 2, different
values of shaft speed and delivery pressure were taken
into account for this kind of test.

Table 1: Sensors and equipment used

Feature | Type Main features

TI, Omega K-type thermocou-

T2, resistive | ple, range 0 - 120 °C; 1 %
T3 FS accuracy
oy strain | WIKA® , Scale: 0 - 25 bar,
P 4’ gage 0.25 % FS accuracy
P2 strain WIKA®, Scale 0 - 600 bar,
gage 0.25 FS accuracy
flow Flo-tech turbine flow meter,
Ql range 0 - 150 L/min; 1 % FS
meter

accuracy

speed, HBM® MC60, Scale: O0;

T torque 500 Nm, 5000 r/min-1 Limit
meter Velocity, 0.05 Accuracy Class

OR2 needle Sun hydraulics®, maximum
valve flow 400 L/min

OR1 needle Anchor Fluid Power® maxi-
valve mum flow 400 L/min

electric SSB, 500 Nm; max speed:
motor 3000 r/min

Table 2: Measurement parameter setting

Test type 1
Test no. Pur DPre h

0 | 025w | 2Patv | (0.33-1) B

12 | 0.25pme | L5parm | (0.33 = 1) e

tl.3 0.25'pmax 1-2'pATM (033 - 1) ‘Pmax

tl.4 0.5 Pmax 2:Patm (0.33 - 1) “Mppax
t1.5 0.5 Pmax 1.5 patm (0.33-1) ‘mpmax
t1.6 0.5 Prmax 1.2'patm (0.33-1) ‘mpax
Test type 2
Test no. Pur DPrp h

2.1 0.25pmax | < L.I'Parm 0.33 “Fax
2.2 0. 5Pmax < 1.I'Patm 0.33 “Hpax
2.3 0.25pmax | < 1.1:patm 0.66 Mpax
2.4 0. 5 Pmax < 1.1')patm 0.66 "y
2.5 0.25 Prax < I.I'batm Pmax

2.6 0. 5 Pmax < L.I'patm Mmax

All 12 tests were performed using a Keithly DAS
1802HC data acquisition system and the software Test
Point.

In all tests, 71p (given by sensor T1) was set to
~ 45 °C, and the measured increment of temperature at

International Journal of Fluid Power 11 (2010) No. I pp. 33-45



A Numerical Approach for the Evaluation of the Effects of Air Release and Vapour Cavitation on Effective Flow Rate of Axial Piston Machines

delivery (T2) and at the drain line (T3) was always less
than 5 °C.

All experiments performed were also simulated using
the proposed model. The properties of fluid used for the
test (HLP32, a ISO VG 32 mineral base oil) have been
reproduced with the model described in Section 2, as-
suming the parameters of Table 3.

Due to length constraints of this paper, only the most
significant comparisons between simulated and experi-
mental results are described. In particular, for both types
of tests (tl and t2), cases where effects of insufficient
suction flow are evident are shown for the verification of
the proposed model’s predictions. For example, for test
tl.1 no relevant flow rate reductions due to cavitation
were observed, while for test t1.3 a drop of Qyp is evi-
dent at the highest speed, as shown in Fig. 20.

Table 3: Fluid model parameters

Parameter value Parameter value
Dsat 101300 Pa X 0.09
PvAPH 30000 Pa 7% 1.2
PvarL 25000 Pa W 1.2
Pao 1.2 kg/m’

~m=simulation
=4=experimental

0 0.2 0.4 0.6 0.8 1 1.2
n/ng,.

Fig. 20: Comparison between experimental results and
simulation data for case t1.3
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Fig. 21: Comparison between experimental results and
simulation data for case t2.6 of Table 2

Figure 20 shows normalized effective pump flow,
Oup, as a function of normalized pump speed. The
dashed line shows the measured value from experiment
and the solid line shows simulation results using the
proposed model. The proposed model assumed 9 % air
content at psat = patvm. All comparisons between meas-
ured and simulated data for tests t1 resulted in a good
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agreement.

Figure 21 illustrates the case t2.6 of Table 2. Ex-
perimental results are compared with two simulated
results. The difference between the two simulations is
the setting for psat, which is 1.2:parv and 1.0-pamv in
this comparison. The simulation using psat = 1.0'patm
provided a reasonable agreement within uncertainties
of the sensors; however, it turned out that a better
matching with experimental results can be found with a
slightly increased value of psar. Note that fine tuning a
value of psar was possible with tests t2 due to the fact
that results are represented on a more detailed scale;
differences between various trends are emphasized.
Furthermore, comparing measured data from tests tl
with simulated results using psat = 1.2:parm also
showed improvements.

For all conditions of Table 2, the minimum values
of pressure pp were found to be significantly greater
than pyapy. This is a confirmation of deductions also
reported in literature, such as IMAGINE SA (2007) and
Casoli et al. (2006), where it is highlighted how vapour
cavitation is typically a local phenomena of zones char-
acterized by high fluid velocity and low pressure; for
fluid power components, even at extreme conditions,
entire volumes have difficultly achieving p < pyapu.

6 Conclusions

In this paper, a lumped parameter model for the
prediction of effective flow rate considering air release
and vapour cavitation of axial piston machines is pre-
sented. Such an approach is essential for modelling
open circuit pumps at conditions of possible insuffi-
cient filling. The proposed model is able to simulate
conditions of insufficient flow at the delivery port due
to fluid cavitation. The model uniquely shows the abil-
ity to predict effective flow rate throughout a wide
operating range, thus revealing limiting conditions of
the machine. In particular, the model solves equations
for compressible flow for all possible operating condi-
tions of the machine, assuming the fluid as a contin-
uum, where gaseous phases can be present as effect of
both gas and vapour cavitation. The amount of air re-
leased and oil vapour is calculated through equilibrium
equations, thus establishing the amount of different
phases (liquid, gas) of the continuum as a function only
of pressure and temperature. Basic equations for mono-
phase, compressible flows used in the model consider
the possible limitations of flow rate due to sonic condi-
tions. It is shown that relevant compressibility effects,
and in some cases choking conditions, can occur in
presence of cavitation. Moreover, the evaluation of
sound speed also permits criticism in the interpretation
of simulation results by identifying regions where stan-
dard, incompressible approaches can provide approxi-
mately the same estimation of the presented model.

Two different types of tests were performed on an
open circuit pump with the aim of describing the onset
of insufficient suction flow due to cavitation. Simula-
tions of tested conditions show a high level of accurate
prediction using the developed tool; the effective flow
rate is well estimated by the code in presence of insuf-
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ficient suction flow due to cavitating conditions.

A proper implementation of the model requires a
simulation time comparable to other lumped parameter
models used to simulate this kind of machine. Although
the model does not predict detailed features of cavita-
tion phenomena (i.e. features of bubble formation and
collapse), detailed analysis of simulation results per-
mits a better understanding of the phenomena involved
in the operation of the pump relating to incipient cavi-
tation at the LP port. Furthermore, the parameters used
for the description of fluid properties (i.e. saturation
and vapour pressures, volumetric air content, etc.)
permits a better reproduction of experimental condi-
tions, in agreement to the typical philosophy of lumped
parameter approaches.

Nomenclature

a Sound speed [m/s]
A Orifice opening area [m?]
h Enthalpy [Pa]
K Bulk modulus [ke]
m Mass [ke]
m Mass flow rate [keg/s]
m, Oil vapour molecular mass [g/mol]
n Shaft speed [rpm]
n, Number of pistons [-]

p Pressure [Pa]
(0] Volumetric flow rate [m?/s]
R Gas constant [J/kmol]
s Entropy [J/K]
t Time [s]

T Temperature [°C]
v Velocity [m/s]
V Volume [m’]
V' Dimensionless volume [-]

a Free gas fraction [-]

¥ Bunsen Coefficient (air volume con- [-]

tent at T(), pS/\T)

Yol Fluid density [kg/m’]
) Angle [deg]
v Vapour fraction [-]
Subscripts

0 Reference conditions

D Displacement chamber

DS Downstream

gas Gas phase

G Gas properties

i Index of piston

id Ideal

k Piston

lig Liquid phase

L Liquid properties

max Maximum value

r Resultant

ref Reference value

S Constant entropy

SAT Saturation

T Constant temperature

v Vapour properties
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vap Vapour phase
VAPH Higher saturated vapour
VAPL Lower saturated vapour

Abbreviations

ATM Atmospheric

(O\Y Control Volume

HP High Pressure

IDC Inner Dead Centre

LP Low Pressure

ODC Outer Dead Centre

PCFV Pre Compression Filter Volume
vp Valve Plate
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