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Abstract

Plastics are used more and more in hydraulic systems. The chemical prop-
erties of the plastics favour the use of working fluids alternative to mineral
oil, e.g. water. The conditions in the manufacturing process, e.g. injec-
tion moulding, limit the achievement of high working pressures in the
hydraulic elements. Internal leakage reduces the efficiency of the hydraulic
pump with plastic gears. The article presents the results of internal leakage
tests of a water-supplied hydraulic pump. Gears made of various materials
(PPS+GF40 and PEEK) have been used in the research, made by two meth-
ods: injection moulding and machining. A simplified mathematical model
of the dependence of leakages on pressure and rotational speed has been
developed. The influence of the materials and manufacturing methods used
on the pump operation is discussed.

Keywords: Composites, PEEK, PPS+GF40, clearances, tap water, inter-
nal flow.

1 Introduction

Plastics have been used in hydraulic systems for many years. They can
be found in auxiliary parts, e.g. housings or seals. However, not too many
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plastics are used for elements subjected to medium or high working pressure
(e.g. 16 MPa). Many features of polymer materials, incl. flexibility, chemical
resistance, great freedom of forming the shape while maintaining low pro-
duction costs [1] make more and more solutions for hydraulic components
with these materials.

Most hydraulic systems use different types of hydraulic oil. In some
machines, restrictions due to flammability of liquids, environmental protec-
tion and other criteria do not allow their use. In such situations, mineral oils
are replaced by other working fluids, e.g. mixtures of oil and water, non-
flammable water-based fluids or water only. The mentioned liquids, apart
from numerous advantages, such as approval for use in demanding condi-
tions, fire resistance, can be chemically aggressive towards the materials used
with oils. An example may be water. The high reactivity of water requires the
use of stainless steels or appropriate coatings [2]. Both solutions increase the
costs of manufactured hydraulic components. The answer to these challenges
are plastics, which can also maintain the required strength, while maintaining
high chemical resistance.

Injection moulding, one of the basic methods of producing plastic parts,
is associated with component quality limits, such as dimensional accuracy
or surface condition, relative to machining. With water-driven hydraulic
systems, clearances and surface quality are particularly important due to
fluid parameters. The viscosity is lower than that of oil and results in higher
dimensional requirements.

2 Plastics in Hydraulic Systems

The share of plastics in selected areas of hydraulics is growing. There are
many works on the use of the positive features of polymers in hydraulic
systems, e.g. lowering the friction coefficient in bearings [3], reducing the
production costs of complex elements such as gerotor gears, [4], creating new
solutions valve bodies [5], the use of plastic properties in research on design
solutions of gears in pumps [6] and gears [7].

In addition to research work, companies are also trying to introduce
plastics to the hydraulic system market. An example is the use of a composite
hydraulic cylinder cover [8].

The widespread use of plastics is limited primarily by three criteria:

* strength
* stiffness
* dimensional stability
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The strength of plastics varies. The entire family of plastics includes a
group of engineering plastics. After appropriate modifications, they can be
significantly loaded while maintaining the required rigidity. For hydraulic
systems, these two parameters — strength and stiffness — are important
because they affect the range of the working pressure and the volumetric
efficiency of the systems.

Another criterion is the accuracy of the components, especially manu-
factured by using injection moulding. Maintaining the repeatability of the
dimensions tolerated in the elements significantly increases the production
costs, which makes it difficult to introduce plastics into the hydraulic systems,
especially at operating pressures above 10 MPa.

Next aspect of using plastics are the differences in the mechanical and
physical parameters of plastics that are greater than for the currently used
materials. This is due to the use of many additives and the influence of
the production process parameters on the quality of semi-prepared products.
These differences are observed even for materials with similar or the same
chemical composition.

Average values are often given in the literature. A detailed analysis of
the available data shows that the ranges of the selected parameters may
be wide. Table 1 presents the list of mechanical parameters for selected
materials, taking into account many extreme cases. The difference between
the limit values may result from special cases of the material provided by
the manufacturer, e.g. the chemical composition covered by a patent, or
the adopted test method, which is not always provided. This dispersion of
values presents a major challenge in the design and construction of hydraulic
components.

With a wide dispersion of mechanical parameters, the hydraulic parame-
ters of working fluids are another challenge. The use of fluids with a lower
viscosity than conventional mineral hydraulic oils requires considerable
attention at the design stage as it can lead to a reduction in efficiency

Table 1 Ranges of mechanical parameters of selected materials according to different

manufacturers, taking into account different conditions for the preparation of an element from

a given material or its operation, e.g. working temperature, drying of granules, etc. [9, 10]
Parameter (Unit) PPS PEEK PPS+CF30  PPS+GF40
Density (kg/m®) (1.34-2.26) (1.26-1.50) (1.40-1.69) (1.35-1.80)

Modulus of tensile
elasticity £/ (GPa) (3.40-17.2)  (2.2-6.48) (7.0-32) (3-37)

Yield Limit Re (MPa)  (27.6-150)  (65-120) (95-173) (60-180)
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Table 2 Selected parameters of oil and water at temperature 6 = 25 °C [11-13]
Hydraulic Water Hydraulic  Oil-in-water

Fluid Oil Oil Emulsion Glycol
Designation HLP-68  tap water ~ HLP-32 HFB-68 PAG
Viscosity (mm?/s) 150 0.89 70 160V 180
Density (kg/m®) 870 997 870 910 980%

(1) interpolated; (2) at 15 °C

(Table 2). The low viscosity of some liquids (v < 1.0 mm?/s) facilitates the
flow in internal gaps and may lead to leaks many times greater than in typical
hydraulic systems [14]. As a consequence, motion resistance increases and it
is an important problem in many pumps and motors [15, 16].

In such a complex design and technological situation, it seems reasonable
to determine internal leaks and to develop a simplified mathematical model.
The mathematical models of leaks in pumps and hydraulic motors take var-
ious forms, from the simplest [17], through complex but taking into account
the general parameters of the elements, to detailed lumped-element models
of the multi-chamber flow [18, 19].

Changing flow parameters, including decreasing resistance, partially
compensate for the increase in leakage. The greater chemical resistance of
typical plastics is also an advantage, but may not be sufficient to balance
the energy consumption of such systems. Considering the above-mentioned
challenges to plastics in hydraulic systems, an attempt was made to investi-
gate internal leakage in a plastic hydraulic pump and to develop a simplified
mathematical model.

3 Research Object

Figure 1 shows a hydraulic pump with cycloidal gears made of plastic. The
internal gear 3 cooperates with the external one 2. The gear 2 is seated on the
drive shaft 4 using three keys 5 to distribute stress evenly. The gears 2 and 3
rotate and pump the liquid from the input area (IN) to the output area (OUT)
of the front cover /. The steel shaft 4 is supported in the bearings located in
the front / and rear part of the aluminium body.

The four sets of gears Figure 2 used in the tests were made using three
methods from two different materials. All sets consist of a 6 tooth external
gear and a 7 tooth internal gear. Gears (a) and (b) are made of a PPS-based
composite with 40% glass fiber (PPS+GF40). Pure poly-(ether)ether ketone
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Figure 1 Tested gear pump. (a) view of the pump with an exemplary set of gears mounted,
(b) view of the front part of the body; 1 — front cover, 2 — external toothed gear, 3 — internal
toothed gear, 4 — input shaft, 5 — keys.

(PEEK) is used in gears (c) and (d). In (a), (b) and (c) sets, the injection
moulding method was combined with machining. After checking the surfaces
obtained with the method of injection, additional machining of the subsidence
of the end face was made, reducing the unevenness of these surfaces at the
growing axial clearance. In gear (a), rough machining was used, while in
gears from sets (b) and (c), the machining was finishing due to the better
surface condition. For gears (a) marked (PPS+GF40-1a), the axial clearance
he = 0.14 mm was obtained after machining, and for gears (b) marked
(PPS+GF40-1b) the axial clearance h, = 0.14 mm.

4 Test Stand and Test Procedure

The tests of the gear pump with all sets of gears were carried out on the
stand (Figure 3). An electric motor 2 drove the tested pump /, which forced
water through a throttle valve 3 into a tank 5. The valve 4 protected the
pump against pressure increase po. The flow rate (), was measured with
a flow sensor 7, and the pressure on the discharge side p, was measured
with a pressure transducer 6. The constant value of the rotational speed of
n, was controlled by the system supplying the station. The inlet pressure p;
was not measured due to the low viscosity of the working fluid v (Table 2),
maintaining the overpressure in the inlet chamber /N of the pump, resulting
from the difference in the height of the liquid mirror and the channel axis
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a)

Figure 2 Tested gear sets; injected: (a) PPS+GF40 (variant Ia), (b) PPS+GF40 (variant Ib),
(c) PEEK, machined: (d) PEEK.

Table 3 Parameters of transducers

Quantity Symbol Accuracy Full Scale
Temperature 0 +2K 125°C
Pressure P2 +0.05 MPa 10 MPa
Flow rate Qp 2% 60 Ipm
Rotational speed Ny +2 rpm 6000 rpm

input and a short section of the inlet piping. In the further considerations,
it was assumed that the inlet pressure is p; = 0 MPa. The temperature
of the working fluid # was measured with a temperature transducer 8 and
maintained by an additional cooling system in the range of (24 —27) °C. The
available measuring transducers designed for operation with water were used
in the research (Table 3).

The research was carried out using the full factorial plan (Table 4). The
rotational speed n, and the pressure po were varied and the temperature ¢
was kept constant. Three repetitions were made at each measuring point and
the mean value was calculated. All curves apply to the discharge pressure
p2. Due to the stability of the pump operation (low volumetric efficiency 7)),
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Figure 3 Test stand: (a) diagram of the hydraulic system, (b) view of the stand; 1 — pump,
2 — electric motor, 3 — flow control valve, 4 — pressure relief valve, 5 — tank with additional
equipment, 6 — pressure transducer, 7 — flow rate transducer, 8 — temperature transducer, 9 —
electric motor control system.

Table 4 Measuring points according to the full factorial plan

Parameter Symbol Measuring Points
Pressure (MPa) D2 0.05, 0.10, 0.20, 0.40, 0.60, 0.80, 1.0, 1.2
Rotational speed (rpm) Np 1000, 1500, 2000

not all the assumed measurement points were tested. Internal leakage was
determined by indirect method by subtracting from the theoretical capacity
Qqh, calculated at g, = 10 cm®/rev, the measured flow rate @p [20]. In some
measuring points, the results presented in [14] were used.

5 Research Results and Statistical Analysis

Figure 4 shows the pump flow rate (), as a function of pressure ps at various
rotational speeds n,, for all tested gears. The flow rate of the pump @,
changes according to the general dependencies for hydraulic pumps, i.e. with
an increase of the speed n,, the flow rate (), increases too and with an increase
of pressure p- it decreases. The greatest decrease is observed for injected and
additionally machined gears (PS+GF40-la, PPS+GF40-1b, PEEK-inj), e.g.
for gears PPS+GF40-Ib flow rate decrease was 10 dm3/min with a pressure
increase of 0.7 MPa for rotational speed n, = 2000 rpm. For machined
only PEEK-mach gears, the difference is 6.0 dm®/min for a pressure increase
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Figure 4 Flow rate of the pump (), as a function of the outlet pressure p> for selected speeds
np (np = wvar) for gears made of different materials.

of 1.0 MPa and the same rotational speed. In turn, the difference in @,
with increasing pressure is similar for different speeds, e.g. for gears PEEK-
mach with the pressure difference 0.2 MPa AQ, = 1.10 dm?®/min for
n, = 1000 rpm and AQ),, = 1.05 dm?/min for np = 2000 rpm. This indicates
a small share of the rotational speed 7, and a significant share of the pressure
p2 in the overall impact on the pump flow rate (),,. The same relationship is
visible for the remaining gear sets. With machined gears PEEK-mach, the
rotational speed is more important for the delivery of the pump than for
the other gears, with po = 1.2 MPa efficiency @, = 11.5 dm?/min for
np = 2000 rpm and @, = 8.5 dm?/min for n, = 1000 rpm.

There is a significant difference in the flow rate between the sets of
injected and additionally machined gears and the sets of only machined ones.
The highest flow @, = 15.4 dm?/min is achieved by a pump with gears
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with PEEK-mach (with po = 0.2 MPa i n, = 2000 rpm), and the smallest
Qp =10.5 dm?/min for similar parameters pump with gears PS+GF40-a.

Similar dependencies are also visible on the characteristics of the pump’s
volumetric efficiency (Figure 5). The highest volumetric efficiency in the
tested range is maintained by the pump with machined gears PEEK-mach
(1np = 0.80, with n,, = 1500 rpm and pressure p2 = 0.1 MPa). The remaining
gears, with the same parameters, provide lower efficiency (1, = 0.48 have
gears PPS+GF40-1a, and 1, = 0.58 have gears PEEK-inj).

The rotational speed is important for injected and machined gears. For
gears PPS+GF40-Ib the efficiency increases from 7, = 0.19 for n, =
1000 rpm at the pressure of p = 0.1 MPa to 7, = 0.53 at n,, = 2000 rpm.
The smaller change is for PEEK-inj gears. Efficiency varies from 7, = 0.32
to 1, = 0.58 with similar parameters. An even smaller difference occurs with
machined gears PEEK-mach (1, = 0.65 for n, = 1000 rpm to 7, = 0.78 at
np = 2000 rpm and pressure p = 0.2 MPa).

It is caused by smaller axial clearances and radial matching of the tooth
profiles. The described influence of the pressure py and the rotational speed
n, on the flow rate (), and the volumetric efficiency of the pump 7, indicate
a higher quality of machined gears and the lack of improvement in the pump
operation, resulting from a better surface quality. The material of the gears
has no influence on this relationship. Injection-moulded and machined gears
in both materials (PPS and PEEK-mach) behave similarly.

Internal leakage in the pump @);,,; was determined by an indirect method,
as of the difference between the theoretical capacity Q;;, = qup, - np and the
measured flow rate ),

Qint = Gtn Ny — Qp

Figure 6 shows the obtained calculation results for the measurement
data. Injection moulded and machined gears have greater leakage (e.g.
gears PPS+GF40-la Qiny = 16.0 dm®/min, with p» = 0.6 MPa and
n, = 2000 rpm) than only machined gears (@), = 11.5 dm?/min, with
p2 = 1.2 MPa and n,, = 2000 rpm). For both gear variants PPS+GF40-
la (Q, = 16.0 dm®/min) and PPS+GF40-Ib (Q, = 15.4 dm®/min) there
is no big difference in leakage flow rate for the sample parameters (py =
0.6 MPa and n,, = 2000 rpm). The same goes for the lower pressure. With
p2 = 0.2 MPa and n, = 2000 rpm the flow rate is ), = 10.5 dm?/min
(PPS+GF40-Ia) and ), = 11.5 dm?/min (PPS+GF40-Ib) respectively.

For PPS gears, the estimate of the leakage value with changing velocity
nyp is similar, with po = 0.2 MPa and the difference is 2.0 dm?/min. For
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Figure 5 Pump volumetric efficiency 7, as a function of outlet pressure p for selected
rotational speeds n, (n, = wvar) for gears made of different materials.

gears with PEEK-inj, additionally machined, the leakage value depends more
strongly on the rotational speed, and the most depends on PEEK-mach gears.

Based on the graphs, we find that the influence of rotational speed is
small. The leakage depends only on the output pressure ps. This is due to
the large axial clearances h, and the radial fit of the profiles, which cannot be
compensated by material properties, e.g. flexibility.

In order to quantify the obtained results and to predict the leakage value
Qint, a simplified mathematical model of leakage Q;,; in the pump was
developed. The linear dependence of the leakage flow rate (Q;,; on the
pressure p (laminar flow), the square root of the pressure py (turbulent
flow) and the rotational speed of the pump shaft n, was assumed [17].
The model ignores the influence of temperature due to the low value of
water viscosity (Table 2) and the constant value maintained during the tests
(Table 4). The model takes into account the constant flow rate ag depending
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Figure 6 Flow rate of the pump internal leakage Q;»+ as a function of the outlet pressure po
for selected speeds n, (n, = var) for gears made of different materials.

on other parameters, e.g. gear geometry, design, clearances, marked in the
formula as dtp (design and technological parameters):

Qint(p2, np, dtp) = ag + a1p2 + az/p2 + azn,

Using the linear regression method, the values of the coefficients ag, a1,
asz, az were estimated for each gear set (Table 5). The results confirm the
statistical significance (p < 0.05) of all determined coefficients. The R? value
for all wheel sets is high (R? > 0.99). In PPS+GF40-Ia, PPS+GF40-Ib and
PEEK-inj gears, the factor ay is large, which indicates the influence of other
factors on leakage, e.g. axial clearance h,. In PEEK-mach gears, the value of
this coefficient is less than zero (ag = —1.58 dm>/min) and it does not make
any physical sense. It may result from the strong dependence of flow rate
on pressure (fraction of laminar flow), especially the square root of pressure
(fraction of turbulent flow).
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Table 5 The results of the estimation of the parameters of the flow rate regression model

Qo Estimate Std. Error t-value Pr(>1t))
Call: PPS+GF40-Ia 19 obs.

(Intercept) 3.647e+00 9.865e-02 36.97 3.77e-16 ***
p2_-bar_mean 6.052e-01 4.435e-02 13.64 7.33e-10 ***
I(p2_bar_mean”(1/2)) 2.583e+00 1.447e-01 17.85 1.63e-11 *#*
n_rpm-mean 1.432e-03 3.406e-05 42.05 <2e-16 ***
Call: PPS+GF40-Ib 17 obs.

(Intercept) 2.0160139 0.2665674 7.563 4.11e-06 ***
p2_bar_mean 0.2441342 0.0638402 3.824 0.00211 **
I(p2_bar_mean”(1/2)) 4.1614989 0.2628306 1 5.833 7.07e-10 ***
n_rpm_mean 0.0010322 0.0000953 1 0.831 7.08e-08 ***
Call: PEEK-inj 13 obs.

(Intercept) 1.5554783 0.4170853 3.729 0.00470 **
p2_bar_mean 0.5069359 0.1205896 4.204 0.00229 **
I(p2_bar_mean”(1/2)) 2.9864899 0.4393359 6.798 7.93e-05 ***
n_rpm-_mean 0.0017942 0.0001018 1 7.624 2.76e-08 ***
Call: PEEK-mach 20 obs.

(Intercept) —1.5761963 04757748  —3.313 0.00440 **
p2_bar_mean 0.2560352 0.0952396 2.688 0.01615 *
I(p2_bar_mean”(1/2)) 1.6967456 0.4389866 3.865 0.00137 **
n_rpm-_mean 0.0018704 0.0001324 14.132 1.86e-10 **

6 Summary and Conclusions

The presented studies show that the plastics PPS+GF40 and PEEK can
be used in water gear pumps in short-term operation. The used material
PPS+GF40 and PEEK does not affect the volumetric efficiency. The pump
was stable and repeatable measurement results were obtained. The tests used
injection-moulding gears and machined gears. The method of preparing the
gears affects the operating parameters of the pump. It is necessary to pay
attention to the special requirements for gears due to working with water
as working fluid. When selecting, the chemical compatibility of the material
with the liquid must be ensured.
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The use of water and water-based hydraulic fluids (low viscosity) requires
the development of new rules for the selection of clearances in gears assem-
blies. The use of gears with tooth profiles selected according to dimensional
deviations adopted for oil hydraulics results in high internal leakage and
low volumetric efficiency of the pump. Improvement in pump performance
can be found in active compensation of axial play, modification of toothed
profiles, change of required dimensional tolerances, and deviations in shape
and position.

Gears produced solely by machining have a higher efficiency than the
other sets. Machining of gears produced by injection moulding caused an
increase in the axial play h, and despite the evenness of the surface con-
tributed to a significant reduction of efficiency. Machining as an additional
method improves parameters compared to only injected gears but increases
costs. Taking into account the additional effort to improve the surface quality,
this type of action should be limited to the necessary minimum, and not
to increase the axial clearance. Instead of machining, one should strive to
improve the principles of cooperation between the gears and the body by
changing the injection parameters or other design solutions of the gear sets
and the pump body.

The proposed simplified mathematical model of leaks describes numeri-
cally the obtained measurement results separately for each set. In all gears
cases, the constant component in the equation has a large share (up to
50%) of the leakage value. This shows that the geometric and technological
parameters of the tested gear sets are more important than the operating
parameters of the pump.
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