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1 Scope of the steady-state performance of a variable pump

Determination of the performance of variable positive displacement pump by means of measure-
ments under steady-state conditions. The following properties were determined:

e The total efficiency over a range of operating points. This determination closely follows
the ISO 4409 standard (Hydraulic fluid power - Positive Displacement pumps, motors and
integral transmissions - Determination of steady-state performance). The measurement ac-
curacy complies to this standards requirements for a class A rating. The selected operating
points, however, were set more loosely than the ISO 4409 standard requires for a class A
rating. The background to this choice is discussed in section 6.

e The derived capacity according to the guidelines of standard ISO 8426 (Hydraulic fluid power
- Positive Displacement pumps and motors - Determination of derived capacity)

e The hydro-mechanical and volumetric efficiency with aid of the derived capacity over a range
of operating points.
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2 Test pump and operating conditions

General data of the test pumps

Manufacturer: INNAS BV, Breda, the Netherlands
Type: Variable Floating Cup axial piston pump (FCV28)
Maximum displacement (geometric): 28.11 [cm? /rev]

Range of requested steady-state operating points:

Pressure: 50 - 100 - 150 -200 - 250 - 300 - 350 [Bar]
Rotational speed: 500 - 1000 - 1500 - 2000 - 2500 - 3000 [rpm]
Swash angles: 8 -6 -4 -2 [degrees]

equivalent relative displacement 100 - 75 - 50 - 25 [%]

Oil temperature: 40 [°C]

ISO viscosity grade: 46

Boost pressure: 3 [Bar]

Determination of the total efficiency, determination of the derived capacity and determination of
the hydro-mechanical and volumetric efficiency under these operating conditions.

The set up of the test circuit and general considerations for testing etc. according to the standards
of ISO 4409 and ISO 8426 are in common. Both standards can be combined conveniently for the
determination of the complete performance of the pump. Only the calculation of derived capacity
according to the standard of ISO 8426 is replaced by a different method. (See section 4).

Brief description of the type of pump

Figure 1 shows the construction of the 28 [cm?] Floating Cup Variable (FCV) axial piston pump.
The rotary group of this unit is identical to that of a constant displacement FC pump. The
displacement volumes in this rotary group are 24 separate cylinders, the cups, which float under
a light axial balance force on two barrel plates. In each cup, a piston with a spherical piston head
moves between the top- and bottom dead center. No piston rings are used. As the sealing line
between the piston head and the wall of the cup, is always perpendicular to its central axis, the
internal pressures acting in radial direction on the cylinder walls are totally balanced. Because of
this, and because of the absence of piston rings, there are no pressure dependent contact forces
between cup and piston. In conventional axial piston units, pressure induced side forces between
the pistons and the side walls are an important source of hydromechanical losses. This also explains
the rather poor starting and low speed capabilities of conventional units.

The pistons in the FC design are rigidly mounted in two groups of twelve, one on each side of a
rotor. The rotor is rigidly mounted on the axle. The oil flow in and out of the unit is split up
over two port plates, one on each side of the unit. Always, the same number of pistons on each
side of the rotor is connected to the high pressure port. This results in a rotor that is totally
balanced in axial direction. Consequently, the loads on the axle bearings are light and relatively
small bearings can be chosen.

The barrel rotation is synchronized to the axle rotation by means of synchronization pins, localized
in the spherical joints between axle and barrels. A sprung ring, (the “cheek”) ensures that there is
always a minimum force pressing the barrel on the port plate. Under pressure, the resulting force
between barrels and port plates is the sum of this spring force and the carefully selected hydraulic
barrel balance. Setting the barrel balance is subject to optimization: setting it too light will result
in low loss torques between barrels and port plates but may lead to high leakage in this interface,
setting it too high would result in low leakage but at the cost of high loss torques in this interface.
In the FC design, this is the interface which is responsible for the largest part of the loss torques,
and therefore it is very important that the barrel balance is carefully set.

In the FCV, the port plates do not lie directly on faces in the units case but on top of two swash
blocks. The swash blocks determine the displacement of the machine by tilting the barrel plates

Determination of the steady-state performance of the Innas FCV28 pump 4



Figure 1: Construction of the 28 cm?® variable displacement open circuit FC pump (FCV28).

with respect to the rotor. Each swash block can be rotated around its respective swash axis by
a set of two actuators that work against the forces of a bias spring and a bias piston that is
always connected to the unit’s high pressure. The actuators and compensators are piston and cup
combinations of the same size as those used in the rotary group. In this way the production costs
for the swashing system are minimized.

During the measurements series described in this report, the swash-blocks were fixed in the required
position by two sets of eccentric discs, one set for each swash-block. The bias springs, the bias
pistons and the actuator pistons were not present. On one hand, the absence of the forces generated
by these pistons, means that the swash blocks are not ideally loaded and will bend more, which will
lead to larger gaps and more leakage. On the other hand, the leakage which normally comes from
the six piston-cup sets of the swashing system, is absent. The combined effect on the measured
efficiency is considered to be small.
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3 Definitions

Definitions are mostly according paragraph 3 of ISO 4409 (respectively, paragraph 3 of ISO 8426),
with paragraph number in parenthesis. Otherwise definitions are from the common theory regard-
ing positive displacement pumps, see the text books concerning Fluid Power Transmissions, for
example Ivantysyn [1].

e Volume flow rate gy [m3/s| : The measured flow volume per unit of time. (3.1.1)

e drainage flow rate gy-4 [m?/s] : the volume flow rate of flow from the casing. (3.1.2)

e effective outlet flow of a pump (]527‘3 [m?/s] : the actual low rate measured at the pump
outlet at the temperature 6, . and pressure ps . at the outlet of the pump. (3.1.3)

Rotational frequency (shaft speed) n [1/s] : The number of revolutions of the shaft per unit
of time. (3.2)

Torque T [Nm] : The measured value of the torque in the shaft of the test component. (3.3)
e Pressure: (3.4.1)

o effective pressure p. [Pa] or [N/m?] : The fluid pressure, relative to atmospheric pres-
sure.

e drainage pressure pg [Pa] or [N/m?] : The fluid pressure, relative to atmospheric pres-
sure, measured at the outlet of a drainage connection on a component casing.

e Power:

e Mechanical power P, [W] : the product of the torque and rotational frequency mea-
sured at the shaft of a pump. (3.5.1)

P, =27 -nT

e Hydraulic power P, [W] : the product of the flow rate and the pressure at any point.

(3.5.2)
P, = Qv - P

e Effective outlet hydraulic power of a pump PQF: » [W] : the total outlet power of pump.

(3.5.3)
e Efficiency
e pump overall efficiency 7 [-] : The ratio of the power transferred to the liquid, at its

passage through the pump, to the mechanical input power. (3.6.1)

T 2w -nT

(qv2,e 'p2,e) - (QVl,e 'pl,e)
n (1)

NOTE: Index 1 refers to the inlet of the pump.

e pump volumetric efficiency !’ [-] : The ratio of the effective outlet flow rate gya, of
the pump, to the theoretical outlet flow rate qy; of the pump:

Y =qvae / avi (2)
Where:

qvi=n-VF (3)
and VI’ is the derived capacity of the pump.
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e pump hydro-mechanical efficiency i/ [-] : the ratio of the theoretical torque T} in the
shaft of the pump, to the measured value of the torque T in the shaft of the pump.

Mhm =Ti | T (4)
Where:
T; = (p2e —pre) - Vi¥ / 2m (5)
and V'’ is the derived capacity of the pump.

e Derived capacity VI’ [m?/rev] : the volume of the fluid displaced by the pump per shaft
revolution, calculated from measurements at different speeds under test conditions,
see section 4.
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4 Calculation of derived capacity

The standard of ISO 8426 deals with the determination of derived capacity of a pump (or motor).
For the definition of derived capacity see section 3. The value found for the derived capacity usually
differs from the geometric displacement. Since this capacity is calculated from measurements on a
unit under operating conditions all events contributing to the effective volume flow are included.
Depending on type of the positive displacement unit the derived capacity deviates about 2 to 3%
from the geometric displacement according to Schldsser [2].

The standard of ISO 8426 states that the test should be carried out at an outlet pressure of approx-
imately 5% of the maximum continues rated pressure of the unit. In this case these measurements
require a set point of about 17.5 [Bar] for the outlet pressure of the pump. The calculation of
the derived capacity has to be made from that condition. Unfortunately, this requirement usually
implies an extra set of measurements, because the stated pressure is (considerably) lower than the
lowest pressure setting in the set of operating points. Furthermore this method does not eliminate
the effects of leakage (or slip loss), nor is assured that the stated pressure results in a proper stable
operation of the pump. Reason to use a calculation method based on the complete set of operating
points and eliminating the effect of leakage due to a pressure difference unequal to zero.

A number of institutes (in Europe) prefer the calculation method according to Toet [3]. This
method is also customary in the determination of the steady-state performance of positive dis-
placement units in our laboratory.

The derived capacity according to Toet [3] is calculated from the complete field of operating points

and is defined as:
VP _ <8qv2,e)
In (p2,e—p1,e=0,01)

The calculation of the derived capacity is performed in two steps. The values of the effective flow
gradient at each set point for the pressure difference are calculated first. The underlying basic
assumption is, that for every set point for the pressure difference, there is a linear relationship
between effective flow and speed, which yields the effective flow gradient. This step is followed by
an extrapolation of the fitted line through the flow gradient values, to the point where the pressure
difference across the pump equals zero. Note that the derived capacity according to Toet depends
on the temperature of the fluid (inlet condition of the unit).

(6)
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5 Test circuit

For measurements a test circuit according to the basic open test circuit with pump outlet flow
measurement in alternative position (as stated in ISO 4409/8426) is used. Figure 2 displays the
actual setup of the test circuit .

Hydraulic circuit

1. Pump B & C (Hyd. Power Unit) 4. Make up pump D (Hyd. Power Unit)
2. Motor Volvo F11-58 5. Pump under test
3. Pressurerelief valve (3 [bar]) 6. Pressure-control valve

Hyd. Power Unit: Temperature control, filtering and conditioning of fluid

M easurement devices

T  Torque transducer 6, Temperature transducer outlet pump
n Rotationa speed transducer 6, Temperature trancducer inlet bascule
6, Temperature transducer inlet pump d,, Weight sensor (Mass flow) bascule
p, Pressuretransducer inlet pump 64 Temperature transducer drain pump
ApP Differential pressure transducer dg4 Flow transducer drain pump

Figure 2: Hydraulic Setup

Hydraulic system

Part of the installation consists of a central hydraulic power unit, which includes the make-up of
the fluid (filtering and cooling or heating of the fluid, elimination of entrapped air etc.) The test
pump (5) requires a pressurized inlet condition. A boost pump (4) with sufficient capacity and an
additional pressure relief valve (3) is used for the make-up flow of the test pump. The test pump
(5) is coupled to a fixed displacement hydro motor by means of the torque shaft (T) and is loaded
by means of a pressure control valve (6). The latter consists actually of a number of valves, which
are operated manually, for the purpose of fine tuning of the pressure setting.

The setting of the rotational speed (n) is realized by means of variable displacement pumps (1) in
the central hydraulic power unit.
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Note:
For the hydraulic motor (2) a Volvo F11-58 is used for driving the pump under test (5) at swash
angles of 8 and 6 degree and a Volvo F11-39 at swash angles of 4 and 2 degree.

Measurement devices

e Torque: HBM (Hottinger Baldwin Messtechnik) T2/200 Nm torque measuring shaft +
HBM MGC strain-gage bridge amplifier;

e Rotational speed: Optical/disk 100 pulses/rev. (GTD TU/e) +
Phoenics Contact MCR F/V converter;

e Temperature: Heraeus PT 100 sensor 4-20mA output +
Ti66/A 1I/V conditioner (GTD TU/e);

e Inlet pressure pump: Druck PTX 1400 pressure transmitter 4-20 mA output;

e Differential pressure pump: Paine 5000 PSID Bi-directional differential pressure transducer
+ HBM MVD2555 strain-gage bridge amplifier;

e Bascule (weight): Raute BA3 load cells (inclusive pendulum support mounting RGP10) +
Weightec 341AD4, analog/digital load cell amplifier with built-in junction box.

e Drainage flow: VSE VS0.2 flow sensor + Phoenics Contact MCR-{-UI-DC F/V converter

Unlike the standard of ISO 4409, ISO 8426 specifies an integrating flow meter for the measurement
of the effective outlet flow rate of a pump. It is customary to use integrating (or averaging) methods
for all signals in the set-up of steady-state measurements in our laboratory. So the requirement of
ISO 8426 is fulfilled.

It is also customary in our laboratory to use a mass flow rate measurement instead of a volume
flow rate measurement. In order to calculate the volume flow rate gy, 2 from the measured mass
flow ¢y, the fluid properties (in particular the state of the fluid p(p, @) ) should be available. The
fluid properties of the test fluid can be determined by any model of the state. In our laboratory it
is customary to use the model of state p(p, #) according to Witt [5]. The measurement of the mass
flow is actually based on an integrating device, in this case an weighting device. Using the mass
flow g, circumvents the problems associated with the compressibility of the fluid or uncertainties
of this quantity. The volume flow rate can be calculated from the mass flow rate, given that the
pressure and temperature are known at the point of interest in the circuit. Apart from leakage, the
mass flow rate is a constant quantity. Note that the standard of ISO 4409 proposes a first order
approximation for effect of compressibility (based on the assumed constant isothermal secant bulk
modulus) in case of a measurement downstream of the pump.

The measurement set up consists of measuring instruments, including the necessary conditioning
and conversion of the signals, and a data acquisition board (National Instruments 6034E Mul-
tifunction DAQ) mounted in a PC. All measured signals are converted to voltages prior to be
directed to the data acquisition board. The Multifunction DAQ board operates under software
control build with LabView (National Instruments). This software control, in the form of a graph-
ical user interface (GUI), monitors all measurement signal, controls a number of devices of the
hydraulic system and controls the data logging.

During the time interval of the weighting process the signals of all measuring instruments are
recorded for later analysis. The data of all measurement instruments were recorded concurrently
with a sample rate of 5000 [Hz] over a time interval of at least 20 seconds. At low speeds and small
swash-angles, the time interval was longer (up to 60 seconds), in order to ensure that enough oil
mass was measured in the bascule.

The voltage signals of all measurement instruments are recorded on file by means of Direct Mem-
ory Access (DMA). Post processing of the recorded data includes averaging, trend analysis and

Determination of the steady-state performance of the Innas FCV28 pump 10



conversion to physical quantities. Each signal is examined visually before these post processing
operations are performed. During this visual inspection the measurement is accepted, a long
enough stationary part is cut out or — in the unlikely case that that should not be present — the
measurement is discarded. Calculations (total efficiency, derived capacity and part efficiencies)
are based on the mean or averaged physical values of the resulting signals.
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6 Class of measurement accuracy

In the standard of ISO 4409 and ISO 8426 several demands on accuracy are stated. FEach demand
distinguishes between three classes, from highest to lowest: classes A, B and C. Note that class C
is intended for the common case of measurements, while classes A and B are intended for special
cases where there is a need to have the performance more precisely defined. Common demands of
both standards concern:

e the permissible variation in indicated fluid temperature (demand 1),
see appendix A.1 table 1;

e the limits of permissible variation of mean indicated values of selected (or controlled) pa-
rameters (demand 2), see appendix A.1 table 2;

e the permissible systematic errors of measuring instruments as determined during calibration
(demand 3), see appendix A.1 table 3.

The standard of ISO 8426 also states a demand on the number of pump and motor test speeds
(demand 4), see appendix A.1 table 4. While both standards are combined in this test, demand
(4) already bounds the actual class of accuracy for this particular test to be of class B at best.
From the complete set of measurements it may concluded that the controlled (or selected) param-
eters in this test are:

e the fluid inlet temperature of the pump (demand 1): these lie within the variation of tem-
perature of class A for all measurements of each of the pumps.

e the rotational speed of the pump (demand 2)
e the outlet pressure of the pump (demand 2)

For these measurements, it was not attempted to achieve a class A accuracy with respect to
demand 2. The requested speed and output pressure points given in section 2, were taken as
target and approached as close as possible but in general not within the limits required for a class
A accuracy rating. The reasons for this deviation from the class A requirement are:

e In this test-bed setup, setting the desired operating points within the precision required
by class A, would be rather time-consuming, as it involves repeated iterations between the
setting of the pressure control valve (item 6 in figure 2) and of the variable displacement
pumps in the central hydraulic power unit (item 1 in figure 2).

e The background to the demands of these ISO standards regarding the accuracy which of
setting the operating points, seems to relate to the presentation of the results. Graphs of
the pump performance against the effective output pressure are defined as well as against
the rotational frequency. In either case the graphs have to be given for several constant
values of the other controlled parameter, for which obvious requirements are set regarding
the accuracy of the set point.

e When different performance properties are presented as surface plots against the effective
outlet pressure and the rotational frequency, very smooth surfaces will result, which can be
described quite well with 42 operation points measured, as long as these operating points
define a reasonably well spread grid.

The approach adopted in this test was accordingly:
e Measure the unit under test at operating points which are fairly close to the requested grid,
e Calculate the required performance properties in the points measured

e Fit surface plots to these calculated properties.
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The fitted surfaces are presented in the subsections presenting the results for each measured swash
angle. Characteristics as a function of effective outlet pressure and of rotational frequency have
also been produced by interpolation in the fitted surfaces in order to present the results conform
the ISO standards too. The quality of the fit and the interpolation is quite accurate as can be
noticed by comparing the values in the tables presenting the actually measured points to the fitted
surfaces, .

It should be noted that an important factor to deviate from the standards was the broader context
in which this test-bed is used: a research project concerning the identification and minimization of
the losses in the interfaces between the barrels and the port plates in Floating Cup units. During
the cause of this project, this measurement and post processing protocol has evolved as the best
protocol to ensure fast and accurate quantification of the losses in these interfaces, when a large
number of prototype variants have to be evaluated.

For the operating points realized this way — which lie near to the target points — the efficiencies
are calculated in the way ISO 4409 defines. The calculation results for these points, are precise in
accordance with the accuracy of the instrumentation. For this accuracy, the ISO standards also
define classes. The systematic errors in the used instrumentation, for the range of operating points
of interest (see section 2), are all within the limits of class A of permissible systematic errors (see
appendix A2).
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7 Test procedures

Test fluid

The fluid used for these tests is the standard hydraulic oil applied in the central hydraulic power
supply in our laboratory: Mobil DTE 25.
Summary from the data sheet of: 'Mobil DTE 20 Series Hydraulic Oils’:

e Spec. Gravity (15.6 °C): 0.876 [kg/L]

e Viscosity @ 40 °C: 44.2  [cSt)
Viscosity @ 100 °C: 6.65  [cSt)
e ISO Viscosity Index: 46

The actual value of the density p(p, 8) of this fluid is calculated from the state model according to
Witt [5]. Witt state model for the density contains 7 parameters, which ideally have to be fit for
the fluid used. This is a tedious task, as it would involve density measurements at a large number
of pressure and temperature set-points. Especially density measurements under pressure, are not
easy. As Witt has demonstrated in [6], for mineral hydraulic oils, the concept of a ‘calculation
fluid* can be used. Thus 5 of the 7 parameters of the state model can be set equal to those
determined by Witt for the ‘calculation fluid‘. The two remaining parameters have to be fit to
the actual mineral oil used. These two parameters are the density at ambient pressure and a
temperature of 0°C and the gradient of the density-temperature relationship at ambient pressure.
The latter two parameters were determined for a sample of the oil from the test bed reservoir,
using a pycnometer.

Figure 3 presents the density of the fluid, calculated using the resulting Witt state model, for the
demanded test conditions of section 2.
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Figure 3: Density of the Mobil DTE25 oil used in the testbed
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Temperatures

The temperature at the inlet of the test pump is the controlled temperature. All other measured
temperatures are resulting quantities For the demands regarding the controlled temperature see
section 2 and 6, respectively appendix A.1 and A.2.

Steady-state conditions

When steady-state test conditions are reached for a specific test condition, only one set of individual
quantities has be taken over concurrent common time periods. Each reading has to be recorded
as the mean value of each quantity being measured.

In practice it is hardly possible to perform a static, i.e. time invariant measurement on a positive
displacement unit (pump or motor) under operating conditions. So the measurements have to be
accomplished under quasi stationary conditions. Reason to record the time varying instrument
readings and determine the mean values from these records, in our set up. These records also
enables to check if the steady-state condition are actually met. As stated before every recorded
signal was visually checked to ensure stationary conditions. If necessary a stationary part was
isolated from the measurement. In these four measurement sets, there was never a reason to
discard a measurement point completely.

In principle, the values of the controlled parameters should be within the limits given in the classes
of measurement accuracy. Here we have deviated from the test procedure, as has been explained
in the previous section.

Test measurements

The controlled quantities in this particular test are the rotational speed n and the outlet pressure
p2.e of the test pump. The inlet pressure p; . and the inlet temperature 6, . of the test pump
should be kept constant during each test within the limits of the class of accuracy. All quantities
of each set of measurements have to be measured under steady-state conditions. The sets of
measurements correspond to the demanded range of rotational speed and of pump outlet pressure,
see also section 2 and 5. The range of these sets are selected so as to give a representative indication
of the performance of the test pump.

Measurements of the delivered volume flow ¢y2 . and torque 7' of the test pump are used to
determine the total efficiency and the derived capacity. The volume flow gy, which is also
necessary for the calculation of the efficiency, was calculated by adding the drainage mass flow
(calculated from the drainage volume flow gy 4 at the drainage flow temperature 6, using the state
model of Witt) to the delivered mass flow to determine the inlet mass flow (conservation of mass).
This mass flow was converted to the inlet volume flow, using the Witt model and the measured
inlet states.

With use of the derived capacity the volumetric and hydro-mechanical efficiencies are determined,
see section 2.
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8 Test results

The results of each of the four swash angles of the test are presented in the following subsections
(8.1 to 8.4) . Results are presented in numerical and in graphical form. In graphical form, first the
results for the determination of the derived capacity according to the Toet method is presented.
Numerical results, including the results of calculations of total- and part efficiencies are presented
next. Calculations for each of the quantities presented are according the definitions and formulae
of section 3. Finally the graphical results for the total-, the volumetric- and the hydro-mechanical
efficiency are presented for each target pressure, as a function of the rotational speed, in the fashion
of the standards (ISO 4409 and 8426).

Subsection 8.5 deals with the combination of systematic errors in the calculation of total efficiency
of the pumps. And finally in subsection 8.6 some conclusions are drawn from the results of the
measurements.
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8.1 Measurement of the 100% swashed pump (swash-angle: 8 degrees)

Date: 29-Jan-2010

Properties of Test fluid:
Test fluid: Mobil DTE 25
Temperature at inlet:  40.0 [°C] (£ 1.0 [°C] for all operating points)
Kinematic viscosity:  45.9 [cSt] (or [mm2/s])
Density: 861.3  [kg/m?] @ atmospheric conditions and inlet temperature
Inlet pressure: 3.0 [Bar] (£ 2.4 [%)] for all operating points)

Derived capacity:
Nominal:  28.11  [cm3]
Toet: 27.43  [cm3]

Displacement Toet = 27.428 cc
27.6 T T T I I
Correlation coeficient: -0.9990

27.4

27.2

27 *
£
<3
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S 268 .
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p2 - p1 [bar]

Figure 4: Derived capacity (method Toet) at 8 degrees swash angle
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Table 1: Measured and calculated results at 8 degrees swash-angle

01 6o Oar n M Ap D1 Gm,2 Qdr qvie  Qvie Mot Thm Mool
°C] [°C] [°C]  [rpm]  [Nm] [Bar] [Bar] [kg/s] [Lpm] [Lpm] [Lpm| [%] [%] [%]
39.3 415 40.2 504.8 23.46 51.3 3.0 0.20 0.09 13.88 13.70 94.3 95.5 98.9
39.4 41.8 394 511.0 45.10  100.8 3.0 0.20 0.17 14.10 13.71 954 976 97.8
39.4 423 40.1 505.3 66.62 150.2 3.0 0.19 0.26 13.98 1342 952 98.5 96.7
39.3 43.0 41.0 505.3 88.24  199.9 3.0 0.19 0.36 14.01  13.24 94.4 99.0 95.5
39.4 43.8 419 501.0 110.46  250.9 3.0 0.19 0.48 13.93 1298 93.5 99.2 944
39.4 442 43.2 5014 131.66 299.6 3.0 0.19 0.60 13.98 12.83 92.6 994 93.2
39.3 44.8 453 4984 155.04 353.2 3.0 0.18 0.76 13.93 1257 91.3 99.5 91.8
40.2 46.3 48.6 1001.1 154.76 351.0 3.0 0.38 0.81 2797 25.83 93.1 99.1 94.0
40.4 46.1 485 999.8 132.39 300.0 3.0 0.38 0.67 27.85 2597 93.6 99.0 94.6
40.4 454 476 1016.1 110.76 250.4 3.0 0.39 0.54 28.24  26.70 94.5 98.8 95.7
40.1 44.0 46.2 1010.2 89.05 200.5 3.0 0.39 0.41 28.01 26.83 95.1 984 96.8
40.2 43.7 454 1016.8 67.00 149.7 3.0 0.39 0.30 28.11 2723 952 976 97.6
39.7 424 442 1001.1 45.59 1004 3.0 0.39 0.19 27.61 27.03 94.6 96.2 984
39.8 42.0 43.3 1004.3 24.32 51.4 3.0 0.39 0.10 27.62 2736 91.6 923 99.3
39.5 413 41.5 1496.0 24.80 50.2 3.0 0.59 0.11 41.15 40.v7 87.8 885 99.3
39.5 41.8 42.1 1496.8 46.91 100.9 3.0 0.58 0.21 41.29 40.46 924 939 98.5
39.5 423 43.0 14956 68.22 149.8 3.0 0.58 0.31 41.37 40.16 93.8 959 9738
39.6 43.4 43.7 1498.2 90.64 201.6 3.0 0.58 0.43 41.55  39.92 94.3 972 97.1
39.4 43.8 446 1513.2 111.21 248.8 3.0 0.58 0.55 42.06 40.02 94.1 97.8 96.3
39.9 449 458 1505.1 133.15 2994 3.1 0.58 0.68 41.95 3946 93.8 98.2 95.5
39.8 453 472 1496.5 155.89 351.8 3.1 0.57 0.83 41.82 3891 93.3 98.6 94.7
40.2 46.5 49.9 2014.6 155.99 350.2 3.0 0.77 0.94 56.26  52.49 93.0 98.1 94.9
40.6 46.4 51.5 2011.3 133.67 299.4 3.0 0.77 0.81 56.03 52.77 93.5 979 95.6
40.8 45.7 51.0 2021.3 111.39 248.1 3.0 0.78 0.65 56.17 53.49 93.7 973 964
40.9 45.2 49.8 2006.8 9391 2078 3.0 0.77 0.54 55.66  53.40 93.7 96.7 96.9
40.8 44.3 49.1 2005.7 69.01 150.2 3.0 0.78 0.38 55.46  53.82 929 951 978
40.9 439 48.6 20029 4779 1014 3.0 0.78 0.26 55.23  54.17 91.3 92.7 98.5
40.7 42.9 48.0 1995.7 25.67 50.4 3.0 0.78 0.14 54.88 54.39 85.1 85.8 99.3
40.4 42.3 474 2503.5 26.77 50.4 3.0 0.98 0.17 68.86 68.24 81.7 823 99.3
39.8 42,1 47.8 2502.8 48.38 99.9 3.1 0.98 0.28 69.06 67.76 889 90.2 98.6
39.9 43.1 481 24939 69.82 149.2 3.1 0.97 0.41 68.97 67.06 914 93.3 979
39.7 43.5 49.0 2503.9 9142 199.0 3.1 0.97 0.55 69.42 66.84 924 95.1 97.3
40.0 44.5 50.2 2489.9 114.58 252.7 3.1 0.96 0.70 69.23 6597 929 96.3 96.5
40.0 45.2 51.4 2501.6 135.28 300.5 3.1 0.96 0.86 69.72  65.77 929 97.0 95.8
40.4 46.3 53.2 2510.0 157.00 350.7 3.1 0.96 1.05 70.12  65.58 92.8 97.6 95.2
40.4 46.6 55.9 2990.5 152.27 337.5 3.1 1.14 1.14 83.47 7831 923 96.8 954
40.8 46.7 56.7 3015.2 136.71 301.8 3.1 1.16 1.02 84.01 79.35 924 96.4 95.9
41.0 46.3 56.6 2997.0 116.13 254.2 3.0 1.15 0.86 83.30 79.46 92.3 95.6 96.6
41.0 45.1 54.9 2983.2 9446 204.5 3.0 1.15 0.69 82.73 79.57 91.8 94.6 97.2
40.6 439 54.2 29985 71.50 151.0 3.0 1.17 0.51 82.93 80.59 90.3 923 979
39.7 423 53.1 2990.6 49.50 1004 3.0 1.17 0.38 82.48 80.98 874 88.6 98.6
40.8 42.8 51.6 2986.1 28.32 51.1 3.0 1.17 0.28 82.13 81.25 782 789 99.1
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8.2 Measurement of the 75% swashed pump (swash-angle: 6 degrees)

Date: 29-jan-2010

Properties of Test fluid:

Test fluid: Mobil DTE 25

Temperature at inlet:  40.1 [°C] (£ 1.0 [°C] for all measurements)

Kinematic viscosity:  45.4 [cSt] (or [mm2/s])

Density: 861.1 [kg/m?] @ atmospheric conditions and inlet temperature
Inlet pressure: 3.0 [Bar] (£ 1.6 [%] for all measurements)

Derived capacity:
Nominal: 21.12  [cm?)
Toet: 20.94  [cm3]

Displacement Toet = 20.942 cc
21 T T I

I I
Correlation coeficient: —0.9988

20.8 -

20.6 -

20.2

20

19.8 I I I I I I I
0 50 100 150 200 250 300 350 400

p2 - p1 [bar]

Figure 8: Derived capacity (method Toet) at 6 degrees swash angle
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Table 2: Measured and calculated results at 6 degrees swash-angle

61 02 bar n M Ap p1 qm,2 qar qQviie  Qvze  Not  Thm Mol
°Cl [°C] [°C]  [rpm]  [Nm] [Bar] [Bar] [kg/s] [Lpm] [Lpm] [Lpm] [%] [%] [%]
39.1 415 36.8 502.5 18.18 51.3 3.0 0.15 0.09 10.57 10.39 92.8 94.3 98.5
39.3 420 38.2 502.7 34.54 100.7 3.0 0.15 0.19 10.61 10.24 944 974 97.0
39.5 429 395 501.0 51.01 1504 3.0 0.15 0.29 10.60 10.056 94.0 98.5 95.5
39.7 43.7 40.6 505.5 67.26 199.2 3.0 0.14 0.39 10.72 9.98 93.0 99.0 94.0
39.7 444 424 501.1 84.22  250.2 3.0 0.14 0.52 10.66 9.74 91.7 99.3 92.5
39.7 45.1 44.2 503.1 100.71 299.7 3.0 0.14 0.66 10.73 9.60 90.2 99.5 90.8
39.9 46.1 47.0 503.2 118.47 353.0 3.0 0.14 0.84 10.75 9.38 88.3 99.6 88.7
40.1 46.5 485 10129 118.66 351.5 3.0 0.29 0.86 21.64 19.59 91.1 99.0 92.1
40.3 46.2 49.0 1012.6 102.08 301.9 3.1 0.29 0.72 21.58 19.80 92.0 98.9 93.1
40.4 45.6 48.1 1012.6 84.90 250.5 3.0 0.29 0.58 21.53 20.05 929 98.6 94.3
40.3 44.6 46.7 1007.5 66.68 195.8 3.1 0.29 0.43 21.36  20.22 93.7 98.1 95.6
40.0 43.6 45.7 1003.1 51.58 150.2 3.0 0.29 0.32 21.22 20.36 94.0 97.3 96.7
40.0 43.1 45.0 1010.5 3534 101.0 3.0 0.30 0.21 21.32 2075 934 956 97.8
39.8 422 44.0 1003.2 18.73 51.0 3.1 0.30 0.10 21.10 20.83 90.0 91.1 98.9
39.9 421 43.0 1515.6 19.55 51.1 3.1 0.45 0.12 31.89 31.48 86.4 874 98.9
39.8 42.1 43.3 1510.8 36.07 100.7 3.1 0.45 0.22 31.89 31.07 91.3 93.3 97.9
39.9 43.0 439 1496.3 52.27 149.7 3.1 0.44 0.34 31.66 30.50 92.8 95.7 97.0
40.1 43.7 444 1509.1 68.85 199.6 3.1 0.44 0.46 32.02 30.50 93.2 969 96.2
40.2 44.8 45.5 1503.9 85.51 2498 3.1 0.44 0.60 3198 30.07 929 97.7 95.2
40.2 45.3 46.8 1499.3 102.69 301.5 3.1 0.43 0.74 3197 29.63 923 98.1 94.1
40.2 46.0 48.3 1499.7 119.35 351.8 3.1 0.43 0.91 32.06 29.23 914 985 92.8
40.2 46.6 51.3 2011.9 120.24 352.6 3.0 0.58 1.03 42.99 3945 914 98.0 934
40.7 46.9 52.3 2005.1 10297 3008 3.0 0.58 0.86 42.73  39.74 92.1 976 944
40.3 455 51.6 1999.8 86.01 249.6 3.0 0.58 0.69 42,51 40.03 924 97.0 95.3
40.8 45.4 50.5 2006.6 68.51 196.9 3.0 0.59 0.53 42.54  40.60 92.5 96.1 96.3
40.5 44.2 49.6 2010.8 53.17 150.6 3.0 0.59 0.39 42.53 41.05 91.9 946 97.2
40.8 44.1 489 1998.6 36.69 100.8 3.0 0.59 0.26 42.15  41.18 90.0 91.8 98.1
40.2 42.0 48.0 19934 20.35 51.3 3.0 0.60 0.13 41.95 4145 835 84.3 99.0
40.0 42.1 47.2 2506.4 20.92 50.7 3.0 0.75 0.16 52.73 52.11 80.1 80.9 99.0
39.7 42.1 47.8 2515.1 37.47 100.1 3.0 0.75 0.28 53.08 51.88 87.6 89.3 98.2
39.6 42.7 481 2505.0 53.74 149.1 3.0 0.74 0.42 53.00 51.20 90.2 928 97.3
40.0 44.0 49.2 2499.6 71.06 201.4 3.1 0.73 0.57 53.02 50.62 91.3 94.7 964
40.0 44.6 50.5 24975 86.26 2474 3.0 0.73 0.73 53.10 50.14 916 959 95.6
40.5 45.9 52.2 2506.0 103.69 300.1 3.1 0.73 0.92 53.42 49.79 91.5 96.7 94.6
40.3 46.1 53.6 2508.4 120.20 350.0 3.1 0.72 1.12 53.61 49.40 91.2 97.3 93.8
40.9 47.7 57.0 2996.0 12195 353.0 3.0 0.86 1.31 64.01 59.00 90.7 96.7 93.8
41.0 47.0 57.7 2994.0 104.13 299.5 3.1 0.87 1.08 63.80 59.50 909 96.1 94.6
40.9 45.8 56.6 3009.3 86.88 2474 3.0 0.88 0.86 63.98 60.38 909 952 95.5
40.4 44.5 56.0 3007.9 73.15 205.8 3.0 0.88 0.69 63.82 60.93 90.7 94.0 96.5
39.6 43.2 54.7 3000.1 54.78 150.4 3.0 0.89 0.50 63.46 61.29 89.2 91.7 97.3
39.5 427 53.7 29914 38,50 1014 3.0 0.89 0.35 63.10 61.62 86.3 88.1 98.1
39.7 424 53.1 30204 21.76 50.8 3.0 0.90 0.22 63.53 6279 772 780 99.0
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8.3 Measurement of the 50% swashed pump (swash-angle: 4 degrees)

Date:

29-jan-2010

Properties of Test fluid:

Test fluid: Mobil DTE 25

Temperature at inlet:  40.1 [°C] (£ 0.8 [°C] for all measurements)

Kinematic viscosity:  45.3 [cSt] (or [mm2/s])

Density: 861.0  [kg/m?] @ atmospheric conditions and inlet temperature
Inlet pressure: 3.0 [Bar] (£ 3.0 [%] for all measurements)

Derived capacity:

Nominal:
Toet:

14.09  [em?]
13.74  [em?]

Displacement Toet = 13.740 cc

13.7

13.6

135

13.4

[cal

0 rpm

3Q/8N

129

128

12.7

13.3

13.2

13.1

I I
Correlation coeficient: —-0.9982

50 100 150 200 250 300 350 400
p2 - p1 [bar]

Figure 12: Derived capacity (method Toet) at 4 degrees swash angle
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Table 3: Measured and calculated results at 4 degrees swash-angle

61 O bar n M Ap D1 Im,2 dr qvie  Qvz2e Mot Thm Mol
°C] [°’Cc] [°C] [rpm] [Nm] [Bar] [Bar] [kg/s] [Lpm] [Lpm| [Lpm] [%] [%] [%]
40.1 42.7 394 5069 12.18 51.2 3.0 0.10 0.10 7.01 6.83 90.1 924 976
40.2 43.1 40.2 510.5 23.10 101.7 3.0 0.10 0.20 7.08 6.72 92.1 96.7 95.3
40.2 43.4 40.7 503.1 33.80 151.3 3.0 0.09 0.30 7.00 6.46 91.3 98.4 93.0
40.3 44.4 42.1 507.5 44.44 200.3 3.0 0.09 0.42 7.07 6.34 89.5 99.0 90.6
40.4 45.2 43.7 499.8 55.62 251.8 3.0 0.09 0.57 6.98 6.07 87.3 994 879
40.4 459 459 504.3 66.50 301.7 3.0 0.09 0.72 7.06 5.92 84.6 99.6 85.1
40.1 46.4 48.6 496.2 77.35 351.8 3.0 0.08 0.90 6.97 5.60 81.6 99.9 818
40.0 46.8 50.1 1009.9 77.77 350.5 3.1 0.18 0.94 14.17  12.28 87.1 99.0 88.1
40.2 46.7 50.1 1015.2 67.03 301.7 3.1 0.18 0.79 14.21 12.58 88.7 98.8 89.8
40.4 46.2 49.2 1007.1 56.02 251.2 3.1 0.18 0.63 14.07 12.73 90.1 985 91.6
40.4 454 48.0 1024.6 45.19 201.2 3.1 0.19 0.49 14.27  13.17 91.0 97.8 93.1
40.3 44.4 46.9 1005.8 34.06 150.0 3.1 0.19 0.34 13.98 13.16 91.6 96.7 94.8
40.2 43.6 46.0 1006.5 23.58 101.2 3.1 0.19 0.22 1395 13.39 90.8 94.3 96.4
40.0 42.6 44.7 1006.2 12.78 51.2 3.1 0.20 0.11 13.91 13.62 86.2 88.0 98.1
39.9 422 43.7 1516.3 13.39 50.8 3.1 0.30 0.12 20.96 20.53 81.6 8&83.3 98.1
39.9 426 44.2 1518.0 24.30 100.9 3.0 0.29 0.24 21.05 20.25 88.0 91.2 96.7
39.9 43.2 44.8 1505.7 35.13 151.0 3.1 0.29 0.36 20.93 19.82 90.0 944 954
39.9 43.8 45.1 1504.3 45.64 199.4 3.1 0.28 0.50 20.97 1956 90.3 959 94.2
39.9 446 46.4 1504.3 56.77 250.7 3.1 0.28 0.65 21.02  19.26 89.9 97.0 928
40.2 45.7 48.0 15074 67.86 301.9 3.1 0.28 0.82 21.12  19.00 89.1 97.7 91.3
40.4 46.9 50.2 1499.7 78.65 351.7 3.1 0.27 1.03 21.06 1853 879 982 89.6
40.5 47.4 52.7 2014.5 79.43 353.1 3.0 0.36 1.16 28.28 2496 87.6 976 89.8
40.7 47.2 53.2 2009.6 67.97 300.9 3.0 0.37 0.96 28.13 25.34 88.7 972 914
40.5 46.0 52.3 2024.8 57.04 250.6 3.0 0.38 0.76 28.28 2597 89.6 96.5 92.9
40.6 45.5 51.3 2017.5 4540 197.0 3.0 0.38 0.58 28.10 26.29 899 953 944
40.3 44.0 50.1 1998.6 35.20 150.2 3.1 0.38 0.42 2778 2641 89.6 93.7 95.7
40.4 43.6 49.4 2005.8 24.51 1005 3.0 0.39 0.28 2780 26.87 873 90.1 97.1
40.1 42.5 48.7 2007.5 13.94 51.3 3.0 0.39 0.15 27.75 2726 79.5 80.8 984
40.2 42.6 48.3 2513.9 1442 50.6 3.0 0.49 0.17 34.75 34.14 758 T7.1 984
40.2 42.9 489 2512.0 25.35 100.8 3.0 0.49 0.31 3483 33.69 84.8 873 97.2
40.3 43.6 49.3 2501.7 36.18 150.8 3.0 0.48 0.46 34.78  33.09 876 915 959
40.1 44.0 50.4 2501.5 47.14 201.0 3.0 0.47 0.62 34.87 32.65 885 93.7 94.6
40.1 44.8 51.4 2511.7 5845 253.0 3.1 0.47 0.81 35.10 3231 88.5 95.1 93.2
39.8 452 52,7 2499.1 68.74 300.5 3.1 0.46 1.00 35.01 31.72 882 96.0 92.0
399 46.5 544 24985 79.32 350.0 3.1 0.46 1.25 35.07 31.17 875 969 904
39.8 46.7 56.2 3004.4 80.14 351.0 3.0 0.55 1.44 42.17 3755 87.0 96.2 90.6
40.3 47.1 57.9 3008.0 69.25 3014 3.0 0.56 1.21 42.11  38.13 87.7 956 91.8
40.2 45.6 57.1 3001.0 58.42 251.1 3.0 0.56 0.95 41.92 38.55 87.8 944 93.1
39.9 44.7 56.2 3005.9 4850 204.7 3.0 0.57 0.75 41.89 39.15 874 927 944
39.7 43.7 55.1 3006.4 36.81 150.9 3.0 0.57 0.55 41.78  39.69 86.0 90.0 95.7
39.5 42,7 54.1 2996.1 26.07 1014 3.0 0.58 0.37 41.53 40.10 82.8 855 97.0
394 421 535 29934 15.10 50.9 2.9 0.58 0.21 41.37  40.58 72.7 74.1 98.2
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8.4 Measurement of the 25% swashed pump (swash-angle: 2 degrees)

Date: 01-Feb-2010

Properties of Test fluid:

Test fluid: Mobil DTE 25

Temperature at inlet:  40.3 [°C] (£ 0.6 [°C] for all measurements)

Kinematic viscosity:  45.0 [cSt] (or [mm2/s])

Density: 860.9  [kg/m?] @ atmospheric conditions and inlet temperature
Inlet pressure: 3.0 [Bar] (£ 2.9 [%)] for all measurements)

Derived capacity:
Nominal:  7.05 [cm?]
Toet: 6.64 [cm?]

Displacement Toet = 6.638 cc
7 T T I I I

Correlation coeficient: —-0.9964

[cc]

0 rpm

S3Q/8N

50 100 150 200 250 300 350 400
p2 - p1 [bar]

Figure 16: Derived capacity (method Toet) at 2 degrees swash angle
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Table 4: Measured and calculated results at 2 degrees swash-angle

61 O bar n M Ap D1 Im,2 dr qvie  Qvz2e Mot Thm Mol
°C] [°’Cc] [°C] [rpm] [Nm] [Bar] [Bar] [kg/s] [Lpm] [Lpm| [Lpm] [%] [%] [%]
40.3 434 39.0 5004 6.58 51.3 3.1 0.05 0.10 3.34 3.19 79.0 82.6 95.8
40.5 43.9 40.7 497.2 11.67 100.7 3.1 0.04 0.21 3.33 3.01 82.9 914 909
40.3 43.9 41.7 499.7 16.90 150.7 3.1 0.04 0.33 3.35 2.86 81.1 945 86.0
40.2 44.5 42.8 505.9 22.06 199.6 3.1 0.04 0.46 3.40 273 773 959 80.9
40.1 454 449 5129 2744 2504 3.1 0.04 0.61 3.46 2.57 72.6 96.7 75.3
40.2 46.5 48.0 503.8 32,59 299.2 3.1 0.03 0.79 3.40 2.29  66.2 97.3 684
40.4 48.0 52.7 505.0 37.84 349.0 3.1 0.03 1.02 3.42 2.02 583 97.8 60.0
40.8 49.1 b54.6 1003.6 38.80 351.2 3.0 0.07 1.12 6.79 492 703 959 73.5
40.9 49.0 54.3 1002.4 33.40 300.9 3.0 0.08 0.93 6.77 5.19 73.9 955 TT.7
40.7  48.2 53.0 1006.8 28.15 251.7 3.0 0.08 0.75 6.78 5.50 775 94.8 82.0
40.6 46.9 51.2 1002.5 2265 1999 3.0 0.08 0.56 6.73 5.73 80.1 93.6 859
40.4 45.6 49.3 1004.3 17.44 150.3 3.0 0.09 0.39 6.73 6.02 82.1 914 90.1
40.2 44.5 48.0 999.8 12.34 101.1 3.0 0.09 0.25 6.68 6.23 81.0 86.9 93.5
40.0 43.6 46.8 1008.0 7.14 51.3 3.0 0.09 0.12 6.72 6.52 73.8 76.1 97.1
399 429 454 1556.5 7.76 50.9 3.0 0.15 0.14 10.38 10.13 67.8 69.5 97.8
39.8 43.0 459 1516.5 1297 100.6 3.1 0.14 0.26 10.14 9.56  77.7 822 94.7
39.8 43.6 46.1 1504.2 18.22 150.9 3.1 0.13 0.40 10.09 9.20 80.5 87.8 91.8
39.9 44.3 46.5 1505.1 23.40 200.1 3.1 0.13 0.56 10.12 8.91 80.4 90.6 88.9
40.1 454 48.0 1485.3 28.70 250.5 3.1 0.12 0.74 10.01 8.46 79.0 925 85.6
40.2 46.7 50.2 1514.2 34.14 301.8 3.1 0.12 0.97 10.23 8.23 76.3 93.7 81.6
40.2 47.8 52.8 1495.7 39.28 3514 3.1 0.11 1.20 10.13 7.66 727 94.8 76.9
404 489 553 1997.0 39.88 3526 3.0 0.15 1.39 13.52 10.54 74.1 93.7 79.2
40.5 48.7 56.4 1988.0 34.31 300.6 3.0 0.16 1.13 13.42 10.93 76.5 92,9 82.6
40.7 48.1 55.9 2024.2 29.17 251.7 3.0 0.17 0.91 13.63 11.58 784 914 85.9
40.5 46.8 54.5 1996.1 23.79 200.7 3.0 0.17 0.67 13.41  11.83 79.4 89.4 89.0
40.5 46.0 53.1 1997.6 18.46 150.2 3.0 0.18 0.49 13.38  12.22 79.1 86.3 91.9
40.4 44.8 52.0 2007.2 13.33 100.9 3.0 0.18 0.31 13.42 12.67 76.0 80.3 94.8
40.3 43.9 51.0 2011.0 8.10 50.8 2.9 0.19 0.16 13.41 13.07 64.8 66.5 97.6
40.2 43.2 50.5 2500.6 8.78 51.3 3.1 0.23 0.19 16.68 16.27 60.4 61.9 97.7
40.1 43.6 50.8 2513.8 14.05 101.2 3.0 0.23 0.34 16.81 15.96 72.7 764 95.3
40.2 44.1 51.1 2500.2 19.28 150.7 3.1 0.22 0.51 16.77 1539 76.5 829 924
40.1 44.8 52.2 2502.5 24.50 200.2 3.1 0.22 0.70 16.83 14.94 77.5 86.6 89.6
39.9 46.1 52.6 2525.1 29.82 250.8 3.1 0.21 0.92 17.01 14.63 774 89.2 87.0
40.0 46.7 54.8 2518.7 35.06 301.2 3.1 0.20 1.18 17.02 14.08 76.2 91.1 83.9
40.2 48.3 57.7 2503.1 40.32 351.7 3.1 0.20 1.53 16.94 13.46 74.5 925 80.8
40.3 49.0 60.8 3020.8 40.98 352.3 3.0 0.24 1.73 20.44 16.23 734 91.1 80.7
40.5 49.0 61.3 3039.5 35.41 300.1 3.0 0.25 1.42 20.51  17.00 75.3 89.8 84.0
40.4 47.7 60.3 3011.9 30.17 250.5 3.0 0.25 1.11 20.28 1740 76.2 88.0 86.7
40.6 46.8 59.5 3010.1 24.66 1979 3.0 0.26 0.83 20.22 18.05 76.4 85.0 90.0
40.4 45.6 579 3011.1 19.66 1504 3.0 0.27 0.62 20.18 1852 74.8 81.1 92.3
40.5 44.8 56.9 3005.9 14.38 100.6 3.0 0.27 0.42 20.09 19.03 704 742 95.0
40.6 44.4 56.5 3013.0 9.23 51.1 3.0 0.28 0.24 20.08 19.63 57.3 586 97.8
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8.5 Combination of errors (ISO 4409)

The systematic error in the calculation of the power or the calculation of the total efficiency of
the pump can be calculated from the systematic errors of instruments (See annex B of standard
ISO 4409).

The relative error in total efficiency of the pump due to error propagation can be defined as:

R CRORCR .

In the setup of our test circuit mass measurement is applied for determining the volume flow rate.
Accordingly relative errors due to mass- and time measurements and to the accuracy of density
have to be used as a substitute of relative errors in volume flow measurements. Consequently from
propagation of systematic error follows that:

() =) (5 () o

The relative errors found in the calibration of the sensors (see appendix A.2) are used in equation
(7) and (8) to calculate the relative error in total efficiency. Interpolation in relative errors of
separate quantities is used to determine the data of relative error in total efficiency for the set of
operating points of the pump. The results of the calculation of the relative error in total efficiency
in case of full (100%) displacement of the pump are shown in figure 20.

Relative error in total efficiency (propagation of systematic errors)

l T T T T T
—— Ap= 50[Bar]
A p =100 [Bar]
09r Ap =150 [Bar] [|
A p =200 [Bar]
0.8} Ap =250 [Bar] H
A p =300 [Bar]
A p =350 [Bar]
0.7 i
0.6 |

Relative Error [%]
o
(6]
T
|

I
N
T
i

0.3 i
0.2} -
\
0.1 \—
O | | | | |
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Rotational speed n [rev/min]

Figure 20: Systematic error in total efficiency at full (100%) displacement of the pump

Note that relative error is better than about 0.5% for the complete field of operating points and
even better than 0.25% for most of the operating points. The lower end of the range of operating
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points exhibits the worse values in accuracy.

Consequently the total efficiency determined for this pump at full displacement, closely following
the standard of ISO 4409, are estimated accurate within a band of + 0.5% in the lower end to +
0.25% in the mid- and higher end of the range of operation points.

In case of a variable displacement pump both volume flow rate and torque will decrease with the
decrease of the displacement of the pump. For that reason measurements of these quantities will be
more at the lower end of the measuring range. Likely such measurements will be less accurate due
to the increase of the relative error near the lower end of the measuring range (see the calibration
of sensors in appendix A.2). So accuracy may deteriorate at lower settings of the displacement.
However this is circumvented partly in our setup for determining the volume flow rate by using
measurement, of mass. By increasing the measuring time the mass of fluid will increase too, so
this measurement can be performed in a more favorable part of the measuring range. This feature
is one of the benefits of applying mass flow over volume flow measurements.

The measurements at the lowest set value of the displacement of the pump can be considered as
the worst case for the accuracy.

The results of the calculation of the relative error in total efficiency in case of 25% of the displace-
ment of the pump are shown in figure 21.

Relative error in total efficiency (propagation of systematic errors)

1 T T T T T
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Figure 21: Systematic error in total efficiency at 25% displacement of the pump

Note that relative error is better than about 0.5% for the complete field of operating points, but
no better than 0.25%. Generally it can be stated that the total efficiency determined for this
pump at any displacement between 25% to 100%, closely following the standard of ISO 4409, are
estimated accurate within a band of + 0.5% to & 0.25% or better near full displacement.
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8.6 Conclusions of measurements

The total efficiency of the FCV28 type of variable pump in case of full displacement (i.e. 8 degrees
swash angle) shows high values in a wide band of the operating points. At decreasing swash angles,
the efficiencies also decrease, but only very gradually. This is in line with the expectations, as
in the FC type of pump — due to the different kinematics of this concept — there are no pressure
induced contact forces between the pistons and the cavities in which they run. With this, an
important source of hydromechanical losses and stiction in the more conventional types of axial
piston units, is avoided in the FC concept.

The derived capacities found for this pump (according to Toet [3]), for the four different swash
angles measured, appear to be consistent with the measured data and the results for the part
efficiencies (volumetric and hydro-mechanical). Applying these values in the calculation of the
part efficiencies result in outcomes with a physical meaning, i.e. remain below or just up to the
100% mark for both of the part efficiencies. Physical meaning refers to the assumption that the
pump is absolutely a positive displacement pump: the volume flow rate is generated exclusively
by positive displacement.

It may be noted that measuring positive displacement pumps with such high performance stresses
the methods for determination of performance according to the standard of ISO 4409 to the limits.
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A Appendix

A.1 Classes of measurement accuracy ISO 4409 and ISO 8426
Tables 5, 6 and 7 according standard ISO 4409 /ISO 8426 and table 8 according standard ISO 8426.

Table 5: Permissible variation in indicated fluid temperature

Class of measurement accuracy A B C

Variation of temperature indication, K +1.0 +2.0 +4.0

Table 6: Limits of permissible variation of mean indicated values of selected parameters

Parameter Permissible variation for classes of
measurement accuracy

A B C
Rotational speed, % +0.5 +1.0 +2.0
Torque, % +0.5 +1.0 +2.0
Volume flow rate, % +0.5 +1.5 +2.5
Pressures, where p < 2 x 10° Pa gauge, Pa 41 x 10° +3 x 103 +5 x 10°
Pressures, where p > 2 x 10° Pa gauge, % +0.5 +1.5 +2.5
Note:

The permissible variations listed concerns deviation of the indicated instrument reading and do not
refer to limits of error of instrument reading. These variations are used as an indicator of steady
state, and are also used where graphical results are presented for a parameter of fixed value. The
actual indicated value should be used in any subsequent calculation of power or efficiency.

Table 7: Permissible systematic errors of measuring instruments as determined during calibration

Parameter of measuring instrument Permissible systematic errors
for classes of measuring accu-
racy

A B C

Rotational speed, % +0.5 +1.0 +2.0

Torque, % +0.5 +1.0 +2.0

Volume flow rate, % +0.5 +1.5 +2.5

Pressures where p < 2 bar Pa gauge,bar +0.01 +0.03 +0.05

Pressures where p > 2 bar Pa gauge, % +0.5 +1.5 +2.5

Temperature, K +0.5 +1.0 +2.0

Note:

The percentage limits given in this table apply to the value of the quantity being measured and not
to the maximum values of the test or the maximum reading of the instrument.
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Table 8: Pump and motor test speeds

Classes of measure- number of speeds Speed movements over full continuous
ment accuracy rated speed range

A 10 or more In equal increments

B 5 or more In equal increments

C 3 or more At 20, 50 and 100%

Determination of the steady-state performance of the Innas FCV28 pump
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A.2 Errors and classes of measurement accuracy

Where appropriate, measurement devices (sensors and transducers) and measurement instruments
(conditioning, amplifiers etc.) are calibrated in the measurement chain of the measurement set up.
An exception is the calibration of the torque measuring shaft, which is calibrated together with
its bridge amplifier on a separate test rig. A number of calibrations is based on the use of known
and calibrated weights (NKO certified)). This is the case in the dead weight calibration apparatus
(Barnet Instruments) for pressure devices, in the calibration of the weight system for the mass
flow rate and in the test rig for calibration of torque devices. The pressure sensors, the torque
measuring shaft and the bascule have been re-calibrated immediately after the measurements
described in this report.

The rotational speed transducer has not been re-calibrated. This sensor has been introduced
in this testbed in 2004, when its signal chain was also calibrated to an accuracy better than 0.1%.
It has been in the testbed ever since. The signal quality of the optical disc sensor and the accuracy
of the transformation to rotational speed, are checked on a very regular basis: using a scope which
is always included in its signal chain, the raw pulses are monitored and the scope’s frequency
readout for this signal is compared with the speed reported by the LabView VI interface. The
match is always in the range of that same 0.1%.

The drain flow sensor has been calibrated against the bascule for the last time in March 2007.
The resulting linear fit was accurate to within 1% for very low flows. Above flows of 0.2 [Lpm],
the accuracy was better than 0.5% improving to 0.1 % above 1 [Lpm)].

In view of the very small impact of the accuracy of this flow measurement on the efficiency
calculation, this sensor was not re-calibrated in the context of these measurements.

All calibrations, with the exception of the calibration of the differential pressure sensor, are
based on linear regression (best linear line fit, least squares fitting) of the recorded data, resulting
in data for the slope and the intercept of the fitted line. For the differential pressure sensor, a
quadratic fit was used, in order to reach the required precision in the range of measurements. Each
linear fit of the following calibrations shows a good relationship to a linear line. For the linear fits,
the data for the slope and the intercept of the fitted lines have been used for the conversion to the
physical quantities. For the quadratic fit of the pressure difference sensor, the 3 terms have been
used that result from of a Matlab polyfit operation with a polynomial of degree 2.

The graphical results of the most important calibrations are depicted in figures 22 to 25, together
with the relevant data for the fits.
Also the error of the observed data to the linear fit is depicted as the relative error, defined by:

relative error[%] = error / calculated value * 100% , where
error = observed value — calculated value

Note that these graphs also show the boundaries of class A of the measurement accuracy (see also
table 3 of appendix A.1).
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Calibration of the torque transducer

Conversion from Voltage to real Torque
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Figure 22: HBM (Hottinger Baldwin Messtechnik) T2/200 Nm torque measuring shaft +
HBM MGC strain-gage bridge amplifier (Callibration date: February, 4, 2010)
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Calibration pressure transmitter inlet pump

PTX1400, Conversion form Uout to actual pressure
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Figure 23: Druck PTX 1400 pressure transmitter 4-20 mA output
(Callibration date: February, 1, 2010)
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Calibration pressure differential transducer

Paine PSD5000, Conversion from Uout to actual pressure
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Figure 24: Paine 5000 PSID Bi-directional differential pressure transducer +
HBM MVD2555 strain-gage bridge amplifier (Callibration date: February, 1, 2010)
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Calibration Bascule

Conversion from Voltage to mass
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Figure 25: Raute BAS3 load cells (inclusive pendulum support mounting RGP10) +
Logic DLC95-C Load cell indicator (Callibration date: February, 1, 2010)

80

Determination of the steady-state performance of the Innas FCV28 pump

47



