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Abstract

This paper presents a numerical and experimental study of the losses in a hydrostatic motor principle.
The motor is designed so that the structural deflections and lubricating regimes between moving surfaces
and, subsequently, the leakage and friction losses, can be controlled during operation. This is done by
means of additional pressure volumes that influence the stator deflection. These pressures are referred to
as compensation pressures and the main emphasis is on friction or torque loss modeling of the motor as
a function of the compensation pressures and the high and low pressures related to the load torque. The
torque loss modeling is identified as a Stribeck curve which depends on gap height. The asperity friction
is decreasing exponentially with an increase in gap height. The parameters of the torque loss model are

based on prototype measurements that include the structural deflections of the lubricating gap faces.
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1 Introduction

The performance of hydrostatic displacement machines
is strongly related to their efficiencies. The design and
manufacturing tolerances are a trade-off between vol-
umetric and hydromechanical loss. The general trend
is that if the volumetric loss goes down the hydrome-
chanical loss goes up, and vice versa, because of their
opposite nature. Except for the division into volumet-
ric and hydromechanical losses there exist no unified
modeling techniques that describe the losses in hydro-
static machines in detail (Ivantysyn and Ivantysynova,
2003). Especially, the hydromechanical loss is difficult
to model in a simple way since it depends on a wide
variety of friction losses. They include laminar and
turbulent flow induced pressure drops in the displaced
fluid as well as a combination of friction caused by
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boundary layer, mixed layer and elastohydrodynamic
lubrication between moving parts. These phenomena
depend on the operating conditions as well as the topol-
ogy and geometry of the hydrostatic machine.

In general, the complex behavior prevents model
based prediction of the performance and therefore de-
sign of hydrostatic machines rely heavily on fine ma-
chining tolerances and excessive testing of volumetric
and hydromechanical losses for the entire operating
range, see (Ivantysyn and Ivantysynova, 2003), (Ivan-
tysynova, 2003) and (Murrenhoff et al., 2008).

In this work the hydromechanical efficiency is exam-
ined for a new motor concept. The concept has been
presented in earlier work (Serensen et al., 2011). The
most important characteristics of the motor principle
are a high specific displacement (displacement per mo-
tor volume), a minimum of manufacturing tolerance
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dependencies and the ability to adjust structural de-
flections of leakage gaps by applying so-called compen-
sation pressures via designated pressure pockets.

Work has already been done on the leakage charac-
teristics of the motor principle with regard to compen-
sation pressure (Sgrensen et al., 2012). In (Serensen
et al., 2012) the conclusion is that the volumetric effi-
ciency of the motor principle is highly influenced by the
gap flow across the large end faces of the rotor and the
housing, and that an increase in these gap heights can
be prevented by the use of compensation pressures. In
fact, both theoretical and experimental studies clearly
revealed that any succesful application of the motor
depends on the use of the compensation pressure to re-
duce leakage flow. Obviously, this compensation must
be applied carefully to avoid excessive friction losses.

Therefore, this paper is on the investigation of the
torque losses of the motor principle. The main contri-
butions are:

e The set up of an experimentally verified model to
describe the surface gap between the rotor and the
inner housing

e The set up of an experimentally verified model to
describe the torque loss between the rotor and the
inner housing

e The development of an understanding of the inter-
action between the rotor and the inner housing.

2 Motor Principle

The hydraulic motor principle investigated in this pa-
per is shown in figure 1. The stops and the rotor
form six chambers that are further divided by one or
two vanes. However, it can be designed with differ-
ent number of chambers and vanes as a trade off be-
tween specific displacement and complexity. The rotor
is subjected to a torque because of pressure difference
across the vanes. The vanes are moved in radial di-
rection when passing a stop. This radial movement of
the vanes is facilitated by means of alternating high
and low hydraulic pressures in pockets in the hous-
ing. These pressures are referred to as vane actuation
pressures (p,) and they are reversed together with the
rotational direction of the rotor. In figure 1 vane actu-
ation pressures corresponding to a clockwise rotation
are shown. The vane actuation pressures are symmet-
rical on both side of the rotor to avoid an axial force
imbalance on the rotor. When not passing a stop the
vanes are forced against the stator which seals with
the vane tip. To avoid high demands on tolerances on
the dominant radial dimension the stops are designed
as small pistons that are forced against the rotor by a
pressure.

The two large areas between the rotor and the in-
ner housing (the face on the middle view of figure 1)
strongly influence the efficiency of the motor. These ar-
eas have, as all the gaps between moving parts, double
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Figure 1: The motor principle.
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contradicting functionality, namely sealing and lubri-
cation. If the performance criteria of either of these
functionalities are not given proper attention the mo-
tor will not be useful for practical applications. The
main challenge is to maintain the performance with re-
spect to both performance criteria over a wider range
of operating conditions. The pressure distribution in
these gaps is creating a significant force at the inner
housings because of the large area from the outer ra-
dius of the chambers to the drain connections located
close to the centre of the rotor. These forces are caus-
ing a deflection of the inner housings which must be
minimized to maximize the volumetric efficiency of the
motor. To counteract these deflections, the motor has
compensation pressure volumes between the inner and
outer housings (see location and geometry in figure 1,
2 and 3).

out Compensation Compensation
hougrng Pe1 Vane Pc2
Vane actuation )
| " P2 Deflection
nner actuation of inner
h°7‘”g Pu housing
Stator / Surfaces of

Rotor interest (SOI)

Figure 2: A section view of the motor principle with
potential deflections of an inner housing il-
lustrated by the dotted lines.

Besides the pressure distribution in the gap and the
compensation pressures, the pressures in the supply
lines to the vane actuation also influence the deflec-
tions of the inner housings. Therefore the deflection
of the inner housings can potentially be in two direc-
tions as illustrated by the dotted lines in figure 2. The
deflection behavior depends on the area and pressure
magnitude of the individual volumes illustrated in fig-
ure 2. The layout of the vane actuation supply lines
and compensation pressure volumes is restricted by the
available space outside the sealings and oil channels.
The layout of these volumes is illustrated in figure 3
without oil inlet channels. The volumes are sealed by
o-rings.

The surfaces of interest (SOI) in this paper are shown
in figure 2 with potential gaps illustrated by the dotted
lines. The pressures in the vane actuation supply lines
follow the low and high pressure levels of the motor.

Figure 3: The geometry of the compensation and vane
actuation supply pressure volumes, which are
between the inner and outer housing.

One is connected to the low pressure part and the other
to the high pressure part, depending on the rotational
direction.

The velocity of the motor and the oil viscosity are
held constant in this work, because the torque loss
due to these phenomena are not remarkably different
as compared to existing hydrostatic motor principles.
The remaining friction losses that are singled out for
attention are:

e the friction force of the boundary lubrication be-
tween stops and rotor

e the friction force of the boundary lubrication be-
tween vanes and stator

e the friction force of the boundary, mixed or elasto-
hydrodynamic lubrication (EHL) between the end
faces of the rotor and the inner housings

3 Experimental Work

The aim of the experimental work is to investigate the
torque loss and the influence of the compensation pres-
sures on the torque loss. In the experiments p.; is
equal to the high pressure, pp, of the prototype and
P2 is adjusted to different pressure levels to examine
the changing lubrication regime between the SOI.

3.1 Experimental Test Setup

To be able to determine the torque losses of the proto-
type motor the test setup has pressure transducers to
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Figure 4: Section cut of the prototype motor. The moving coil actuator (MCA) is mounted on the inner housing
and the piston is forced against the end face of the rotor during tests.

measure p, and p;, see figure 1, yielding the pressure
difference, Ap = py, —p;, and a strain gauge transducer
to give the output torque T,,:. Further the test setup
has flow transducers, a temperature transducer and an
absolute encoder for motor velocity. The prototype
motor is loaded by a powder brake, through a gearbox.

The structural deflections of the inner housing are
measured with a moving coil actuator (MCA). The
MCA is fitted with a 0.1um encoder to measure the
position of the MCA piston. The body is mounted on
the inner housing of the prototype motor as illustrated
in figure 4. The MCA is controlled in force mode and
maintains a force of 1.7N during the tests so that the
piston always is in contact with the rotor. The built-
in encoder of the MCA measures the position of the
piston and therefore the relative distance between the
inner housing and the rotor. The measurements are
performed when the rotor rotates and therefore the
MCA tip is sliding across the face of the rotor. The ex-
tracted gap heights are mean values during one motor
revolution to minimize deviations due to e.g. surface
roughness and variations in the thickness of the rotor.
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The adjusted compensation pressure p.o is restricted
by a pressure reducing valve. During the tests, the
pressure level is adjusted to p.o = 10, 16,22, 27bar.

The data for the prototype motor and the motor
conditions during the experimental tests, are listed in
table 1.

3.2 Experimental Results

The total torque loss of the prototype motor is

). D
T‘loss = Tth - Tout = M -

o (1)

outs
where D is the displacement. The measured Tj,ss and
the measured deflections of the inner housing hp;ca
are shown in figure 5. The trend in the measurement
is clear. T}, is decreasing with the increase in pp, until
reaching a minimum 7joss min, Whereafter Tj,ss is in-
creasing almost linearly with py. Tjoss,min is changing
for the different p.s values and for p.o = 27bar the min-
imum is not inside the pressure range of the tests. The
hypothesis put forward here is that before Tjos5s min
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Table 1: The prototype specifications and the operat-
ing conditions during the tests.

Outer motor diameter d = 340mm

Outer motor height [ = 100mm

Height of rotor s = 20mm

Number of chambers Nep, = 6

Number of vanes Nyane = 10

Prototype displacement D =1.751/rev

Maximum pressure pn, = blbar

during tests

Compensation pressure Pe2 =

De2 10,16, 22, 27bar

Rotational speed during n = 6rev/min

tests

Maximum output torque Tout = 950NmM

during tests

Input flow during tests Qin =
11.51/min

there are asperity contacts and therefore mechanical
friction between SOI. This friction loss depends on the
normal force between SOI which decreases when pj,
increases. After Tjoss,min the lubricating regime be-
tween SOI is EHL and the corresponding friction loss
is due to oil shearing. Hence, the dominating torque
loss variation is from the vane-stator and stop-rotor
contacts, which increase with p,. The measured hyrca

20

values are in agreement with the proposed loss behav-
ior. They increase with p, and the value of p.o has
a significant effect on hy;ca. The trend of the hyrca
curves is that the gap pressure distribution between
the SOI has to overcome the compensation pressures
before the gap height starts to increase. The hprca
measurements are in pm which implies some uncer-
tainties due to rotor surface asperities and thickness
variations of the same order of magnitude. E.g. the
curve for p.o = 27bar is expected to be below the curve
for p.o = 22bar and then the gap height does not start
to increase inside the pressure range of the tests.

It is expected that Tjoss,min Occurs when the mini-
mum gap height is just above zero for the entire SOI.
But due to uneven height distribution over the SOI,
the gap height for the entire SOI is not zero or above
zero, when hp;oa starts to measure deflections above
zero. This is also confirmed by the model put forward
in section 4.

4 Torque Loss Modeling of the
Prototype Motor

The aim of this section is to set up a model of the
torque loss as a function of the pressure levels.
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Figure 5: The measured deflections of the inner housing hpsca (top graph) and the measured torque losses 7,55
(bottom graph). Both are plotted with respect to the high pressure pp.
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4.1 Torque Loss of Hydraulic Motors

The friction loss of hydraulic motors depends on the
tribology of the surfaces moving relative to each other
and it depends on the operational parameters of the
motor. They are speed n, pressure p and viscosity p,
which are related to the total torque loss T},s5 as (Ivan-
tysyn and Ivantysynova, 2003)

irloss :Tturb + T’Uisc + Tmech + Tcst (2)

n
:Cturb ‘,u'n2+Cm-SC sy E

+ Cmech : AP + Ccstv (3)

where T4 is torque loss due to friction in turbulent
flow, T};sc is due to viscous friction, T}, ccp is due to me-
chanical friction and T4 is constant torque loss mainly
due to sealings. The gap height is denoted h.

Egs. (2) and (3) describe the conceptual behaviour
of the torque loss. The torque loss coefficients C' are
those varying for different torque loss models and dif-
ferent motor principles. In the litterature these loss co-
efficients were first given as constants (Wilson, 1946).
Later on it was shown (McCandlish and Dorey, 1984)
that both linear and nonlinear loss coeflicients give
more accurate results over a wider range of operating
conditions.

In this work the velocity and viscosity are held con-
stant. Hence, eq. (3) is reduced to

(4)

The term Cjeepn - Ap takes the friction force between
vane-stator and stop-rotor into account and Cj is the
constant torque loss to a given velocity and viscosity.
The Cyisc - f4 - n/h term describes the torque loss due
to viscous friction between the SOI. The term relies on
the SOI to remain separated and without any mechan-
ical contact. But, according to the measurements, me-
chanical contact between SOI exists. The torque loss
in these gaps highly depends on the gap height and,
subsequently, the compensation pressures. Therefore,
with constant velocity and temperature, the torque loss
of the prototype motor is subdivided into

n
T'loss = C’uisc T E + Cmech . Ap + C’1-

,I‘loss =dest + Tmech + TSOI
= Ky + Kz - Ap+Tsor,

()
(6)

where K7 and K, are loss coefficients derived from
measurements.

From the experiments it is evident that there is a
transition in the lubricating regime between the SOI.
Depending on the pressure state the lubricating regime
will, in general, go from boundary lubrication (BL)
via mixed lubrication (ML) and towards elastohydro-
dynamic lubrication (EHL). The Stribeck curve that
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Figure 6: Stribeck diagram with lubrication regimes
denoted.

relates the shear friction, 7¢, to the different friction
regimes is illustrated in figure 6. From the Tj,ss and
harca curves in section 3 it seems that the lubrication
between the SOI is ML and at the beginning of EHL
during the tests.

The friction in the diagram of figure 6 is based on
viscosity u, velocity v and the normal force F), between
the gap surfaces (Bayer, 1994). The viscosity and ve-
locity are constant during the tests. Hence, the friction
loss variations only depend on normal force, according
to figure 6. But there is only a normal force between
the SOI when the gap height is zero in some regions.
Even though the gap height is above zero, there is po-
tentially still asperity contact, and mechanical friction,
due to the roughness of the surfaces. From that point
of view, F), is not a valid parameter for the determina-
tion of the friction loss behavior in this case. Instead,
the gap height distribution and the deflections of the
surfaces are the parameters that influence the friction
behaviour (Wang and Wang, 2006).

4.2 Computation of Gap Height by Fluid
Structure Interaction (FSI) Simulation

The pressure distribution in the lubricating film be-
tween the SOI is influenced by the gap height which
again influences the structural deflections. In this
work the simultaneous computation of pressure and
gap height is carried out by means of finite differ-
ence and finite element analyses, respectively, see also
(Serensen et al., 2012).

4.2.1 Gap Pressure

It is assumed that the rigid body motion of the rotor
is only rotational and the density and viscosity of the
oil is constant. Furthermore, the Reynolds equation
is expressed in polar coordinates, because of the ge-
ometry and rotational motion of the rotor. Therefore
the pressure distribution in the gaps between SOI is
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Eq. (7) is solved numerically using the finite differ-
ence method for one rotor position that is representa-
tive for the mean pressure state over one motor revolu-
tion. By dividing the area into elements (see figure 7)
and approximating the derivatives in eq. (7) by finite
differences, p; ; is expressed by its surrounding pres-
sures and can be determined by looping through the
mesh until the pressure variation from previous itera-

—p;; ") is smaller than a convergence toler-
,

cur

tion (pfY
ance.

4.2.2 Gap Height

The objective of the FEM model is to determine the
structural deflections of the inner housing, which, with
the end faces of the rotor, are forming the lubricating
gaps of concern. The deflections of the rotor is assumed

negligible because of the axial force balance. The input
to the FEM simulations is the pressure distribution
in the lubricating gap between the SOI and the vane
actuation and compensation pressures. The output is
the deflection of the face that forms the gap.

The pressures in the lubricating gap is added as
nodal forces. The pressures from the fluid calculations
are recalculated as nodal forces by

Fi,j = pi,j . 7’2'7]' . AT . A0 (8)
The principle behind the FEM model is shown in fig-
ure 8. The stator and the inner and outer housing are
glued together to one body with a gap between the
inner and outer housing. The boundary condition is
no displacement in the normal direction to the section
cut of the stator. The areas with the applied forces
are symbolized by bold red lines in figure 8. The FEM
model is meshed by three dimensional 8 node hexahe-
dral elements.

Inner

. Pchamber
housing

P P P2 Pe2 of

: |

58 'y

Figure 8: A section view of the FEM model with added
pressures and boundary conditions.

4.2.3 FSI Results

The output from the FSI analysis is distribution of the
gap height and the pressure between the SOI. The de-
flection of the inner housing that forms the gap and
the pressure distribution in the gap to one test condi-
tion of the prototype motor are shown in figure 9. For
the purpose of computational efficiency a linear FEM
model was used in the FSI analysis, i.e., contact ele-
ments were not employed. The finite difference analysis
is numerically limited in the way that it only converges
as long as all gap heights are above a small threshold
value, he ~ 2nm. Hence, for any FSI analysis the inner
housing and the rotor are given an initial position that
ensures hifiil) > h. for any load situations, see figure
10.

This gap height distribution is only valid for situa-
tions where the SOI are fully separated. In order to
include situations where the SOI are partly separated
or not separated at all, an offset gap height, h,, is in-
troduced. This offset value is subtracted from the FSI
gap height to yield a nominal gap height, see also figure
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10:

h(nom) _ h(FSI) — h,. (9)

The offset gap height is identified by fitting the nom-
inal gap height with the measured gap height at the
MCA in situations where the SOI are fully separated
yielding a value of h, = 7.5um. The result of this is
shown in figure 11 where a good accordance between
gap increase vs. high pressure is observed for situations
where the SOI are fully separated.

4.3 Torque Loss based on Gap Height

The total shear stress between the SOI, 7., in the
ML regime is given by the sum of the shear stress of
the asperity contacts, 74sp, and the shearing of the oil,
Triuid, 8 (Gelinck and Schipper, 2000)

Tfric = Tasp + Tfluid

v
= KUfric (h/) 'p, + M ﬁa

where pfric (B') - p’ is the shear stress of the asperity
contacts and p - v/h' is the shear stress of the fluid.
The friction coefficient function between the asperities,
tfric, is a function of the gap heights, given by

’
R —hyp,

Hfric (hl) =Kj- e Tinr 5 (12)

where h;p, is a treshold gap height that determines if
mechanical contact. p’ and h' are

1 _ hthr if h(nom) < hthr
h = { h(nom) if h(nom) > hthr ’ (13)
— Ky - h(rom)if prom) < p,
pl = p ‘ : (nom) th . (14)
p if h > hinr

By introducing h’ singularities are avoided and a
smooth transition from ML to EHL is ensured. Nega-
tive values of the nominal gap height correspond to a
certain amount of indentation in the SOI. This is taken
into account by means of the simple linear stiffness in-
troduced in eq. (14) that is considered adequate to
capture the increase in contact pressure.

Hence, the total simulated torque loss of the proto-

type motor, ES;T), is

T = 1™ + T + T (15)
:K1+K2~Ap+7'fm~c-A-r, (16)

where A is area and r is radius.
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5 Results and Comparison

The coefficients in the torque loss expressions are de-
termined based on the measurements.

5.1 Parameter ldentification

K, 161Nm

K, 19.4- 10~ %m3
K3 1.66 - 103
K, | 238-102Pa/m
hinr 1.06-10~%m

Table 2: Parameters derived from the tests.

The coefficients in the torque loss model are deter-
mined from the measurements by curve fitting as listed
in table 2. The individual torque losses are shown in

20

figure 12. The constant term is very dominating.

5.2 Comparison of Experimental and
Simulated Torque Loss

Both the experimental and simulated total torque
losses are shown in figure 13. The simulated total
torque losses are determined by torque loss evaluations
for every node on both side of the rotor. There is good
correlation between the curves, which verify the friction
model of section 4.3. The effect of p.o on the hydro-
mechanical efficiency when velocity and viscosity are
constant is shown in figure 14.

6 Conclusions

In this paper a model describing the torque losses in a
hydraulic motor principle has been developed and ex-

Nca ltm]
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1|-e- hmf)’ pcz

h;;‘g'z), p,,=16bar

=16bar
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MCA ' pCZ
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e hMCA,pEZ 27bar

-e-h =22bar

40 45 50 55

Figure 11: The simulated and experimental MCA deflections for the different p.o values.
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Figure 12: The individual simulated torque losses based on eq. (16) and after parameter identification.
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Figure 13: The simulated and experimental torque loss for the different p.o values.

perimentally verified. The model describes the torque
losses associated with mechanical and viscous friction
under different lubricating conditions. The overall
model is based on sub models of both the lubricating
gap and the shear stress on the SOI. An FSI model is
utilized for the computation of gap height and pressure
distribution.

The most complex contribution to the hydromechan-
ical loss is the friction loss between the SOI. The lu-
brication regime is either predominantly ML or pre-
dominantly EHL and the loss condition is highly de-
pendent on the gap heights. In the FSI model there
is mechanical contact if h("™) < h,p,,.. The behavior
of the friction loss follows that of the Stribeck curve
which only changes with the gap height in this study.
The comparison of the simulated and measured hy-
dromechanical loss shows a good correlation after the

determination of the loss coefficients.

The correlation between the simulated and measured
hydromechanical loss confirms the understanding of
the interaction between the SOI. At the beginning of
the Tj,ss curves there are ML between the SOI with
transition towards EHL when the total gap height is
above zero.

The aim of the model development is a compu-
tational tool that can predict the effects and conse-
quences of an up-scaling or modification of the motor
principle, and, subsequently, minimizing the demands
for prototyping. The potential for a further increase
in specific displacement is increased when the motor
is up-scaled. The aim is to up-scale the motor to dis-
placements in the range of 200...500!/rev in a very
compact form, for extraordinary low speed high torque
applications. Hence, minimization of structural deflec-
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tions are envisaged to be crucial in order to reach useful
efficiencies over a wide range of operating conditions.
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