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The presented work investigates the degradation of an ecological energy carrier in the form of changes in its properties, which was
subjected to dynamic loading through a test device in laboratory conditions. The primary goal was to describe the degradation
process itself in terms of obtained data through the analysis of kinematic viscosity, water content, acidity number, and X-ray
spectrometry. The process was focused on monitoring the values of increase in contaminants and monitoring the values of changes
that occurred in case of additives. The ecological energy carrier in the form of transmission-hydraulic fluid was cyclically loaded
in a time interval of 200 working hours, while a time interval of every 25 working hours was used when a sample was taken and
subsequently analysed. From the obtained data, it can be concluded that during the degradation process, there were no significant
changes in the observed properties of the liquid, chemical composition, or additives. For this reason, further measurements of the
ecological energy carrier were subsequently carried out. The influence of the given energy carrier on the change in the flow rate
of a new type of hydraulic pump with external gearing was also monitored.
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dynamic loading

Due to the increased consumption of hydraulic fluids
in machinery working often in ecologically sensitive
environments, there is a significant increase in the
requirements for the qualitative properties of these
carrier media. The individual properties of hydraulic
fluids are mainly affected by temperature and pressure. If
temperature rapidly increases, it can have a very negative
effect on the hydraulic fluid in terms of a change in the
value of kinematic viscosity, or the occurrence of various
chemical reactions (Dalla Lana and De Negri, 2006). Some of
these properties directly impact the individual components
of the environment. One of these properties is biological
degradability, which must be ensured in every liquid
working in agriculture, forestry, or in areas considered
critical from an environmental point of view. In case of
biological degradability, the parameters of environmental
persistence and ecotoxicity are monitored. They determine
the ability of the given fluid to resist the components
of the environment, as well as the value by which the
hydraulic fluid damages individual components of the
environment (Casoli et al., 2018). Hydraulic mechanisms
are relatively complex machine mechanisms, the individual
elements of which are significantly influenced by the
state of the transmission fluid. In addition to the already

mentioned impact on the environment, the technological
development of these mechanisms is therefore focused
on increasing the transmitted power, reducing energy
consumption, etc. The importance of research into the
degradation of ecological energy carriers is also confirmed
by Tkac et al. (2008), Majdan et al. (201643, 2016b), and Tulik
et al. (2016), who researched the degradation of working
fluids together with the influence of operational load on
changes in their individual properties. Halenar and Kuchar
(2017) state that it is necessary to have all the information
related to the individual properties of operating fluids,
which are expected to be used as a carrier medium in
hydraulic mechanisms.

This paper is focused on monitoring the changes in
the properties of ecological energy carriers. In practice,
they are used in transmission-hydraulic systems working
in ecologically sensitive environments, where the impact
of operating fluids on individual components of the
environment is relatively significant. To optimize the testing
time of the ecological energy carrier, accelerated exams
have been used. In this case, operating conditions were
simulated in the hydraulic circuit under cyclic pressure
loading for 200 working hours. After the end of the
measurement process, individual samples taken at the
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intervals of every 25 working hours will be subjected to
an analysis of the physicochemical properties of the used
working fluid, but in addition, there will be an evaluation
of the effect of the tested working fluid on the technical
condition of the used hydraulic pump. The development
of similar laboratory equipment, on which such tests can
be performed, is very important, as evidenced by Turza and
Kopildkova (2011), Zastempowski (2013), Hujo et al. (2017),
and Hujo et al. (2016). To reduce emergency situations
and various undesirable situations that may occur during
the working process of the hydraulic mechanism, it is very
important to use the tribotechnical diagnostics of oils.
By means of tribotechnical diagnostics, it is possible to
detect the contamination of the hydraulic fluid, while it is
contamination that accelerates the degradation process
of operating fluids (Helebrant et al., 2001). The objective is
to replace the previously used laboratory equipment with
a new one (SpectroCube) to obtain more complex results
of elemental analysis of elements, which can be used as
a source of information in the design process of new filter
devices.

Material and methods

Ensuring the correct function of the hydraulic fluid as well
as ensuring its effective care is conditioned by the selection
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Fig.1 Hydraulic diagram of the primary circuit with the
designation of its elements

A - hydraulic circuit; B - control and evaluation circuit; 1 -
hydrogen generator; 2 - clutch; 3 - electric motor; 4 -
frequency converter; 5 - pressure valve; 6 — TSI pressure sensor;
7-9 -thermometer; 10-12 - pressure gauge; 13 -flow meter;
14 - throttle valve with stabilization; 15 — three way valve; 16 -
electrohydraulic proportional valve; 17-18 - quick coupling;
19 —-measuring points for evaluating liquid indicators; 20 -
tank; 21-22 -filter; 23 —cooler
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Fig.3 View of measurement sensors connection

of a suitable methodology for testing operating fluids
with monitoring of their pollution level. The laboratory
test equipment, on which the individual measurements
described in this publication were performed, was designed
for the purpose of conducting tests of ecological energy
carriers. The design and construction process of the given
laboratory test equipment was based on the individual
points listed in the SAE J745 technical standard. Specifically,
the laboratory test equipment consists of two hydraulic
circuits, which allows performing simultaneous testing
of two different hydraulic fluids (Hujo et al., 2017). During
the measurement, only one hydraulic circuit was used,
since one type of hydraulic fluid was measured. In Fig. 1,
it is possible to see the hydraulic diagram of the primary
circuit, marked A, of the laboratory test equipment and the
control-evaluation circuit, marked B. This diagram shows
the individual hydraulic elements of the circuit, which are
necessary for its correct, safe, and reliable operation. A real
view of the laboratory test equipment can be seen in Fig. 2.

During the measurement itself, combined sensors
are used (Fig. 3), through which important operational
parameters can be simultaneously recorded - pressure,
temperature, and flow. For data transmission and acquisition,



Table 1 Physicochemical properties of the Shell Naturelle HF-E 46 fluid

Parameter Unit Value
ISO-VG grade - 46
Density at 15 °C kg-m? 921
Viscosity at 40 °C mm?s’ 47.2
Viscosity at 100 °C mm?s’ 9.41
Viscosity index - 188
Flash point °C 322
Pour point °C -42
Biodegradability according to OECD 301B % >60
Biodegradability according to CEC L-33-A 93 % 920
Water hazard level - 0

these sensors are connected to an
Hydac recording unit. It is a device
Hydac HMG 3010, which enables the
measurement of the above-mentioned
quantities:
a) flow value in the range of
6-60 dm>min”,
b) pressure value in the range of
0-40 MPa,
c) temperature value
range of 20-95 °C.
In this case, the ecological energy
carrier used for the investigation
of the degradation process was
Shell Naturelle Fluid HF-E 46, an
ecological transmission-hydraulic
fluid. It is a synthetic biodegradable
transmission-hydraulic ~ fluid  with
a low which

in the

ecotoxicity value,

predetermines it for use in hydraulic
systems of machines working in
exposed environments with a wide
range of working temperatures.
Selected physicochemical properties
of the tested liquid are listed in Table 1
(Whlubricants, 2013).

The transmission-hydraulic fluid
was measured through cyclic loading.
According to the methodology used,
it is necessary to observe the input
parameters of measurement. In this
case, it is the working temperature
of the monitored liquid (90+95 °C)
and operating speed (1600 rpm).
The measurement process will be
completed after 200 hours, which
corresponds to the value of 480,000
cycles. One cycle consists of three
intervals, namely:

y

a) loadinterval - action time 0.50 s and
loading at a pressure of 22.5 MPa,
which corresponds to 90% of the set
pressure value;

b) limit pressure loading interval
- action time 0.50 s and loading
at a pressure of 18.5 MPa, which
corresponds to 60% of the
maximum pressure value;

¢) unloading interval - duration of
action 0.50 s and load at a pressure
of 0 MPa.

After working for 25 hours, which
corresponds to the value of 60,000
cycles, the process of taking a sample
of the tested transmission-hydraulic
fluid will be started, which will then
be subjected to analyses. In our case,
the analysed samples will be taken
in the time interval of 0, 100, and
200 working hours. Through these
analyses, information about the overall
condition of the liquid will be obtained.
An important finding will be whether
there is contamination by foreign
substances from the surrounding
environment, or whether contaminants
are formed as a result of ageing. The
equipment used during the analysis
process is specially designed for the
needs of:

—analysing the kinematic viscosity
at 40 °C using the Spectro VISC Q*®
device (Fig. 4),

—analysing the

water content

and acidity number (TAN) using
FluidScan Q1000 (Fig. 5),

Fig.4 Spectro Visc Q300

Fig.5 FluidScan Q1000




SPECTROCURBE

Basic SpectroCube parameters

Detector: Silicon Dry Detector (SDD)

Dimensions (H x W x D): 380 x 520 x 540 mm

Weight: 48 kg

Power supply: 95-120 V/200-240V, 50/60 GHz

Measuring chamber (HxWxD): 155 x 400 x 320 mm

Power consumption: 120 W

Computer system: PC with Win 10 (min.)

Analysis: fundamental parameters of FP + elemental analysis
of alloys

Fig.6 SpectroCube with its basic parameters

- analysing the chemical composition using SpectroCube

(Fig. 6).

A significant added value in this case will be the use
of a SpectroCube device. It is an energy-dispersive X-ray
fluorescence spectrometer that works on the same principle
as Spectroil Q100. Through this equipment, the analysis of
chemical elements using spectrometry can be performed;
however, it uses X-rays for this purpose. A great advantage is
the ability to analyse up to 8 samples simultaneously, while
the analysis of 1 sample takes approximately 10 minutes.
The analysis of liquids takes place according to the steps
established by the ASTM D7751 standard.

In the process of analysing the physicochemical properties,
a total of three samples of the taken transmission-hydraulic
fluid were used. The first of the analyses carried out was
the kinematic viscosity test at 40 °C, using the Spectro
VISC Q*® device. The reference sample, 0 hours worked,
showed a value of kinematic viscosity at 40 °C equal to
47.48 mm?%s™'. The limit value of viscosity is determined
based on the ISO 15380 standard, which sets the maximum
change in kinematic viscosity at the limit of £10%. As can
be seen from the obtained values in Table 2, the value of
kinematic viscosity, based on the increasing number of
hours worked, gradually increased. The only recorded
anomaly occurred in the sample after 75 working hours,
where it is possible to see a decrease in the value of
kinematic viscosity in comparison with the previous value
of kinematic viscosity for the sample after 50 working
hours. When comparing the value of kinematic viscosity
measured for the reference sample and the value of
kinematic viscosity obtained for the sample after 200
working hours, the value increased by a total of 6.61%.
It can be concluded that the total increase expressed as
a percentage did not exceed the maximum limit set by
the ISO 15380 standard. Figure 6 shows the behaviour of
kinematic viscosity at 40 °C together with the maximum
and minimum limit set by the standard. The graphic
display of individual values of kinematic viscosity is shown

in Fig. 7 together with the maximum and minimum limits
determined by the mentioned standard.

The second analysis performed was the analysis to
determine the total water content and acidity number,
since both analyses can be performed using a single
device. From the analysis of water content after working
for 200 hours, a zero concentration was found. The reason
for this conclusion may be the fact that measurement
was performed in laboratory conditions, with operating
temperature of the examined liquid 90-95 °C. The ASTM
D664 standard sets the limit values for acidity number in
the range of 1.0-5.0 mg KOH-g™". In this case, samples taken
in the range of 0-200 working hours were analysed. The
obtained values are listed in Table 3. From the obtained data,
the value of acidity number after working for 200 hours was
1.90 mg KOH-g™'; therefore, the value of acidity number of
the investigated liquid is within the range established by
the above-mentioned standard. The total increase in acidity
number when comparing the reference sample and the
sample after working for 200 hours represented a value
of 0.14 mg KOH-g". Figure 7 shows the increase in acidity
number in the time interval of 200 working hours, together
with the limits established by the ASTM D644 standard.
Figure 8 presents the evaluation of total acid number.

Table 2 Evaluation of kinematic viscosity at 40 °C after
200 hours worked

Number of hours worked, Kinematic viscosity at 40 °Cv
t (h) (mm?s™)

0 47.48

25 49.19

50 49.75

75 48.01

100 49.44

125 50.02

150 50.27

175 50.17

200 50.62
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Fig. 8 Graphic representation of the evaluation of total acid number

Table 3 Evaluation of total acid number after 200 hours worked
Number of hours worked, t (h) Total acid number (mg KOH-g™)

0 1.76

25 1.79

50 1.87

75 1.94
100 1.94
125 1.86
150 1.95
175 1.89
200 1.90

Finally, the analysis of the
chemical composition of investigated
transmission-hydraulic fluid using the
SpectroCube device was performed.
In this case, the analysis of hydraulic
fluid samples taken at time intervals
of 0, 100, and 200 working hours was
performed. The reason for choosing
these specific time intervals was that
we wereinterestedinthe concentration
of chemical elements at the beginning
of the measurement process, after 50%
of working hours, and at the end of the
measurement process. In this analysis,
the focus was on a total of ten chemical
elements: silicon (Si), phosphorus (P),
potassium (K), calcium (Ca), iron (Fe),
copper (Cu), zinc (Zn), tin (Sn), barium
(Ba), and lead (Pb). The data obtained
through this analysis are shown in
Table 4.

Chemical elements were evaluated
from the point of view of contaminants
and additives. As can be seen from
the obtained results, the highest
increase was recorded for lead and
potassium, which can be considered as
contaminants in this case. Even though
in their case there was the most
significant increase in concentration
compared to the reference sample, it
can be concluded that the limit values
set by the ASTM D6595 standard were
not exceeded. In terms of monitoring
the activation of chemical elements
acting as additives in the examined
transmission-hydraulic fluid, there was
a decrease in the value of calcium and
zinc. It is possible to conclude that
these elements were activated due
to operating conditions (increased
temperature and pressure) and fulfilled
their function in terms of additional
chemical elements that serve to
protect the given liquid. According to
Deuster and Schmitz (2021), ecological
hydraulic fluids offer great potential,
mainly due to their thermal properties.
Fluids that are included in the HEES
(hydraulic environmental ester
synthetic) category have a viscosity
index value in the range of 150-220,
while the viscosity index of mineral
oil fluids is around 100. According to
Pochi et al. (2020), a total of up to 23%
of hydraulic fluids end up in the natural
environment. According to the DIN
EN 16 807 standard, ecological liquids
must contain at least 25% renewable
components. The biodegradability
of ecological energy carriers reaches
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Analysed sample of transmission-hydraulic fluid

100 h (mg-kg™) 200 h (mg-kg™)

Table 4 Evaluation of energy-dispersive X-ray fluorescence spectrometry
Chemical element
0h (mg-kg™)

Silicon 26.9
Phosphorus 39.5
Potassium 0.9
Calcium 6.4

Iron 2.0
Copper 0.23
Zinc 4.14

Tin 0.5
Barium 0.9
Lead 0.52

a value of up to 90% already within the first three weeks.
This is a relatively high value compared to mineral energy
carriers, where degradability is only 36%. Stojilkovi¢ and
Kolb (2016) consider the use of ecological energy carriers
to be the right choice in agricultural machines, since during
their use, there is direct contact with individual components
of the environment. When comparing the results achieved
by us with the results of Pochi et al. (2020), it can be
concluded that the ecological transmission-hydraulic fluid
is suitable for use in the hydraulic mechanisms of machines
working in an ecologically sensitive environment. From
the analysis carried out and subsequent data obtained,
new hydraulic fluids already have some pollution in the
form of a small number of contaminants. However, their
quantity is reduced during operation through the function
of filter devices. This fact was confirmed in our case as well,
which makes it possible to confirm that the hydraulic fluid
showed slight pollution from the beginning. A common
phenomenon that occurs during the operation of hydraulic
equipment is the activation of additional chemical elements
in the form of additives. This phenomenon also occurred
in our case, where it is possible to observe a decrease in
the values of calcium and zinc with the increasing number
of hours worked. In normal practice, this is an important
phenomenon that needs to be monitored, because through
these findings, appropriate time interval for changing the
hydraulic fluid, or, in some cases, the time interval for refilling
some of the additives, can be determined. Some elements in
hydraulic fluid can appear in the form of a contaminant, but
also in the form of an additive. Silicon is usually considered
an additive, but in our case, it appears to be a contaminant
(surface particles).

Conclusion

Even though ecological energy carriers show a high value
of biodegradability, which is considered one of the most
important properties of these liquids today, they do not
always achieve the necessary properties required for the
safe and reliable operation of the hydraulic equipment.
For this reason, our research was expanded to include
research into individual changes in the required properties
of transmission-hydraulic fluids, as well as monitoring
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the influence of the used transmission-hydraulic fluid on
individual hydraulic elements of the given device. A decisive
factor that can significantly affect the service life of hydraulic
fluids, in addition to their chemical composition, is the
balance of operating conditions, or their pollution. Pollution
is an undesirable process that accelerates the degradation
processes of ecological energy carriers, while it can also
affect their physical and chemical properties. From this point
of view, we evaluated qualitative parameters - kinematic
viscosity, total acid number, water content, and chemical
composition. Based on the evaluation of results obtained by
experimental measurements, it can be concluded that the
individual parameters by which the qualitative properties
of the investigated transmission-hydraulic fluid were
evaluated, did not exceed the limit values specified by the
ASTM D6595 standard.
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