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COMPARATIVE ANALYSIS OF CURRENT APPROACHES TO DIGITAL 
TWINS OF ELECTRO-HYDRAULIC MECHATRONIC SYSTEMS 

CREATIONS 

Alexander SKVORCHEVSKY1,* 

1 Research Center of Robotics, Mechatronics and Production Informatization, Kharkiv, Ukraine  

* sircrmpi@gmail.com 

 

Abstract: The aim of this study is to identify approaches and principles for creating digital twins of 
electrohydraulic mechatronic systems. The aim of the study was achieved by bibliometric analysis and 
systematic review for identification approaches and principles of creating digital twins of various electro-
hydraulic mechatronic systems in all stages of their life cycles. As a result of the research, publications were 
systematized in accordance with the approaches and methods proposed in them for creating digital twins of 
electrohydraulic mechatronic systems and their elements. Namely, which stages of the life cycles of 
electrohydraulic mechatronic systems are covered by the approaches and methods proposed in publications. 
During the bibliometric analysis, no publications were identified that would offer a systematic methodology for 
creating different types of digital twins of electrohydraulic mechatronic systems at all stages of their life cycles. 
Thus, the creation of such a systematic methodology is an important scientific and practical task. 

Keywords: Electrohydraulic mechatronic systems, heavy-duty machines, digital twins, life cycles 

1. Introduction 

Heavy-duty machines, such as excavators, mining, agricultural, and military vehicles, are often 
operated in hazardous and harmful environments. Electrohydraulic mechatronic drives continue to 
be important components of such machines. The transformation of heavy-duty machines into more 
autonomous and robotic ones requires the creation of digital twins of electro-hydraulic mechatronic 
drives that would reflect their functioning at all stages of their life cycles. 

2. Literature review and problem statement 

The current state of development of digital twins at various stages of product life cycles is covered 
in publications [1-2]. The principles and approaches outlined in [1-2] can partially be applied to 
electrohydraulic mechatronic systems. However, they need serious adaptation and addition. 
The papers [3-10] present various aspects of creating digital twins of heavy-duty machines. The 
papers [3-10] pay insufficient attention to electrohydraulic mechatronic systems, as important 
components of heavy-duty machines. In the process of creating digital twins of electrohydraulic 
mechatronic systems, it is necessary to take into account research [3-10] results. This is due to the 
fact that digital twins of electrohydraulic mechatronic systems must be suitable for integration into 
digital twins of heavy-duty machines. 
The papers [9-10] outline approaches to creating digital twins of electrohydraulic mechatronic 
systems of heavy-duty machines. However, the approaches outlined in [9-10] cannot be considered 
comprehensive and cover all stages of the life cycles of electrohydraulic mechatronic systems. 
Papers [11-13] propose results of the creation of a simplified numerical model, based on a very 
compact semi-empirical formulation, able to simulate the fluid dynamics behaviours of an 
electrohydraulic servo valve taking into account several effects due to valve geometry and operating 
conditions. The results [11-13] are proposed to be used to create digital twins at the stages of 
development and detailed design of electrohydraulic servo valves. Despite the fact that the research 
[11-13] concerns only electrohydraulic servo valves, they can be used to create digital twins of 
electrohydraulic mechatronic systems. 
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The article [14] presents a model for counterbalance valves which are widely used in hydraulic and 
electro-hydraulic drives. The model consists of parameters that account for the internal geometry, 
inertia, and friction characteristics of the counterbalance valves. The proposed model of the 
counterbalance valve satisfies the main requirements of digital twins and thus, is a suitable candidate 
for the digital twin of the counterbalance valves and can easily be integrated into the digital twins of 
larger systems where the counterbalance valves are installed [14]. The model [14] and the principles 
of its creation can be used in digital twins of electrohydraulic mechatronic systems. 
The paper [15] presents the construction technology of the digital twinning model for the erect-fold 
electromechanical-hydraulic system of radar based on co-simulation. The construction technology 
[15] can be generalized to other electrohydraulic mechatronic systems, but it should be added with 
other principles of digital twins’ creation. 
The literature review shows a lack of research in the field of creating digital twins of electrohydraulic 
mechatronic systems. Publications which outline the methodology for creating digital twins of various 
electro-hydraulic mechatronic systems in all stages of their life cycles have not been identified. Thus, 
development of a methodology for creating digital twins of electro-hydraulic mechatronic systems, 
which covers all stages of electro-hydraulic mechatronic systems life cycles is an important scientific 
task. 

3. The aim of the study 

The aim of this study is to identify approaches and principles for creating digital twins of 
electrohydraulic mechatronic systems. Such digital twins should cover all stages of the life cycles of 
electrohydraulic mechatronic systems.  

4. The study materials and methods 

This study adopts bibliometric analysis and systematic review for identification approaches and 
principles of creating digital twins of various electro-hydraulic mechatronic systems in all stages of 
their life cycles. The research materials included publications on the above-mentioned scientific 
direction and related areas. 

5. Results of comparative analysis of current approaches to digital twins of electro-hydraulic 
mechatronic systems creations 

According to the aim of the study, each of the publications in the field of digital twins of 
electrohydraulic mechatronic systems and their elements were analysed to identify the methods 
used for creating digital twins. Also, was identified which stage of the life cycles of electrohydraulic 
mechatronic systems or their elements cover some publications. The results of the review are 
systematised in Table 1. 
The papers [9, 10] propose using pressure indication in hydraulic and electro-hydraulic systems to, 
directly and indirectly, determine their other characteristics. The data obtained in this way is 
proposed to be used to create digital twins of electrohydraulic mechatronic systems mainly at such 
stages of their life cycles as Deployment, Operation and technical support. 
The paper [11] presents an overview of low-fidelity models of the hydrodynamic behaviour of an 
electrohydraulic servo valve. They are designed to operate in real-time as digital twins of a physical 
system to enable diagnostic and prognostic algorithms. The accuracy of the simulation is assessed 
by comparing its results to a detailed, physics-based, high-fidelity model that calculates the 
equipment response based on the pressure and flow characteristics of all internal passages of the 
electrohydraulic servo valve. 
The article [12] proposes a new simplified numerical model, based on a very compact semi-empirical 
formulation, able to simulate the fluid dynamics behaviours of an electrohydraulic servo valve taking 
into account several effects due to valve geometry and operating conditions. Although the proposed 
model is still based on a simplified formulation with lower computational cost, it introduces a new 
nonlinear approach that, by approximating the dynamic pressure and fluid flow characteristics of a 
servo valve with reasonable accuracy, overcomes the shortcomings typical of such models [12]. 
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Ideas and approaches for creating digital twins of electrohydraulic servo valves based on simplified 
models proposed in papers [11, 12] were further developed in the article [13]. This work proposes a 
new simplified lumped parameter numerical model that, despite a very compact formulation and 
lower computational cost, simulates the internal fluid dynamics of the valve, overcoming some critical 
problems typical of other models available in the literature. It evaluates valve performance based on 
spool position and environmental conditions (e.g., supply pressure), more accurately assessing flow 
feedback, internal leaks, and other operating conditions (e.g., fine spool adjustment, variable supply 
pressure, overpressure, or water hammer ). The performance of this numerical model is evaluated 
in comparison with other simplified models published in the literature. In addition, this is confirmed 
using a high-precision digital twin that simulates valve behaviour taking into account spool geometry, 
hydraulic fluid properties and local internal fluid dynamics (laminar or turbulent conditions, 
cavitation). , etc.) [13]. 
 
Table 1: Results of publications systematic review according to proposed approaches to the creation of digital 
twins of electro-hydraulic mechatronic systems in different stages of their life cycles 

Life cycles stages of electrohydraulic mechatronic systems Publications 

Identification and analysis of needs No publications identified 

Feasibility study No publications identified 

System layout [11], [12], [13], [14] 

Design and development [11], [12], [13], [14], [15] 

Production [15] 

Deployment [9], [10], [14] 

Operation and technical support [9], [10], [14], [15] 

Disposal No publications identified 

 
The studies presented in the papers [11-13] are pioneering in the direction of creating digital twins 
of electrohydraulic servo valves based on their simplified models. However, they do not completely 
close the issue of creating digital twins of electrohydraulic mechatronic systems for two main 
reasons: 

- only the electrohydraulic servo valve is considered, not the electrohydraulic mechatronic system 
as a whole; 

- only digital twins are considered at the stage of design and development, while they need to be 
filled with data at all stages of the life cycles of electrohydraulic mechatronic systems. 

Like the papers [11, 12, 13], the article [14] is also devoted to the creation of digital twins of a specific 
type of valve - counterbalance valves. The article [14] presents such a model of counterbalance 
valves, which are often found in various hydraulic systems. The model consists of parameters that 
take into account the internal geometry, inertia and friction characteristics of the counterbalance 
valve. To illustrate the parameter identification strategy for this model, a test setup is designed and 
four sets of experiments are conducted. A subset of measured data is used to systematically identify 
parameters. The remaining data is used to validate the counterbalance valve model and parameter 
identification strategy. The results show that the model is able to successfully predict the behaviour 
of the counterbalance valve under various operating conditions, thereby validating the model. 

The proposed counterbalance valve model satisfies the key requirements of digital twins and is thus 
a suitable candidate for a digital twin of counterbalance valves and can be easily integrated into 
digital twins of larger systems where counterbalance valves are installed. 

Just like the scientific results presented in the papers [11, 12, 13], the scientific results [14] are 
applicable to one type of valve and are limited to the following stages of life cycles, namely System 
layout, Design and development, Deployment, and Operation and technical support. 
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The paper [15] presents a comprehensive approach to creating digital twins of complex electro-
hydraulic mechatronic systems, which is applicable in many stages of their life cycles. Creating a 
digital twin is done using an example of the erect-fold electromechanical-hydraulic system of radar. 
The paper [15] utilizes radar electro-hydraulic system development and digital twin technology to 
enhance the design, manufacturing, and comprehensive support capabilities of the system. Key 
technologies such as co-simulation data output, training data cleaning, reduced-order ROM model 
establishment, and accuracy verification are employed. The construction of a digital twin model for 
the radar electro-hydraulic system enables virtual-real data fusion, facilitating iteration, optimization, 
and improvement of electromechanical hydraulic systems throughout their life cycle. Additionally, 
the digital twin model allows for real-time updates of visual simulations of the radar rack and removal 
system, enhancing system reliability and manoeuvrability. By developing the digital twin architecture 
of the electromechanical hydraulic radar system based on co-simulation, a digital twin system 
platform for the radar installation and removal system is established. Combined with the logical 
connections between the subsystems of the electromechanical hydraulic system, a final digital twin 
model of the electromechanical hydraulic system was built and executable program code with real-
time response was generated. Finally, it was analyzed and calculated on the radar structure digital 
twin system platform and responded to in real-time. This enables easy implementation of the digital 
twin model in electromechanical hydraulic system simulation without the use of traditional modelling 
and analysis tools [15]. The approaches and principles propoused in the paper [15] can be used to 
create digital twins of other complex electrohydraulic mechatronic systems. 

6. Discussion of comparative analysis of current approaches to digital twins of electro-
hydraulic mechatronic systems creations 

The principles of creating digital twins of high-tech engineering products covering all stages of their 
life cycles set out in the articles [16, 17], can be used for digital twins of electrohydraulic mechatronic 
systems. To increase the robustness of computer networks on which models and data of digital twins 
will be stored, it is recommended to use the topology proposed in the [18]. To create components of 
digital twins of electrohydraulic mechatronic systems that would cover the initial stage of their life 
cycle (Identification and analysis of needs), it is recommended to use the approaches outlined in 
[19]. 

7. Conclusions 

It should be noted that there are very few publications in the direction of creating digital twins of 
electrohydraulic mechatronic systems. During the bibliometric analysis, no publications were 
identified that would offer a systematic methodology for creating different types of digital twins of 
electrohydraulic mechatronic systems at all stages of their life cycles. Thus, the creation of such a 
systematic methodology is an important scientific and practical task. 
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Abstract: This scientific research proposes an improved experimental design together with a hybrid analytical-
numerical analysis concerning high-speed pneumatic compression Split Hopkinson Pressure Bars (SHPB) 
mechatronics system developed at INSA Rennes (France). The main objectives are to describe the entire 
mechatronic pneumatic propulsion and to analyses the data acquisition. Impact velocity prediction, function of 
pressure driving and specific set point, elastic deformation shock waves and the proposed new numerical 
calibration method will be detailed. Experimental measurements and estimation of velocity-pressure curve 
uses a Hermite cubic splines interpolation method presented together with a numerical analysis of elastic 
deformation signals from strain gages or Bragg optical fibers. The proposed hybrid techniques use a 
parametric identification of an analytical model describing the striker propulsion and linear movement taking 
into account friction effects and a numerical calibration based on a complete finite element (FE) simulation of 
the entire SHPB device. This takes into account the propagation of elastic shock waves and all dynamic 
mechanical interactions at the contact interfaces between the launched impact bar at an imposed speed, the 
incident bar and the sending bar, an elastic-dynamic mechanical equilibrium model is used. Based on previous 
and current researches at INSA Rennes, as a real application of the proposed full SHPB analytical and FE 
models, can be shown the material constitutive laws identification using a two-step inverse analysis technique. 
The identified constitutive equations concern description of thermomechanical materials behaviour subjected 
to high deformation rates, large plastic deformations and high temperatures, especially when high gradients of 
all these variables occur during material loadings. 

Keywords: Pneumatic SHPB Device, Hopkinson Bars (SHPB), Estimated Impact Speed, Hybrid Analytical-
Numerical Calibration, Finite Elements Modelling, Numerical Calibration, Inverse Analysis 

1. Introduction  

Various manufacturing processes and industrial applications developed in the last decade use 
metallic or non-metallic structures undergoing high rates of loadings, severe elasto-plastic strains, 
strain rates and temperatures. Furthermore, localized gradients of strain and stress or complex 
deformation paths occur during rapid, impact, choc or crash loadings. Modelling the corresponding 
real material thermos-mechanical behavior becomes a real scientific key. This purpose requires 
design of specific materials characterizing techniques as dynamic or rapid experimental tests using 
rigorous experimental calibration of used measurement sensors and reliable data analysis via 
improved analytical, numerical or hybrid analytical-numerical models. Because very high strain rates 
occur during these dynamic tests, elastic deformations waves travel along the experimental system 
bench compounds and specimen material, at very high velocities named celerity, of several 
kilometers per second. Therefore, it is difficult to have an intuitive understanding of the observed 
physical phenomena in part caused by strong coupling between different boundaries conditions.  To 
perform the quality measurements and their reliability, during the dynamic deformations obtained 
from rapid loadings, it is nevertheless necessary to take account the quantitative description of 
elastic wave propagation. First rapid mechanical tests were conducted around 1870 by John 
Hopkinson who developed a specific mechanism to impact a cylindrical bar. Bertram Hopkinson [1] 
introduced in 1914 a pressure bar to can study and reproduce very short dynamic events such as 
the explosive detonation or the impact of different types of projectiles. The named Hopkinson 
pressure bar is based on the application of theory concerning elastic strain wave’s propagation, to 
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predict strains and stress magnitudes developed in the studied material sample. Hopkinson 
discovered that the small local displacements in the bar depend directly to the period of the elastic 
wave obtained during the very short times of the impact caused by the material sound celerity. In the 
case of materials undergoing an impact through a projectile, Davies [2] shows in 1948 that it is 
possible to measure the temporal form of the generated elastic wave using strain gauges 
instrumented bar. The first Split Hopkinson Pressure Bars system (SHPB) was designed in 1949 by 
Kolsky [3] which has used a gas propulsion device to obtain high speed of a projectile bar. He added 
two other metallic bars named incident and sending bars to realize a dynamic compression. 
Generally, the SHPB device can develop impact velocities up to 30-40 m/s and corresponding strain 
rates in the range of 102 to 104 s-1.  Further, other dynamic experimental set-up has been developed 
as the Taylor test (gas or explosive propulsion around of 100 m/s), Crossbow system (speed up to 
10-30 m/s), traction or torsion Hopkinson Bars, Weight Falling and form last three decades specific 
hydraulic press using particular actuators and devices to can control the impact velocity 
(compression or traction speed up to 10 m/s). The main purpose of this scientific work is to describe 
a mechatronic SHPB compression test designed on GCGM Laboratory of INSA Rennes (France) 
using a pneumatic propulsion with a robust control of air pressure, a laser optic camera to measure 
projectile bar speed and automatic electronic data acquisition of bars elastic deformations. Results 
are presented concerning the use of a specific calibration method developed from a hybrid analytical 
and numerical finite element system modelling. 

2. Pneumatic SHPB Mechatronics System 

Kolsky found that the Cauchy stress and the elastic-plastic deformation of an impacted specimen 
can be directly related to the displacements fields of the incident and sending bars. Contrary of the 
classical Hopkinson pressure bar, the SHPB device use a projectile does no impact directly the 
material specimen. It is first an incident bar that receive the impact of the projectile (striker bar), 
subjected then to a lot of dynamic elastic deformation pulse. The propagation of elastic wave in the 
incident bars, in the specimen and finally in the sending bar it is more intense as the speed of striker 
is high and is lasts time longer as the projectile is long. This elastic wave is reflected partially by the 
material sample on the incident bar, the other part passes through it and is subsequently transmitted 
to a second bar named transmitter or sending bar [4-7].  

2.1 Framework and SHPB design characteristics  

The general scheme of mechatronic SHPB system designed and used at INSA Rennes (France) is 
presented in the Figure 1. 

 

 

 
 

(d) 

    Fig. 1. General schema of the compression Split Hopkinson Pressure Bars (SHPB) bench: pneumatic 
propulsion bars design with automatic acquisition of laser camera and strain gauges A/B signals (incident 

( )i t , reflected ( )r t  and transmitted  ( )t t  elastic deformations) performed with a Labwiew program, true 

stress - true strain curves of material specimen obtained from David code [8]. 
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According to the general theory of elastic wave propagation [4-8], to the type of specimen’s materials 
and to the desired obtained strain and strain rate, the choice of the material and bars geometric size 
requires to take into account some physical conditions. In a first time it is necessary to have similar 
elastic impedances of the bars as those of tested material specimens. In particular, to can test steels, 
aluminium or titan alloys, the hardened high strength steel MARVAL18 is used for bars material 
(Table 1). 

To avoid superposition of measured elastic strain gauges by incident and sending bars [7-8] it is 
necessary to take into account the minimum measurement time using the following relationships: 

                                 
bimp2l / /measure i b bi bt t c l c = =   and l / 0.5l /bt b bi bc c                                               (1) 

It is then required to have 
bimp2lbil   and l 0.5bt bil . The maximal average plastic strain of material 

specimen can be estimate from large displacements compression theory by 
1

max 0ln 1 (2 / )
mpimp b i bv l l c

−
  −
 

. Considering a cylindrical specimen with a length 0l  = 10 mm and an 

initial impact velocity vimp = 10 m/s a value of max around of 25%-50% can be obtained for 

 bimpl 0.5 ,1 1 2bim m l m m     and 0.5 1btl m m  . More great plastic deformations of specimen, 

especially for smallest impact velocities, can be obtain for shorter specimens or specimens with 
special or unconventional local shape as dumbbell sample or hat one. To minimize effect of the radial 
dispersion elastic waves and to have bars elastic deformations conditions close to the infinite wave 

propagation theory [7], the bars diameters bd  must to be very small as compared to the twist of 

striker bar lengths i.e. 𝑑𝑏 / 𝑐𝑏𝑡𝑖  =  𝑑𝑏 / 2𝑙𝑏𝑖𝑚𝑝 ≪ 1. The Table 1 and Table 2 synthetize the chosen 

material and geometric characteristics of INSA Rennes Hopkinson bars in order to perform 
compression impact tests with large plastic deformations of material specimen at high strain rates 

(more than 500s-1 – 1000s-1 corresponding to  imp 10 / ,30 /v m s m s .  

Table 1:  Material and geometric characteristics of SHPB bars (total length of bench support ≈ 5.5 m) 

Bars  Air Gun Striker Bar Receiving Bar Sending Bar 

Material MARVAL 18 MARVAL 18 MARVAL 18 MARVAL 18 

Diameter [mm] in 30.0 and out 40.0  16.0  16.0  16.0 

Length [m] 2.0 0.602 (0.5÷1) 2.0 1.3 

 

Table 2: Elastic mechanical properties of MARVAL 18 steel bars 

Temperature 
20°C 

bE   

[GPa] 

 
0,2R  

[MPa] 

b  

[Kg /m3] 
bc /b bE=   

[m/s] 

b b bZ c b bE= =  [Kg/m2s] 

MARVAL 18 186 0.33 1840 8000 4821.82 38.57.106 

 

      

Fig. 2. View of experimental pneumatic SHPB bench with presentation of principal pneumatic propulsion 
system, control, measurement devices and inductive heating 
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As one can see in the Figure 2, the striker bar is driven by a pneumatic device using a tank with a 
volume V0 of 20 l coupled on a pressurized air with maximum 10 bars via a circuit of rapid control, 
regulate and secure valves. Using a lot of plastic cylindrical PFTE collars mounted on the striker bar, 
this one is moved in axial translation by the air pressure propulsion on a distance of 1 m inside the 
gun with 2 m length undergoing a small friction effect. The axial impact velocity is measured by a 

laser optic camera reading a barcode of 50 mm large with a length of 5v mm=  for each uniform 

distributed white/black slots via a paper barcode glued on the end of striker bar surface. The initial 

impact speed value is obtained by division of the slot length v  with the corresponding measured 

period times vT  recorded from a specific Labview program coupled on a high speed NI PCI 6110 

acquisition card of 5 MHz. The Labview interface coupled to a digital VISHAY conditioner is also 
performed to record in Volts the experimental signals corresponding to two full strain bridges 
mounted on the half part of the incident bar and half part of the sending bar using a digital conditioner 

VISHAY (Figure 1). So the incident ( )i t , reflected ( )r t and transmitted ( )t t elastic strain waves of 

the bars can be estimated either through from a direct conversion using strain bridge formula or 
directly from a numerical calibration techniques. Computation of bars/specimen interfaces velocities 
and loads can be performed from analytical relationships based on the general dynamic elastic 
deformations propagation inside the bars [7] using David software [8]. A conventional thermocouple 
or an infrared camera coupled to an inductive heating coil together is used together with a thermal 
control device. The inductive heat system is then able to keep the initial metallurgical structure of 
metal specimen and to can estimate experimentally the material self-heating. It is then possible to 
perform impact compression tests for different initial temperature of material specimen. The 
identification of the thermo-mechanical material specimen behaviour in terms of true stress - true 
elasto-plastic strain for different strain rates and initial temperatures can be make using plasticity 
theory, hybrid numerical-analytical methods and inverse analysis strategy [9-14].   

2.2 Pneumatic control circuit and experimental data acquisition 

The propulsion control system of designed SHPB bench is fully pneumatic and in open loop as shown 
in the Figure 3. When the set pressure of tank air is reach, the operator triggers manually the air gun 
to trip the axial propulsion of the striker bar. 
 

 
 

Fig. 3. Pneumatic control circuit used for propulsion of experimental mechatronic SHPB bench [16] 
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However, the implementation of a digital control system with feedback of different states of the 
system will improve its control allow precise and constant pressures when start the move of the 
striker bar inside the air gun. To resume, with an automatic control system, the pressure keeps 
constant value on the time gap between value pressure regulation and the launch of the test, the 
repeatability and robustness of the experiments guaranteed and more rigorous studies will be 
possible. After starting and triggering of the rapid control valve, the air gun projects the striker against 
the receiving bar. Before the shock, the laser sensor captures on the front of the incident bar  the 

variation of a signal from an uniform succession of black and white slots with a length of v . Thus is 

generate a square-shaped signal of period vT , where the first rising edge acts as a trigger for optical 

sensor acquisition. The impact  speed is deduced  there from  the ratio /v vT  . The Labview language 

program developed for a real time acquisition of the optic sensor and gauge full bridges raw signals 

allows adjustment of the acquisition frequency fa and of the scanning number sb . The product a sf b  

determines the total acquisition duration. In a first time to can calibrate the experimental bench, an 
experimental impact test without any specimen between the bars it realized. The Figure 4 plot the 
recorded experimental tensions obtained from the used laser camera reading the striker barcode 

with 5v mm =  and from two full gauge bridges glued on incident and sender bars in order to measure 

the corresponding elastic wave strains for an air tank pressure around of 1.9-2 bars and an 
acquisition frequency fa = 1 MHz. 

 
                                 a)                                                                               b) 

Fig. 4. a) Square-Shaped Dirac tension signal of laser optical camera recorded by triggering option using 
Labview program, b) Gauges tension signal variation corresponding to the elastic wave deformation of the 

incident bar ( ( )i t , ( )r t for red curve) and sending bar ( ( )t t  for blue curve) corresponding to a set tank air 

pressure of 1.9 bars - 2 bars [16] 

As can be shown in Figure 4 a) the initial impact velocity can be estimate from the square-shape 

signal corresponding to the succession of black and white slots with a constant length of v = 5 mm 

in the time period Tv estimate to be equal to 0.5138 ms by / 10 /v vv T m s=  . Concerning the Figure 

4b), in a classical way the full bridge gauge tension U (V) is expressed in function of the 

corresponding elastic deformation value  (def) starting from the formula:   

                                             ( ) ( ) 6

0 1 / 2 1 10g gU U F f    − = + + −                                              (2) 

where U0 is the bridge supply voltage (expressed in Volt) and fg the gauge factor given by the strain 
gauge. Starting from an acquisition frequency of 1 MHz and from the very short time of the impact 
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period around of 1 ms it is required to set the VISHAY conditioner to record 1V/def. To obtain a 

reliable sensitive recorded tension, the dynamic conditioner amplifier uses a gain factor G i.e.

U GU=  and the equation (6) gives: 

                             ( ) ( ) ( )6 6

0 0
ˆ2 10 / 1 1 2 10 / 1g g gU U GF UF U U GF    =  + − −   +

 
                    (3) 

assuming 𝑈0𝐺 ≫ �̂�  i.e. 𝑈0 ≫ 𝑈 where U (expressed in Volt) represents the tension values recorded 

by the output of Labview program. 
According to the elastic strain gauge principle the variation of gauge deformation with the recorded 
tension is quasi-linear, consequently a calibration factor Kexp can be defined starting from the ratio 
between the corresponding gauge deformation value and the recorded tension i.e.: 

                                                              Kexp =  /U  (def /Volt)                                                      (4) 

For the used strain full bridge, the gauge factor fg is equal to 2.09, the gain G is set around of 250 
and the supply voltage of the bridge is chosen to be 7.5 V. Consequently, it is obtained a calibration 

factor Kexp = 1000/2.6 = 384.62 def /Volt.  
 
2.3 Experimental estimation of initial impact velocity using Hermite interpolation method 

The cubic Hermite spline method is an interpolation method by parts based on cubic Hermite 
polynomials. This method derives a third order polynomial of Hermitian form for each defined interval 
and only guarantees continuity for the first derivatives of polynomials interpolation. The cubic Hermite 
method has more local property than the classical cubic spline method. That is, if you change a data 
point xj, the effect on the interpolation result it is in the range defined by [xj – 1, xj] and [xj, xj+1].  

 

Fig. 5. Labview User Interface to set air pressure function of a predefined initial impact velocity 

If known n experimental points, the Hermite polynomials P(x) of degree 2n+1 defining the function f 
variation is defined by   

( ) ( ) ( ) '( ) ' ( ) ( )i i i i i i iP x f x x x f x q x f x= + − − ,
0

( ) ( ) ( )
n

i i

i

P x q x P x
=

=  and 

2

0,

( )
j n

j

i

j j i i j

x x
q x

x x

=

= 

 −
=  

 − 
 (5) 
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Here f represents here the velocity variable and x the pressure value. f‘ is computed by a finite 
difference method starting from previous measured values. If coupling between Matlab and Labview 
it is more reliable to use the predefined function of cubic Hermite interpolation „Pchip“ of Matlab. 
Concerning the use of SHPB system, the main purpose is to determine the tank air pressure 
according to the desired striker speed starting form a lot of previous experimental values and using 
interpolation based on the above Hermite functions P(x). On the basis of SHPB tests which have 
already been carried out, the user can choose to add each new measured velocity to the built base 
in order to improve interpolation quality and to obtain an auto-learning strategy. Using Labview 
program the Figure 5 show the obtained auto-learning user interface. Based on a lot of 15 
experimental measurements of striker impact speed using the laser optic camera for a set of air 
pressure in the range of 1.6 bars – 2.9 bars, the Hermite interpolation and Labview interface find the 
velocity-pressure curve diagram pictured in Figure 6. 

 

Fig. 6. Hermite interpolation of striker impact velocity – air pressure curve 

Using this method, the user can estimate the air pressure choice corresponding to a specific initial 
impact velocity chosen in the range of 9 m/s – 15 m/s. This method can be use if experimental SHPB 
test not need precise initial impact speed. Therefore, regarding that the extrapolation outside the 
diagram range is too approximate and very imprecise a more robust control of striker impact velocity 
is need based on validation of a proposed reliable numerical calibration method.  

2.4 Theoretical estimation of initial impact velocity 

To be able to obtain a purely axial translation of the striker this one have a number of 5 glued 
cylindrical PTFE collars with a total length of L = 80 x 10-6 m. Using theorem of mechanical energy 

balance the sum of kinetic energy variation of the striker cE  and friction energy 

0

l

f fE E dx=   is 

equal to the work W of the bar surface force generated by air pressure i.e.:  

                      ( )2

0

1
( )

2

l

c f fE E mv E W p x dS dx + = + = =    with 2 / 4imp bm gl d=                         (6) 
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where m is the mass of the striker bar, v the impact velocity obtained after the move on a distance 
equal to l, p(x) represents the air pressure value of each axial bar position x varying between 0 and 

l and Ef is the specific friction energy computed from an infinitesimal cylindrical slice with diameter 
D and length dx’ corresponding to the collars contact.  

Or if pc is the initial absolute pressure inside the tank of volume V0, taking into account the 
atmospheric pressure p0 and the isothermal perfect gas law, the axial pressure variation is obtained 
from: 

                                                    ( )0 0( ) rp x V Sx p V+ =  with pr = pc - p0                                           (7) 

Assuming a uniform pressure distribution on the plastic collar glued on the striker bar along its section 
S, the corresponding mechanical work of pressure can be computed by: 

                                             0
0

0 0
0 0

( ) ln 1
l l

r
r

p V S lS
W p x Sdx dx p V

V Sx V

   
= = = +   

+   
                                 (8) 

Concerning the contact between the collars of striker bar and inner surface gun, if supposed to have 
only smallest elastic deformation, a Coulomb friction law can be used and the corresponding friction 
energy can be computed by: 

                                                     
0

'
L

f fE F dx =   with 
f fF Dn=      (9) 

Here D is the collars diameter equal to the inner gun circular section diameter, nf represents the 

specific normal force applied to the slice collars with dx’ length and  represent the Coulomb friction 

coefficient. Using axial mechanical equilibrium of collar infinitesimal slice with a length dx’, supposing 
elastic incompressible cylindrical compression of collars and striker under the action of the axial 
pressure p(x), it can be written:  

                               ( ') ( '), ( ')rr f zzx n x x = with  ' , 'x x x dx + and ( ) ( )zz x p x =                            (10)  

                               2 2( ') ( ) / 4 / ' ' / 4 'zz zz f fx dx x D dn dx dx D n dx D      + − = =                    (11) 

where ,rr zz  are respectively the radial and axial stresses. 

Consequently, it can be expressed the specific normal force by:                               

                                                              ( )( )exp 4 '/fn p x x D= −              (12) 

Finally using equation (9) the friction energy is given using following expression: 
 

                      ( ) ( )2 / 4 ( ) 1 exp 4 /fE D p x L D  = − −    and ( )1 exp 4 /fE W L D= − −              (13) 

 
Starting from Eq. 6 the obtained impact velocity can be obtain from the following relationship: 

                 ( )0
0

0

2
ln 1 exp 4 / ( )c

V lS
v L D p p

m V


 
= + −  − 

 
  or ( ) 0'/ ( )imp cv l p p= −            (14) 

Here ’ is a variable depending of tank capacity volume V0, gun inner diameter D and section
2 / 4S D= , friction coefficient , total collars length L and sticker material density . Starting from 

the SHPB material properties and geometric characteristics given on Table 1 and 2 the tank volume 

is -2 3

0 20 2 10V l m= =  , the displacement is l=1m and the collar surface glued on the front of the 

striker bar has a surface 2 2 -6 2 -6 2/ 4 30 10 / 4 706,86 10S D m m = =   =   which approximate

 0ln 1 ( / ) 0,035lS V+ =  and 𝛼′ = 𝛼 ≈ 0.029 if neglecting friction phenomena i.e.  = 0 as can be 

considered in a previous research work [16,17].    
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Using a numerical calibration strategy starting from experimental striker velocities measured by optic 

camera, a value of  = 0.0162 is obtained solving a parameter identification problem based on 

( )
2

exp exp
2

exp exp

1 1

/
N N

i i

Min v v v


= =

  
−  

  
   and using a non-linear least squares Levenberg-Marquard 

algorithm of Matlab software. The identification error of friction coefficient is around of 3%.  Regarding 
the experimental values of a Coulomb PTFE/Steel friction contact, the scientific literature shows a 
friction coefficient value around 0.02 close to the obtained identified value. Regarding the relationship 
(14), if friction term is taking into account it is obtain a factor 𝛼′ ≈ 0.027. Then, it can be concluded 
that the estimation error of initial impact velocity is around of 7%- 8% between the case neglecting 
friction phenomenon and the case taking into account a Coulomb contact friction. Impact velocities 
estimations for different striker bar lengths limp from 0.5 m to 1 m are plot in Figure 7. 

   
a)                                                                           b) 

Fig. 7. a) Curves variation of Theoretical Impact Velocities – Tank Pressure for different striker bar length 
without friction phenomena (0.5 m to 1 m), b) Curves variation of Theoretical Impact Velocities – Tank 

Pressure for different striker bar length using friction phenomena with  = 0.0162 (0.5 m to 1 m) 
 

  
a)                                                                                   b) 

Fig. 8. Comparison between experimental and theoretical impact speed values obtained for the striker with a 

length of 0.602 m a) without friction ( = 0) and b) taking into account the friction ( = 0.0162) 
 
One can observe that using a maximal tank pressure of 8 bars for striker bars with short length (0.5 
m to 0.6 m) the impact velocity varied from 5 m/s to 30-35 m/s as compared to an impactor with a 
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length of 1 m where the maximum impact speed is limited to 25 m/s. The use of a striker with the 

length of 0.602 m (mass 0,96m Kg ), if the tank pressure is expressed in bars an estimation of 

impact velocity can be obtained by 011,82 ( )cv p p −  if friction is neglected and by 

010,84 ( )cv p p − if a friction coefficient  = 0.0162 is used. Figure 8 shows the comparison 

between the experimental and theoretical impact velocities. 

Table 3:  Theoretical and experimental impact speed obtained from different values of tank pressure for the 
striker with a length of 0.602 m 

Tank Pressure 
(bars) 

 

Theoretical Impact Speed 
Estimation Without 

Friction (m/s) 

Theoretical Impact Speed 
Estimation Using Friction 

(m/s) 

Tank Pressure 
(bars) 

Exp. Impact 
Speed  
(m/s) 

1 0 0 1 0 

1.1 3.80 3.49 - - 

1.2 5.38 4.93 - - 

1.3 6.59 6.04 1.32 6.68 

1.4 7.61 6.98 1.55 6.86 

1.5 8.51 7.80 1.64 8.67 

1.6 9.32 8.55 1.74 9.41 

1.7 10.06 9.23 1.8 9.7 

1.8 10.76 9.87 1.87 10 

1.9 11.41 10.47 1.9 10.1 

2 12.03 11.03 2 10.56 

2.1 12.62 11.57 2.05 10.84 

2.2 13.18 12.09 2.1 11.3 

2.3 13.72 12.58 2.2 11.8 

2.4 14.23 13.06 2.3 12.4 

2.5 14.73 13.51 2.4 12.9 

2.6 15.22 13.96 2.5 13.52 

2.7 15.68 14.39 2.63 14.54 

3 17.01 15.60 2.8 15.4 

4 20.84 19.11 2.85 15.6 

5 24.06 22.07 2.93 15.82 

6 26.90 24.67 - - 

7 29.47 27.03 - - 

8 31.83 29.19 - - 

9 34.03 31.21 - - 

10 36.09 33.10 - - 

 
The experimental values of initial impact velocities measured by laser camera for a lot of tank 
pressures show very good correlation with the curve of theoretical variation plotted in Figure 8b and 
values detailed in Table 3. An average estimation error of 8 % is obtained due essentially to the 
friction phenomena caused by the local contact of the guidance glued collars of striker bar with the 
inside surface of the gun. 

3. Numerical Analysis 

To make the SHPB mechatronic system analysis in both experimental and numerical point of view 
the Figure 9 pictures the flowchart of proposed integrated design strategy, robust control and 
identification of tested material specimen undergoing a thermo-mechanical compression impact. 
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Fig. 9. Flowchart of proposed hybrid analytical-numerical analysis of SHPB system using numerical 
calibration, entire SHPB Finite Element Modeling and Inverse Analysis 

 

3.1 Numerical Calibration and Finite Element Modelling of SHPB System 

To improve the experimental calibration procedure in order to avoid approximations of given gauge 
factor, gain choice and measurements errors, a robust and more general numerical method it is 
proposed. This numerical calibration method is based on a lot of empty SHPB experimental tests 
without specimen performed for different air tank pressure and consequently different initial impact 
velocities, using a Finite Element Modelling of the entire bar’s system following the below steps: 

I. Empty experimental compression SHPB test (without any specimen) with direct contact of incident 
and sending bar and at a set of initial impact velocity v chosen with respect to the above impact 

velocity-pressure diagrams. It can be proven theoretically that 0, 0,ε = 0i r t i =     [14]; 

II. Recorded of tensions time variation ( )iU t , ( )rU t and ( )tU t  (corresponding to the experimental 

gauge elastic deformations ( )i t , ( )r t  and respectively ( )t t  found using Labview program); 

III. Estimation of the real initial impact speed v̂  from the time period vT  of the first square-shaped 

time Dirac signal of the recorded laser optic camera measurements using the formulas ˆ /v vv T=  ; 

IV. Estimation of the experimental celerity cexp from the time period 
expit  corresponding to the first slot 

of recorded incident signal ( )iU t  using the formulas 
expexp 2l /  imp ic t= ; 

V. Finite Element Simulation of the entire SHPB system using same initial and boundaries conditions 
as the experimental one (same celerity speed value and same initial impact velocities) with extraction 

of elastic strains time variation ( )
numi t , ( )

numr t  and ( )
numt t  corresponding to the geometric points 

positions of the two gauge bridges (one on the half part of the incident bar and other on the half part 
of the sending bar). 

VI. Computation of the numerical calibration factor Knum = Max ( )
numi t  / Max ( )iU t = ˆ

numi /
iU  

VII. Experimental – Numerical Comparisons of the time variation concerning incident, reflected and 
transmitted elastic strains. 

An axisymmetric dynamic Finite Element Modelling of SHPB test choosing an initial impact velocity 
of 10 m/s and an incremental time of 10-6s is performed using Cast3M [18], ABAQUS and LS-Dyna 
code [9-13, 14-15] based on tridimensional elastic properties of the bars, inertial effect and QUAD4 
mesh (Figure 10). 
 
          Striker Bar (0.602 m)                Incident Bar (2 m)                    Sending Bar (1.3 m) 

   
 

Fig. 10. Mesh of the striker, incident and sending bars used for a Dynamic Finite Element Simulation of the 
SHPB device using Cast3M, Abaqus and LS-Dyna code 

 

vimp = 10 m/s (t = 0) Full strain gauges bridges 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
17 

 

Results concerning the elastic deformations and axial stress obtained from gauge bridges positions 
are illustrate in Figure 11.  
 

    
a) b) 

Fig. 11. Numerical results corresponding to the strain gauge bridges position obtained from the Dynamic 
Finite Element Simulation using Cast3M, ABAQUS and Ls-DYNA code a) Elastic Strains, b) Axial Stress  

 
An analytical estimation of calibration factor Kan can be obtained from the ratio of values 

corresponding to numerical incident elastic deformation ˆi  and measured tension
iU : 

                                                             Kan = ˆi /
iU  (def /Volt)                                                      (15) 

Or the general theory of bar’s elastic wave propagation shown that for an impact velocity v 

ˆ ˆˆ 0.5 and / 2 / 2i b b i i b b bc v E c v E v c    =  = = . So: 

                                                         
6

exp
ˆ10 / 2an iK v c U=  (def /Volt)                                                          (16) 

Here the bar’s celerity cexp can be estimated using the expression (1) from the time period 
expit of the 

first slot of the recorded incident signal ( )iU t  by 
expexp 2l /  imp ic t= . The signal of incident deformation 

measured in Volts has a value close to ˆ 3,33iU V= with a time broadness 0, 254it ms= and the 

experimental celerity can be evaluated as 
exp

3

exp 2l / =2 10 0,602/0,254 4740 /  imp ic t m s=    . As 

compared to a previous estimation about of 4821 m/s [11] the error of the sound celerity is smallest 

that 2.5%. Using the equation (10), the analytical calibration factor becomes Kan = 317 def /Volt i.e. 

17% differences as compared to the previous experimental or classical strain gauge’s calibration 

factor i.e. Kexp = 384.62 def /Volt. From Fig. 8 it can be observed that Max ( )
numi t = 1034.7 def 

and Max ( )
numi t = 191 MPa values close to the analytical estimations given by ˆ / 2

ani bv c= 

1054.9 def and ˆ 0,5
ani bc v=    189.6 MPa. Taking into account the experimental tension value 

obtained in Volts from the incident deformation signal, the numerical calibration factor can be 

estimated by 
_ / 310,7 /num i num iK U def Volt = = . As compared to the analytical value, the error is 

around of 2%. Despite the validation of the proposed calibration method it is possible to conclude 
that the numerical calibration strategy is more robust and can be performed for more complex 
conditions as for example in the case of viscoelastic or non-metallic materials bars, or for optic fibbers 
measurements of elastic deformations where analytical computation models are too approximate or 
no more valid.    
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3.2 Numerical Inverse Analysis of SHPB System 

The entire Finite Element Model has been performed to simulate SHPB compression tests using 
different shape of specimens (dumbbell or hat cylindrical samples) undergoing complex strain path 
especially used to identify by a Two-Step Inverse Analysis strategy the non-linear thermo-
mechanical material constitutive equations and the corresponding material coefficients. Details can 
be show in previous works of Gavrus et al. [9-17]. The proposed Two-Step Inverse Analysis consists 
in a first step to compute the specimen interfaces velocities and loads starting from the solution of 
an Analytical Inverse Problems based on equations of elastic wave propagation and on the 
measured strain gauges measurements followed by a second Inverse Analysis at the specimen 
scale using Finite Element Modelling of sample elasto-plastic deformations. Finally, the experimental 
strain gauges signals are compared to the computed ones using Finite Element Simulations of entire 
SHPB System to valid the used material constitutive law identification method pictured in Figure 12. 
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Fig. 12. Inverse Analysis Principle applied to solve Non-Linear Identification or Inverse Problems 

4. Conclusions 

The above experimental design and quantitative description of the pneumatic compression 
mechatronic SHPB bench confirms the robustness of impact speeds control together with strong 
validations of their theoretical dependency on tank air pressure set. A new hybrid analytical-
numerical calibration method was detailed in order to can estimate the elastic wave strains which 
travels with a specific celerity the incident and sending bars. A complete dynamic Finite Element 
Modelling and Simulation of the SHPB system without specimen has been performed to establish a 
more rigorous estimation of the conversion factor between the measured gauge full bridge tension 
and real elastic strain value. Comparisons with analytical formula based on elastic wave propagation 
theory of infinite bars have shown the high precision of the Finite Element Modelling results, which 
permit to valid the entire calibration strategy. It is also possible to confirm again the rightness of the 
proposed two-step Inverse Analysis technique developed from 1998 during previous research works 
at INSA Rennes to identify specific constitutive equations of metallic materials under severe loadings 
and complex deformation paths: large plastic strains, high strain rates, temperature influence and 
important local gradients of thermo-mechanical variables. Regarding the generality of the proposed 
numerical calibration method, this one will be apply in a future research work to improve the SHPB 
acquisition system by use of local Bragg optic fibers sensors and specific optical interrogators 
developed by Dimione Systems of France and Redondo Optics Company of USA to measure in a 
more accuracy manner the elastic deformations of the bars. 
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Abstract: The correct definition of technical parameters in the construction of volumetric pumps, especially 
those with axial pistons, must take into account both their mode of operation, characteristic load curves, and 
their operating duration. Since hydraulic pumps in general, and axial piston pumps in particular, are 
equipment capable of utilizing the energy transmitted by the fluid at high powers and moments of operation, 
great attention is paid to them from the design phase to maintenance. This paper aims to address essential 
principles in the CAD modeling of an axial piston pump, a study on the inspection of the piston block using a 
specific reverse engineering measurement technique, which involves 3D scanning of these components and 
their measurement using specialized software (GOM Inspect), as well as the comparison, through overlay, of 
CAD models created using CATIA software with scanned models, highlighting the advantages of reverse 
engineering techniques compared to traditional CAD design. By using coordinate measuring machines, the 
free-form, internal, and external surfaces of the piston block were measured and inspected to generate 
coordinates of measured three-dimensional points on the surfaces, with the aim of defining the maximum 
distances between the real profile and the adjacent circle of the axis channels (deviations from circularity), 
through parameter specifications such as eccentricity, concentricity, and radial runout. Additionally, a neural 
network model is proposed for predicting the theoretical fluid flow rate of axial piston pumps based on their 
technical parameters, such as pump speed, number of pistons, effective piston diameter, or stroke, which 
aims to optimize the synchronization process between the drive shaft rotation and the piston block rotation 
and ensure efficient power transfer to the overall hydraulic system. 

Keywords: Hydraulic pump, axial piston, CATIA, reverse engineering, GOM Scan, GOM Inspect, 3D 
measurement, artificial neural network (ANN) 

1. Introduction 

Pumps are considered primary elements in the structure of hydraulic systems, which have the role 
of transforming mechanical energy into hydraulic energy and are designed to generate a power 
flow necessary to overcome the pressures developed against their own load [1,2,3]. Among them, 
hydraulic pumps with axial pistons, transform mechanical energy into hydraulic energy using 
pistons that move axially-alternatively in a pistons block, during the rotation of the central shaft, 
being among the most widespread in industrial and mobile hydraulic drives [4]. Due to the small 
moment of inertia and the axial balancing, they can operate at high speeds, frequently at 
1500÷2000 rpm and, in special cases, at 4000÷20000 rpm, ensuring both the efficient transmission 
of the hydraulic fluid from the tank, as well as pumping it into hydrostatic systems at nominal 
working pressures and flows. They circulate flows between Q=3÷800 l/min at high and very high 
pressures p=200÷700 bar. These machines can reach powers up to 3500 kW [5,6,7]. Axial piston 
pumps consist of a specially designed piston block within which the pistons move axially where, 
during operation, the central shaft of the pump is set into movement by an electric motor, which 
causes the piston to move. This process consists of two distinct and complementary stages: 
suction, when the piston moves in the axial direction, thus creating a suction space into the pump 
cylinder, and discharge, when the piston returns to its original position, reducing the volume of the 
cylinder.  
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This causes the pressure inside the cylinder to increase, which causes the fluid aspirated in the 
previous stage to be pushed into the hydraulic system. Thus, a constant flow of fluid is obtained at 
the pressure required to supply and control various hydraulic applications [3,8,9]. According to the 
location of the piston block in relation to the driving disk, three main categories of axial piston 
pumps are distinguished: with inclined block, with inclined disk, with rotating swashplate [1,7]. 
Multiple studies of axial piston pumps have been considered component analysis to understand 
and highlight a series of wear mechanisms under rapid maintenance conditions in order to reduce 
hydrostatic drive flow shutdown times involving such pumps [10,11,12]. This can be done both by 
3D measurements of the surfaces of the pump components, especially of the pistons and their 
bores, whose non-uniformity can lead to not ensuring optimal loading and lubrication conditions 
[13,14], but also by optimizing the shape of the piston couple surface/cylinder, of technical 
operating parameters [15] through genetic algorithms [16] or neural networks [17,18], or graphical 
modeling or reverse engineering techniques [19,20,21].  
Reverse engineering has gained momentum as an investigative method and starts from a real 
model or an existing construction of a functional technical component, identifiable by 
measurement, and retrieves appearance, shape and structure data, data used later to build digital 
3D models [22]. Such a working technique, which starts from existing physical characteristics, but 
for which there is no specific technical documentation, is extremely useful in the reconditioning 
processes of various components within axial piston pumps.  
Thus, if the constructive form of these components can be obtained much more easily by actually 
measuring them, by scanning and making 3D models of the components and is doubled by an 
analysis with neural networks, as universal approximators that work best if the systems that 
models have a high error tolerance, then some of the advantages of the reverse engineering 
technique over traditional CAD design can be highlighted. Among them could be exemplified: 
speed in processing the results, reduced time in transposing the models in digital form, precise 
determination of deviations by comparison with CAD model etc.  
The paper presents a three-dimensional measurement technique specific to reverse engineering, 
which involves the 3D scanning of the piston block of an axial piston pump, followed by the 
dimensional measurement of the functional components with the help of a specific software (GOM 
Inspect) and comparison, by overlap, with the CAD model made with CATIA software. At the same 
time, an analysis based on an artificial neural network (ANN) of modeling and optimization was 
developed to determine the specific process variables corresponding to the theoretical fluid flow of 
axial piston pumps. 

2. The scanning process 

The scanning of the piston block from the axial piston pump structure was performed using the 
Atos Core [23] equipment, which relies on advanced and innovative technology to accurately and 
fully automate the inspection and measurement of the parts. The processing of the images 
obtained from the scanning process was performed with the help of the GOM Scan program, a 
specialized software solution designed to satisfy the requirements in the fields of reverse 
engineering and rapid protyping. Calibration procedures, automatic configuration of scan 
parameters such as resolution and exposure times and performing polygonalization were 
performed. The GOM Scan program provides data from the scanned surface in a three-
dimensional representation, the measurement process being performed with or without the use of 
reference markers, which are adhesive elements that are applied both to the scanned object and to 
the table of the equipment before starting the actual process scanning. The software identifies and 
captures visible reference points in camera images.  
These points are later recognized and used to transform all subsequent scans. In each subsequent 
scan, it is necessary to capture at least three known reference points to ensure the correctness of 
the transformations in the three-dimensional views. Thus, before starting the scanning procedure, 
reference markers are applied to the piston block, Figure 1. 
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Fig. 1. Applying reference markers to the piston block 

 

In order to ensure a high level of accuracy in the scanning process, it is essential to use an anti-
reflective spray that is applied to the part. After the reference markers have been carefully applied 
and after the surface of the part has been covered with the anti-reflective spray, the actual process 
scanning of the piston block is initiated, Figure 2. 
 

  

Fig. 2. Applying the anti-reflective spray and starting the scanning process of the piston block 

 
The piston block scanning process included a total number of 54 scans, of which 17 scans were 
performed for the top view, 7 scans for the side view, and 30 scans for the bottom view. This 
detailed approach to scanning from multiple angles and perspectives contributes to obtaining a 
comprehensive and accurate image of the analyzed object.  
After the piston block scanning process is completed, the polygonalization step follows. This 
involves correlating and merging all scans performed on the object to obtain a complete and 
detailed numerical model. The polygonization process is initiated by accessing the GOM Scan 
menu and selecting the appropriate options: Acquisition -> Measurement series -> Polygonize and 
Recalculate.  
Thus, the necessary calculations are performed to create the network of points that will represent 
the surface of the scanned part. To ensure the quality of the model and to remove any 
imperfections or unwanted edges on the surface of the scanned part, the Select/Deselect Through 
Surface command is used. This function allows the operator to precisely identify and remove 
unwanted details, thus ensuring that the final model obtained is as accurate as possible and 
precisely represents the scanned part. 
Figure 3 shows the final result of the piston block scan made with the Atos Core equipment. 
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a. b. 

Fig. 3. Sequences during the piston block scanning process (a) and scanned model of the piston block (b) 

 
The scanned part will be saved as a file with *.stl extension, which later allows it to be opened in a 
variety of design software such as CATIA, AutoCAD, Autodesk Inventor, SolidWorks etc. This file 
format (*.stl) is a widely accepted standard in the CAD industry and enables the compatibility and 
efficient transfer of 3D models between different platforms and design applications. 

3. The inspection process 

The inspection process of the piston block is performed with the help of the GOM Inspect program, 
in order to determine the dimensional characteristics of the part and to create a model of it in a 
specialized software, in order to compare it with the CAD model. In a first stage, in order to 
determine the dimensions of the piston block, the construction of a reference system for the part is 
initiated. This process begins by creating a cylinder in the area inside it using the Fitting Cylinder 
function. The cylinder is built to approximate the shape and dimensions of that area. In the next 
step, a point is constructed, using the Point from Line function, with the direction defined by the 
axis of the cylinder. This point is an essential element in establishing the reference system. At the 
same time, the plane perpendicular to the axis of the cylinder is created using the Point-Normal 
Plane command. This plane has as reference point the previously created point, point 1, and the 
direction of the normal will be given by the axis of the cylinder, Figure 4a. 
 

  
a. b. 

Fig. 4. Generating the reference elements in order to establish the coordinate system of the part (a) and 3-2-
1 Alignment function in order to establish the coordinate system of the part (b) 

 
In the final step of the process, an alignment operation is performed in order to establish the 
reference system, using the 3-2-1 Alignment function, which is usually used as an initial system 
alignment. With the help of the 3-2-1 Alignment command, the nominal reference system position 
is established. In this alignment process, six 3D points are used to define the reference system.  
Thus, in addition to the initial point (Point 1), two additional points are created on plane 1, this 
being done using the Point command. Thus, having all the elements built, the alignment process 
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that defines the reference system is performed, Figure 4b. To obtain the dimensions of the piston 
block, essential for building later the 3D model, the contour of the part is created using the Single 
Section function. Thus, to determine the cross sections, a reference plane is chosen that is parallel 
to the axis of the cylinder (Z plane), located at a specific distance of 17 mm, respectively -25 mm, 
in relation to the initial reference plane, Figure 5. 
 

 

Fig. 5. The transversal cross-section of the piston block 

 

Thus, using these sections, the dimensions of the piston block can be identified, which are 
necessary to create the 3D model in a dedicated software program. The dimensions of the cross 
sections are shown in Figure 6. These were determined by constructing circles on the surface of 
the contours, using the Fitting Circle command. 
 

 

 

Fig. 6. The cross-section dimensions of the piston block 
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4. Graphical modeling of the piston block and comparison between models 

The graphical modeling of the piston block was performed using the CATIA V5R21 program in the 

Part Design module. CATIA is a computer-aided design software product developed by Dassault 

Systèmes [24]. This program is widely used in the engineering and design industry, allowing users 

to create complex 3D models and perform advanced analysis on them. Through CATIA, engineers 

and designers can perform detailed modeling of components and assemblies and apply various 

design functionalities such as simulations, tests and analyzes to verify their performance and 

quality. At the same time, it represents an essential tool in product development and in their design 

in a virtual environment before physical production. Therefore, the three-dimensional model of the 

piston block and the axial piston pump are shown in Figure 7. In its construction, 2D and 3D 

drawing commands were used, as well as editing commands (Line, Point, Circle, Quick Trim, Pad, 

Shaft, Pocket, EdgeFillet etc.). 
 

  
 

Fig. 7. 3D model of the piston block and the axial piston pump 

 
The comparison between the two models of the piston block (CAD and scanned) was realized in the 
GOM Inspect software. The scanned model in *.stl format and the CAD model in *.stp format are 
imported into the GOM Inspect software. In the inspection process, an essential step is to align the 
actual model of the part, obtained by scanning, with the nominal model obtained by CAD modeling, 
since the two models are oriented differently from the coordinate system prescribed in the GOM 
Inspect program. There are several alignment methods available, but the most convenient and 
default method is prealignment. This prealignment process automatically performs a correlation of 
the two models, independent of the position in which the scan of the physical model was taken. By 
using these options of the prealignment function, a proper alignment can be ensured between the 
actual model and the nominal one, thus facilitating the process of inspecting and analyzing the part.  
 

  

a. b. 

Fig. 8. Orientation of the piston block models (a) and the overlap process (b) 
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Thus, Figure 8a shows the two models imported into the GOM Inspect program. In order to overlap 
the model scanned with the Atos Core equipment with the model made in the CATIA program, the 
Prealignment command, option Long is used, Figure 8.b. This step is essential to properly overlay 
the two models in the same reference system, thus facilitating the analysis and the inspection 
process. After the alignment between nominal and actual data has been achieved, the inspection 
process can be initiated, thus allowing the determination of dimensional deviations between the 
two sets of data. This process is done using the Surface Comparison on CAD command. 
The result is presented in the form of a map of deviations, where they are visually represented by 

means of colors. In this context, the blue color indicates a negative deviation, the green color 

signifies a zero deviation, while the red color represents a positive deviation. In areas where 

dimensional deviations could not be calculated, they are highlighted on the deviation map with a 

gray color. After the map has been generated, the program presents a legend explaining the 

meaning of the values corresponding to each individual color. This legend is useful to better 

understand and interpret the information presented on the map, making the analysis process more 

accessible and comprehensible, Figure 9. 

 

  

Fig. 9. The deviations map of the block piston 

 

5. The precision of the geometric shape of the piston cylinders 

Following the operation of axial piston pumps, a technical cycle of wear occurs due to the 

translational movement of the pistons in the block cylinders, the deviations from the precision of 

the geometric shape of the pistons cylinders, the most frequently encountered being the deviation 

from circularity and the deviation from cylindricity. The deviation from circularity or non-circularity is 

defined as the maximum distance between the real profile and the adjacent circle, Figure 10a, and 

the deviation from cylindricity is defined as the maximum distance between the real surface and 

the adjacent cylinder, considered within the limits of the reference length, Figure 10b. This 

deviation consists of the deviation from circularity, considered in the cross section of the part and 

the deviation of the longitudinal (axial) profile. The diameter and circularity errors were determined 

with the Tesa Micro-Hite 3D coordinate measuring machine [25], Figure 10c. The deviations from 

circularity in the piston cylinder sections were determined by measuring the diameters of the 

section in different directions. For each of the piston cylinders, marked with numbers from 1 to 7, 

the values of the diameters measured at several points, in an interval of 1÷5 mm below the frontal 

plane of the piston block, were determined. 
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a. b. c. 

Fig. 10. Deviation from circularity (a) and cylindricity (b). Tesa Micro-Hite measuring machine (c) [25] 

 

Table 1 shows the average values recorded for the piston cylinder diameters measured with the 

help of the GOM Inspect program, see Figure 6, respectively those recorded by measuring with the 

Tesa Micro-Hite 3D coordinate measuring machine. 
 

                                                                              Table 1: Values of piston cylinder diameters and tolerances 

Cylinder 

No. 

Cylinder diameter [mm]  

GOM Inspect 

Tolerance [mm]  

GOM Inspect 

Cylinder diameter [mm]  

Tesa Micro-Hite 3D 

Tolerance [mm]  

Tesa Micro-Hite 3D 

1 12.077 0.077 12.026 0.026 

2 12.074 0.074 12.030 0.030 

3 12.070 0.070 12.018 0.018 

4 12.067 0.067 12.012 0.012 

5 12.042 0.042 12.002 0.002 

6 12.038 0.038 11.993 -0,007 

7 12.101 0.101 12.044 0.044 
 

Figure 11 shows the graphical representation of the tolerances obtained from GOM Inspect and 

Tesa Micro-Hite 3D. 
 

 

Fig. 11. Graphical representation of the tolerances obtained from GOM Inspect and Tesa Micro-Hite 3D 
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6. Artificial neural network (ANN) and piston stroke prediction in axial piston pump 

In order to define the theoretical flow rate of the axial piston pump, the basic relationship is used: 

3m s ,Q V n     
                                              (1) 

where: 
- V is the oil volume discharged at one rotation; 
- n - pump speed, in rpm. 

The oil volume discharged at one rotation of the piston block is: 

2
3 mm ,

4

d
V h z

 
     

                                          (2) 

where: 
- d is the effective diameter of a piston, in mm; 
- z - the number of pistons; 
- h - piston stroke, in mm. 
For n speed, the flow rate of the axial piston pump is given by the expression: 

  
2

610 l min .
4

d
Q h z n

 
                                               (3) 

 

To highlight the importance order of the parameters that influence the functionality of an axial 

piston pump, a piston stroke prediction method based on an artificial neural network (ANN) model 

is used. It starts from known values of flow (Q) and speed (n) of some types of Rotary Power 

pumps [26]. To train the neural network, the fact that the number of pistons is generally odd is 

taken into account and two such situations are considered - with 7 and 9 pistons, Table 2.  
 

Table 2: Technical parameters of axial piston pumps [26] in ANN training 

No. n [rpm] d [mm] z Q [l/min] 

1 2500 20 7/9 312.50 

2 3000 18 7/9 276.00 

3 3000 16 7/9 186.00 

4 3500 14 7/9 115.50 

5 4000 12 7/9 46.00 
 

 

A standard neural model consists of an input layer with 4 neurons corresponding to the input 

variables, a hidden layer containing 4 hidden neurons and an output layer containing one neuron 

corresponding to the piston stroke (h). For the multi-layer neural networks used as input 

parameters were: speed (n), piston diameter (d), number of pistons (z) and fluid flow rate (Q). In 

this way, 9 possible combinations are obtained. When training the networks, 8 of the combinations 

were used, the ninth one being used to check the training result, the stroke of the pistons, Figure 

12a. After querying the networks, 16107 cycles, piston stroke values were obtained for various 

combinations, Figure 12b. 
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a. b. 

 

Fig. 12. Neural model for piston stroke prediction (a); neural network training data (b) 

Conclusions  

The main defining characteristic of axial piston pumps is their ability to deliver a continuous fluid 
flow under pressure, making them essential components in the field of hydraulics, being 
recognized for their exceptional level of efficiency and their ability to deliver both pressure, as well 
as constant flow, essential features for a variety of industrial and mobile applications. The paper 
highlights how modern rapid analysis tools can give extremely valuable indications for a specific 
reaction to non-conformities in the functionality of such pumps. So: 

- an automatic scanning and analysis system was used, with the help of which a quick and 
precise inspection of the piston cylinders was realized, reducing the effort and time required for 
manual measurement by traditional methods; 

- the CAD model could be created both based on the dimensions in the data sheet, but also 
based on the scanned model. The accuracy of the models (CAD and scanned), by comparison, 
was proven by the upper and lower limit values of ±0.6 mm. Even if there are small deviations, they 
are due to the imperfections appearing in the piston block due to multiple operating cycles, as well 
as the measurement and scanning difficulties caused by the depth of the piston cylinders; 

- powerful 3D measuring instruments were used to control dimensional deviations from 
circularity and cylindricity in the piston block, highlighting the superior accuracy of the coordinate 
measuring machine, but also the net superior working speed of the scanning system, which had 
the role to quickly create a 3D model, consisting of a ”cloud of points” obtained after scanning the 
inner surfaces of the piston cylinders, with the possibility of exporting them in various formats for 
digital design and analysis applications; 

- following the analysis of the training results of the neural network, in defining the average 
value of the pistons stroke (h), the importance of the parameters, in descending order, are: fluid 
flow rate (Q), diameter of the pistons (d), speed (n), number of pistons (z). It can be concluded that 
the ANN approach is an appropriate tool for such an application, being able to lead to the design of 
some algorithms that assume the possibility of increasing the value of the fluid flow, but also of the 
diameter of the pistons, for a functionality with a higher technical yield. 
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Abstract: The paper presents the conception and design of a hydraulic system that can work both in closed 
circuit and in open circuit - which can be used in the laboratory for teaching purposes. The system contains 
both classical and proportional equipment, sensors for different fluidic (flow, pressure, temperature) and 
mechanical (speed) quantities and will be managed using a dedicated controller. From a functional point of 
view, the system will have several operating modes, which can be set by the user. The data provided by the 
sensors will be acquired and they will be analysed and in real time the controller will decide certain 
corrections so that the system evolves according to an imposed algorithm. 

Keywords: Hydraulic System, Open circuit, Closed circuit  

1. Introduction  

Today, hydraulics represents an increasingly important technology. Its qualities are highlighted 
whenever large and very large forces need to be developed under conditions of superior efficiency. 
The scope of application of hydraulic drive systems is extremely broad, ranging from the operation 
of robots, machine tools, automated lines, presses, lifting machines, chemical, metallurgical, and 
mining equipment to military and aerospace technology. 
As a result, these systems find a wide field of application wherever automatic control of work 
phases is required, along with the programming of forces/moments, displacements, and speeds. 
They ensure various functions, facilitating the transition from one speed level to another, which is 
necessary for achieving high-precision positioning, ease, and flexibility in programming. A careful 
evaluation of this field allows the identification of the main trends and perspectives. Among these, 
a strong development in this field in the future must be noted; for this, fundamental and sustained 
applied research is necessary. At the same time, the significant role of equipment manufacturers in 
innovating and adapting to Industry 4.0 is evident. 
The aspects presented above justify the importance given to this field in the curriculum of the 
Mechatronics study program, where a series of courses are planned to enable students to acquire 
competencies in the field of hydraulic drive systems. These courses include Pneumatic and 
Hydraulic Automations, Hydronics and Pneutronics, Intelligent Fluid-powered Drive Systems, 
Theoretical and Experimental Analysis of Hydronic and Pneutronic Systems. The theoretical 
aspects presented in these courses need to be accompanied by laboratory work to assist students 
in understanding the principles and methods presented in class. For this purpose, an appropriate 
material base is needed to align with the intended goals.  
This is also the direction in which the subject of this applied work falls. The designed and currently 
under construction stand aims to help students understand the following aspects: 

• The functional role of the automation equipment used; both classical and proportional 
equipment are considered. 

• Highlighting the difference between a hydraulic drive system operating in a closed circuit 
and one operating in an open circuit. 

• Presentation of methods for flow control through the resistive method and the volumetric 
method. 
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• Emphasizing pressure losses that occur due to fluid flow through various equipment 
(especially at the throttle level) and their effect on the working fluid's temperature. 

• How to adjust the pressure in the system. 

• How information is acquired, processed, and interpreted from the system. 

• How the controller is programmed and a series of control algorithms are designed and 
implemented. 

2. Material and Method 

The system studied in this article is composed of an adjustable flow hydraulic pump P, hydraulic 
directional control valves with classical operation DH2 (used to operate the system) and DH1 (used 
to supply the pump), pressure transducers PAM and PAV, flow transducer TD, as well as pressure 
gauges M1 and M2 mounted upstream and downstream of a proportional throttle valve 
DROSEL_PROP. The system is also equipped with an accumulator, serving as a flow 
compensator ACC, along with the filter F, pressure relief valve Ssig and reservoir T. The hydraulic 
circuit is depicted in Fig. 1, along with the main characteristics of some of its constituent 
equipment. It is configured to allow a switch between the open circuit mode, which includes a 
reservoir, and the closed-circuit mode by decoupling the reservoir.  

The operational steps for transitioning from open circuit mode to closed circuit mode are as follows: 
Step 1: System startup – the DH1 directional control valve establishes the left distribution field, 
allowing circuit supply through the hydraulic pump (P). The DH2 directional control valve can be in 
either of its two positions – for hydraulic circuit operation or return. In both cases, the pressure 
relief valve (Ssig) is included in the loop. 
Step 2: If a transition to closed circuit mode is desired, the DH2 directional control valve is 
actuated through the ALIM_ON electromagnet, enabling pressurized oil supply to the operated 
circuit. Once the desired pressure is reached, the DH1 directional control valve can be switched to 
the CI position. 

 

Fig. 1. Simulation network  
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                                                                                                   Table 1: Components parameters 

Component description Characteristics 

T – Hydraulic reservoir Capacity: 80 liters 

DH1 – Hydraulic distributor 4/2 with dual 
control (electric and manual) 

Max. pressure: 350 bar 

Max. flow rate: 60 l/min 

Control voltage: 24V 

P – Variable capacity hydraulic pump Max. pressure: 350 bar 

Max. flow rate: 59 l/min 

Max. speed: 3300 

Control voltage: 24V 

DH2 – Proportional distributor 4/2 Nominal pressure: 280 bar 

Max. pressure: 350 bar 

Max. flow rate: 60 l/min 

Control voltage: 24V 

M1 – Glycerin-filled pressure gauge Measuring range: 0-310 bar 

PAM – Analog pressure sensor, upstream Measurement range: 0-250 bar 

Supply voltage: 18-30V 

TD – Turbine flow meter Accuracy: ± 0.5%, ± 1% 

Power supply:  +24VDC 

DROSEL_PROP – Proportional throttle valve Max. pressure: 420 bar 

Nominal flow rate: 320 l/min 

Number of connections: 2 

Switching positions: 2 

Supply voltage: 24 VDC 

PAV – Analog pressure sensor, downstream Measurement range: 0-250 bar 

Supply voltage: 18-30V 

M2 – Glycerin-filled pressure gauge Measuring range: 0-310 bar 

ACC – Hydraulic Accumulator Max. flow rate 360 l/min 

Gas valve type: 7/8' 14 UNF 
high pressure 

Max. operating pressure: 690 
bar 

Nominal volume: 1 l 

F – Particle Filter        Height: 170mm 

Outer diameter: 64mm 

Inner diameter: 34mm 

Ssig – Safety valve with direct-acting Pressure range: up to 350 bar 

Flow rate: 26 l/min 

 

In fig. 2, the logic control module is presented, where the connections between the logic stage and 
the control stage can be observed. On the left side of the figure, the inputs and outputs of the 
programmable controller are highlighted. The inputs of the programmable controller are denoted as 
I1 to I8, and the outputs as Q1 to Q8; its power supply is provided from a 24V source. 
On the right side of the figure, the logical scheme behind the system's operation can be observed. 
By supplying I1, the system's working cycle is initiated. To ensure the system's stoppage, a button 
and a reset block have been installed simultaneously. 
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Fig. 2. Logic module connections 

 
At the output port, Q1, the proportional electromagnet is connected, receiving the control signal for 
moving the hydraulic directional control valve drawer from the P-T position to the P-A position. 
When the pump starts, the fluid is not sent into the system but is directed back to the reservoir. The 
return to the preferential P-T position is achieved through the command of the second 
electromagnet, ALIM_OFF. The transition from an open hydraulic circuit to a closed one is done 
using a 4/2 directional control valve with proportional control. The preferred position of the 
directional control valve drawer is P-A, B-T, which means that the fluid enters the system through 
port A and returns to the tank through port B. The transition from an open circuit to a closed one is 
achieved by commanding the proportional electromagnet, CI, which once it receives the command 
signal, it moves the drawer to the P,T position - blocked and A-B - connected. The proportional 
throttle has the role of regulating the speed of the working fluid, respectively the speed of the 
actuation elements that could be connected in the system. The flow section through the throttle 
changes proportionally with the command signal sent through the Q2 port of the programmable 
controller. The flow section can be changed in several situations: when the pump has a low flow 
rate, and a too large passage section would lead to pressure losses in the system; another 
situation in which it is necessary to adjust the flow section is when the system does not require a 
large flow of fluid, and reducing the flow section leads to an increase in the pressure in the system, 
which can lead to the opening of the pressure relief valve and sending the fluid to the tank. The 
purpose of the hydraulic accumulator is to compensate the flow losses in the system, but also to 
store the hydraulic fluid when adjusting the flow section of the proportional throttle. The pressure 
relief valve ensures constant pressure in the system and does not allow exceeding the maximum 
pressure allowed in the system. When the set maximum threshold is reached, it opens and allows 
a quantity of fluid to exit the circuit. 
Fig. 3 shows the control scheme for the hydraulic pump and regulation of the flow section for the 
proportional throttle. The pump flow rate variation law is given by means of a function generator, 
whose signal is amplified and transmitted to the actuation element. The movement of the mobile 
element, which changes the geometric volume, is proportional to the command signal. The control 
law of the proportional throttle is obtained based on the variations of the geometric volume of the 
pump. With the modification of the pump capacity, the throttle receives a command signal 
proportional to the displacement it must achieve. In order to determine the pressure drop on the 
throttle, it was decided to mount two analog pressure sensors upstream and downstream, the 
pressure difference between the two values is determined by a comparator. The comparator is 
provided with two analog inputs, one for each sensor. It allows real-time visualization of the 
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upstream-downstream pressure difference on a display, as well as in the program. An analogue 
flow sensor, TD, has also been installed in the system, which allows monitoring the speed 
variations of the hydraulic fluid, provides an additional safety factor in the system and better control 
over possible flow losses, which could occur as a result of the operation defective components as 
well as anomalies in the operation of the pump. 
 

 

 

Fig. 3. Control scheme 

3. Conclusions  

In conclusion, the hydraulic system described in the article is a complex configuration involving 
various components such as an adjustable flow hydraulic pump, hydraulic directional valves, 
pressure and flow transducers, pressure gauges, a proportional throttle valve, an accumulator, a 
filter, pressure relief valve, and a reservoir. The system is designed to operate in both open circuit 
and closed-circuit modes, with the ability to transition between the two. The operational steps for 
transitioning from open circuit mode to closed circuit mode involve system startup, where the DH1 
directional control valve establishes the left distribution field, allowing circuit supply through the 
hydraulic pump. If a transition to closed circuit mode is desired, the DH2 directional control valve is 
actuated to enable pressurized oil supply to the operated circuit, and the DH1 directional control 
valve can then be switched to the closed-circuit position. The logic control module, depicted in Fig. 
2, highlights the connections between the programmable controller's inputs and outputs, which 
play a crucial role in initiating and stopping the system's working cycle. The proportional 
electromagnet, controlled by the programmable controller, is responsible for moving the hydraulic 
directional control valve drawer, facilitating the transition between open and closed-circuit modes. 
Fig. 3 provides a detailed control scheme for the hydraulic pump and regulation of the flow section 
for the proportional throttle. The pump's flow rate variation is governed by a function generator, and 
the control law for the proportional throttle is based on variations in the geometric volume of the 
pump. Analog pressure sensors upstream and downstream of the throttle, along with an analogue 
flow sensor, contribute to real-time monitoring and control of pressure and flow variations in the 
system. Overall, the system is designed with precision to regulate fluid flow, ensure safety through 
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pressure control mechanisms, and allow for efficient operation in both open and closed-circuit 
modes. The integration of logic control and sensors enhances the system's adaptability and 
responsiveness to varying operational conditions. 
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Abstract: The present paper provides a design optimization scheme of axial flow fan, which combines 3D fan 
blade geometry design program, performance prediction method and optimization algorithm to optimize the 
design variables of spanwise camber, stagger angles and chord lengths for maximizing fan efficiency. Through 
the design optimization process of fan rotor blade, optimal fan rotor is designed and then coupled with outlet 
guide vane. Computational fluid dynamics analysis is conducted to verify the performance and efficiency of 
the present fan with optimal fan rotor and outlet guide vane. The designed performance and efficiency of the 
present optimal fan agree well with the CFD results and the present optimal fan design gives the efficiency 
improvement of 6.7% compared to the initial design. The CFD verification results show that the present design 
optimization method is very suitable in actual design practice for developing high efficiency axial flow fan. 

Keywords: Axial flow fan, Blade design, Efficiency, Design optimization 

1. Introduction  

Axial flow fans are crucial flow components in various HVAC (Heating, Ventilation, and Air 
Conditioning) systems used in industrial, commercial, and residential sectors. However, due to the 
recent global concerns about climate change and carbon neutrality, the axial flow fan industry is 
compelled to develop fans capable of operating efficiently across a wide range. Achieving high fan 
efficiency relies significantly on the three-dimensional design of fan blade geometry, leading to 
extensive research on the design and analysis of axial flow fans for achieving high efficiency [1]. 
Wallis proposed a method for designing variable-pitch fans by utilizing correlations between flow 
angles and section lift coefficients [2]. According to the Howden fan development study [3], 
determining the spanwise blade angle distribution is a critical design challenge for variable-pitch fans 
and should be optimized through the application of various design methods, along with validation 
through measurement and CFD modeling. Spuy and Backstrom [4] also employed an optimization 
procedure to minimize the exit kinetic energy of variable-pitch rotor-only axial fans, resulting in the 
design of an optimal spanwise fan blade angle distribution. 
Thus, the present paper proposes a new fan design method which can determine blade angle 
distribution and predict the performance and efficiency of designed fan. The present design method 
is coupled with optimization algorithm to maximize fan efficiency and construct a optimal fan blade 
design. The present optimal fan design results are verified by using CFD techniques. Furthermore, 
the present optimal design results are compared with initial design (conventional design) to examine 
efficiency and performance improvements of the optimal fan design. 

2. Fan design and performance prediction methods of the FANDAS code 

The authors developed a computer program, the FANDAS code, which can design 3-D fan blade 
geometry, conduct through-flow analysis on the designed fan, make fan performance and noise 
predictions by using the through-flow analysis results. Fig.1 shows the structure and computational 
procedure of the FANDAS code. The reliability and prediction accuracy of the FANDAS code have 
been verified by the comparisons with measurement and test results in previous research papers 
[5]. Therefore, in the present study, the FANDAS code is used as design tool and simulation engine 
to construct fan blade geometry and optimize fan blade design for maximum efficiency.  
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Fig. 1. Structure and computational procedure of the FANDAS code 
 

2.1 Fan blade design  

In this study, the 3D blade geometry design of the axial flow fan considers blade camber, stagger 
angles, and chord length distribution as the key design variables. Subsequently, blade section 
elements derived from these design variables are stacked along the blade span height from the hub 
to the tip for constructing the 3D fan blade shape. In this process, the camber line of the blade section 
is determined using a given camber angle and a single circular arc curve, with the addition of the 
NACA 65 airfoil thickness distribution on the camber line. These designed section elements are then 
stacked along the axis of the center of gravity, as depicted in Figure 2. This fan blade design process 
is conducted using the FANDAS code. 

 

Fig. 2. Design and spanwise stacking of fan blade sections 
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2.2 Fan performance and noise predictions  

Once the fan blade geometry is designed according to the aforementioned FANDAS code design 
process, the internal flow and performance predictions of the designed fan are conducted using the 
through-flow analysis method, which employs a streamline curvature computing scheme with total 
pressure loss models. The overall fan performance and efficiency are computed by mass-averaging 
the through-flow analysis results of total pressure and temperature on the fan outlet surface. Detailed 
explanations of the modeling and calculation procedures of the current through-flow analysis method 
are referred to Novak [6] and Lee [7]. Additionally, the noise generated by the designed fan is 
predicted, taking into account discrete frequency noise and broadband frequency noise components, 
applying Gutin's theory and Carlos's correlation models to the through-flow analysis results obtained 
earlier. The total noise level is also calculated by summing the noise components over entire 
frequency range. For a more in-depth description of the noise model is referred to Lee [8]. 
The flow distribution results calculated by the FANDAS code have been compared with 
measurements of the NASA 23B compressor rotor blade (please refer to the detailed design 
specifications in NASA TP-1523 [9]). As shown in Figs. 3-4, the predicted distributions of relative 
flow angle, relative, and axial flow velocities closely match the measurements along the blade span 
height. These excellent comparison results indicate that the current through-flow analysis method of 
the FANDAS code is highly suitable for predicting the fan flow field with a high level of prediction 
accuracy.   
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    Fig. 3. Relative flow angle distribution                 Fig. 4. Relative and axial flow velocity distributions 
of NASA compressor rotor blade                                of NASA compressor rotor blade 

      
Furthermore, the FANDAS code has been applied to three different fan models designed by free 
vortex (FV), combined vortex (CV) or controlled blading (CB) design methods. The present study 
also conducts CFD calculations on these three fan models using the ANSYS CFX code. The CFD 
simulations in this study employs frozen rotor scheme and the SST k-ω turbulence model. 
Performance tests for the three fan models are carried out in a chamber-type test facility constructed 
and operated according to AMCA standards. Figs. 5 and 6 illustrates blade angle distributions of 
these three fan models and the comparisons between the current predictions (FANDAS), CFD 
results, and test results [10], showing very good agreements across the entire range of flow 
capacities. From these comparative results, it is evident that the present through-flow method of the 
FANDAS code is suitable for predicting changes in the performance curve due to different fan blading 
designs. 
The predicted fan noise spectra by the FANDAS code have been compared with the measurement 
results of three fan models with forward-swept, straight, or backward-swept blades, as shown in Fig. 
7. Noise spectrum measurements for the three fan models are conducted in an anechoic chamber-
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type fan test facility using an FFT analyzer with a narrow-bandwidth of Δf =1 Hz. The results in Fig. 
7 demonstrate that the present through-flow method coupled with a noise model can accurately 
predict the impact of blade sweep on the fan noise spectrum. As evident in Fig. 7, applying forward 
or backward blade sweep to the fan blade stacking design results in a phase shift cancellation of the 
Blade Pass Frequency (BPF) noise components produced in fan blade elements along the span 
height, significantly reducing the magnitudes of BPF harmonics when compared to the fan model 
with straight blades ("straight blade"). Based on the previous comparative results, it can be 
concluded that the FANDAS code is also suitable for fan noise prediction.             

 
Fig. 5. Stagger and camber angle distributions of FVD, CVD and CBD axial flow fans 
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Fig. 6. Pressure and efficiency curves of FVD, CVD and CBD axial flow fans 
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(a) Straight blade                       (b) Blade with backward-sweep        (c) Blade with forward-sweep  

Fig. 7. Noise spectra of three fan models with straight, backward and forward swept blades 
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3. Design optimization of an axial flow fan by using the FANDAS code 

The present study formulates the design optimization problem for maximizing the total pressure 
efficiency (η) of an axial flow fan using the FANDAS code as the simulation engine. As depicted in 
Fig. 8, the FANDAS code is integrated with the Hybrid Metaheuristic Algorithm (HMA) from the 
PIAnO code [11] as the optimization technique. Additionally, mathematical formulations are 
developed utilizing camber angles and stagger angles as design variables. The HMA combines two 
different metaheuristic algorithms, namely, differential evolution (DE) and cuckoo search (CS), 
employing a bi-population concept. In this design optimization study, the objective function is defined 
as the total pressure efficiency of the fan, which is predicted by the FANDAS code. The design 
variables include the radial distributions of camber angle (θc), stagger angle (ξ), and chord length (c) 
of the fan rotor blade. Therefore, the optimization problem is defined as follows: 
 

Find θc(r), (r) and c(r) to maximize   

 
with the constraints as Q = 3300 m3/min, 650 < Pt < 850 Pa, Power < 55 kW, 

0 < θc,  < 90 deg. and 0.5 < c/s < 2.5  

 
where Q, Pt and s are fan flow capacity, total pressure and blade spacing. 
 

        
 

Fig. 8. Optimization scheme and convergence histories for an axial flow fan design 

 
The present optimization technique is applied to the efficiency maximization problem of a variable-
pitch axial flow fan. Multiple iterative calculations are performed to search for the optimal design 
solution, during which design variables and design constraints converge. After several iterations, the 
optimal design variables are determined as shown in Fig. 8 and the objective function is eventually 
calculated as presented. As shown in Fig. 9.the optimal camber angle is higher than the initial design 
across the entire blade span, while the optimal stagger angle at the hub is lower than the initial 
design, which was based on the free vortex concept [12]. The optimal chord length is smaller than 
the initial design, and its magnitude decreases from the tip to the hub. The optimal fan rotor blade 
geometry is generated using the FANDAS code with the optimal design variables (refer to Fig. 10), 
and the efficiency of the optimal fan is 85.8% which is improved by 6.7% when compared to the initial 
design. 
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Fig. 9. Camber and stagger angle distributions             Fig. 10. 3-D geometry of optimal fan rotors 
               of initial and optimal fan rotor blades  

 

To validate the optimal fan design, Computational Fluid Dynamics (CFD) modeling is conducted in 
the flow domain of the optimal fan stage (optimal fan rotor with outlet guide vane), using a structured 
mesh system. Numerical calculations are carried out using the ANSYS CFX code [13] with the frozen 

rotor scheme and k- SST turbulence model. Fig. 11 presents the overall total pressure and 
efficiency curves of the optimal fan, with the FANDAS predictions closely matching the CFD results. 
In Fig. 11, the optimal fan model exhibits lower total pressure at the design point compared to the 
design constraint (PT < 850 Pa) and has a wide operating range from 2700 to 3700 m3/min. Fig. 11re 
10 also shows that the efficiency of the optimal fan model is 85.8%, which is notably higher than the 
CFD result of 82.8% and significantly surpasses the initial design efficiency of 79.1% (as referenced 
in Table 2). The total efficiency of the optimal fan model is also maintained above 80% over a broad 
flow capacity range from 2700 to 4000 m3/min. By adjusting the pitch angle of the optimal fan rotor 
blade relative to the design setting angle within the range of -5 to +5 degrees, the operating range, 
performance, and efficiency curves are shifted to lower or higher flow domains. Consequently, the 
optimal fan can operate with high efficiency above 80% over a wider flow capacity range from 2000 
to 5000 m3/min.  

 

            

Fig. 11. Total pressure and efficiency curves of the optima fan design 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
43 

 

4. Conclusions  

This study presents a design program for axial flow fans and the design optimization study, which 
combines the utilization of the FANDAS code for fan blade design and the PIAnO code for 
optimization. As a result of this optimization process, the fan with optimal rotor blades shows 6.7% 
improvement in fan efficiency compared to the initial design. With this enhanced design, the optimal 
fan can operate efficiently over a wide range of flow capacities. Furthermore, when the fan is 
operated with variable-pitch adjustments, the optimal fan design maintains high efficiency over an 
even broader range of flow capacities. 
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Abstract: Automatic Hydraulic Systems (AHS) are made of hydraulic or electrohydraulic elements. Electro-
hydraulic servo valves (SV) are used in automatic systems to ensure high performance. Due to the 
requirements imposed by the systems, the SV must have a design and manufactured specifications that should 
ensure a minimum of wear overtime. Wear particles resulting from other components of the AHS are driven by 
the hydraulic oil and cause erosive wear of the SV. This paper presents the study of the abrasive erosion of 
SV by simulating the impact of the particles on their active surface and quantifying the erosion by using the 
classical models of erosive wear.  

Keywords: Erosive wear, servo valves, modeling-simulation, analytical wear model, solid particle 

1. Introduction  

The electro-hydraulic servo valves (SV) are the most complex components of AHS that provide 
information transfer from electronic area to hydraulic area of hydraulic systems.  
In essence, the SVs are a key component for the control systems; servo valves convert electrical 
control signal (current, voltage) into output value (flow, pressure) of the system. Between input-
output there are mechanical, hydraulic and electrical connections. The most common SVs are those 
with flow control with two amplification stages (preamplifier and hydraulic amplifier).  
The spool-sleeve join (the main coupling of hydraulic amplifier) is made with very precise tolerance 
of form, dimensional and position, and with very low roughness for a proper operation and high 
performance of SV’s.   
Theoretical and experimental research has aimed to analyze the cause that generate SV 
components degradation (wear), especially those produces by friction and characteristic wear, 
among which progressive contamination of the hydraulic oil is the most important [1].  
Spool and sleeve surfaces are subject to erosion in two cases: 
 

1. Direct erosion on spool surface occurs when the spool is moving and particles from infested 
fluid are hitting spool’s surfaces from SV’s inlet to outlet (figure 1); 

 

Fig. 1. Direct erosion on spool surface [2] 

 

2. Erosion in annular clearance between spool and sleeve – the particles carried by fluid are 
entering the gap and causes surface erosion (figure 2). 
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Fig. 2. Erosion in spool-sleeve clearance [2] 

 
Hard particles that are entering the gap between the spool and sleeve can be found in three cases: 
moving freely through the gap, set on one of the friction surfaces, or making a “bridge” between the 
two surfaces.  
Abrasive erosion is determined by speed, mass, shape, concentration, mechanical and metallurgical 
characteristics of contaminating particles. This is the most active form of wear for AHS, the most 
important source of involved surface damage. Small particles of micron size can be “crowded” in 
areas where the flow is achieved with lower speeds, in which they can plastically “weld” due to 
contact stress exceeding allowable pressures. Thus, overcrowding particles formed have more 
intense erosive effects than those of the separate particles.  
Superficial mechanical fatigue is favored by cracks occurrence in the superficial surface layer, 
caused mainly by the formation and sheer of microjoints created at the asperity's peaks contact 
which is characteristic for adhesion wear. Fatigue wear particles is generated after following specific 
fatigue cycle: initiation, propagation and achieve critical crack length.  
Effects caused by abrasive particles impact on target areas are determined by hydraulic oil 
characteristics of AHS and by mass contaminants characteristics. For high pressure and oil flow 
speeds abrasive-erosion effects are considerable.  
Contaminating particles are described by size, number, concentration, nature, mechanical and 
metallographic characteristics of the material. It turned out that the most dangerous in terms of 
erosion and abrasion, are particles with sizes up to 5μm which enter in the gap between spool and 
sleeve [3]. Hard contaminating particles with sizes smaller than the radial clearance between spool 
and sleeve, usually in the range 1÷4 μm, are capable of temporary sticking to the sleeve [4].  
The accumulation of contaminating particles in the small gaps, as that between the spool and sleeve, 
produces the uneven distribution of the radial load and the increase of the axial load necessary for 
the spool movement.  
In this paper studies were carried out on the erosion wear of the SV coupling under different opening 
degrees, contaminated particle concentrations and considering the inlet and outlet pressures. This 
article focuses on the theoretical and simulation studies of the erosion and wear of SV spools and 
sleeves. Figure 3 shows the workflow chart of these studies. 
 

 

Fig. 3. Workflow chart 

Real model 

Theoretical studies 

• Erosion wear model 

Simulation studies 

Comparison of simulation results 
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2. Tension state at hydraulic contact between spool and sleeve 

Using SolidWorks Flow Simulation software fluid flow in spool-sleeve coupling was simulated. The 
software allows the definition of the working fluid (density, viscosity variation model, etc.). In this 
paper there was considered a contaminated hydraulic oil HLP 46. The flow of oil having solid 
contaminated particles inside the valve is a liquid-solid two-phase flow, in which the oil is the 
continuous phase, and the contaminated particles are the discrete phase.  
For flow analyze, there were established boundary conditions and the flow space which was limited 
by inserting lids on the input and output areas of the fluid, as shown in figure 4 and as follows: 
 

 

Fig. 4. Boundary condition for spool-sleeve coupling 

 
1. Input from the pump – it was considered the input flow; 
2. Output to engine – outlet pressure was imposed; 
3. Input from the engine – it was imposed engine pressure; 
4. Return (to tank) – atmospheric pressure; 
5. Fluid-solid interface conditions – clearance in spool-sleeve coupling. 

 
Simulations have been performed considering the spool opening of 0.5 mm and 0.1 mm.  
After running the computing finite element applied for considered fluid flow were obtained results on 
flow path and velocity distribution (or pressure) inside the spool-sleeve coupling geometry. These 
results are shown in figures 5 a and b (both for contaminated oil at 1200 operation hours). 
 

           
a)        b) 

Fig. 5. Flow path and speed flow variation for contaminated oil: a) spool movement of 0.1 mm; b) spool 
movement of 0.5 mm 
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3. Erosion analysis in terms of hydraulic oil contamination 

3.1 Erosion wear rate obtained from fluid flow simulation 

In the flow of liquid-solid fluids, the erosion of wall material by solid particles is a usual form of wear. 
The trajectory of contaminated particles in the flow field influences the flow field and the prediction 
of wear on the boundary surface.   
During SV’s operation, solid contaminating particles follow the fluid, and constantly hit the spool or 
sleeve, that causes the wear of the spool sleeve coupling.  
The SolidWorks [5] program allows visualization of contaminating particle trajectories, and it can 
calculate erosion wear rate with the following equation: 

𝑅𝑒𝑟𝑜𝑠𝑖𝑜𝑛 = ∑ 𝐾
𝑚𝑝𝐶(𝑑𝑝)𝑓(𝜃)𝑉

𝑏(𝑉)

𝑑𝑆

𝑁𝑝
𝑃=1     (1) 

where: Rerosion – the erosion wear rate of the SV’s coupling, [kg/m2s]; Np – the number of solid 
contaminating particles; mp – mass of particles carried by fluid in a certain time [kg/s]; V – 
difference between the particle’s velocity and the wall speed, [m/s]; dS – a finite element 
surface of solid contamination particles impacting the wall of the coupling, [m2]; K – erosion 
coefficient; C(dp) – coefficient that defines erosion dependence of the particle size; b(V) – 
coefficient that defines erosion dependency of the particles relative speed; f(θ) – coefficient 
that defines erosion dependency of the impact angle; θ – the impact angle between the 
contaminating particles and the wall of the SV’s coupling.  

 
Erosion dependency coefficients can be tabularly defined by angle, speed, etc.  
Equation (1) defines the physical significance of the wear quality of the spool sleeve in relation to 
the erosion rate in erosion wear.  
Regarding the contamination particles, their trajectories were highlighted for the input area (figure 
6.a) and output area (return to tank) (figure 6.b) to and from the SV. There were considered 200 
particles of 2 μm size and the particle concentration of 3.33·10-5 kg/s. 

 

      
a)        b) 

Fig. 6. The trajectory for the imput area: a) spool displacement of 0.1 mm; b) spool dispalacement of 0.5 mm 

 
In table 1 are presented the values of wear rate for different areas of the servovalve spool, for two 
different spool opening (0.1 mm and 0.5 mm).  
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  Table 1: Wear rate values obtained from fluid flow simulation 

The area subject to erosion 

Ware rate values [kg/m2s] 

Spool opening 
of 0.1 mm 

Spool opening 
of 0.5 mm 

 

0.0017 0.0031 

 

0.0025 0.0084 

 

7.3713·10-6 3.5975·10-5 

 

0.00622 0.0077 

 

3.2 Wear rate obtained with the classical models for erosive wear 

3.2.1 Classical models for erosive wear 

The main form of failure of SV coupling elements is erosion failure. Finnie [6] has conducted 
theoretical and experimental studies on the erosion and wear mechanism of plastic impact of the 
contaminating particles and proposed a micro-cutting theory of erosion and wear, from which an 
empirical formula for its erosion was derived, and the micro-cutting theory was verified through 
experiments. The disadvantage of his theory is that when particles are eroded at large angles, there 
is a large error between the equation of wear and the experimental results. Bitter [7] proposed a 
deformation wear theory based on micro-cutting wear and deformation wear mechanisms. According 
to this theory, that material wear is the result of a combination of micro-cutting and plastic 
deformation wear, with cutting wear dominating when solid particles hit the surface of an object at a 
small angle, and deformation wear dominating when particles hit the surface of an object at a large 
angle. 
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1) Finnie’s models 
First Finnie’s model 
For the calculation of the wear rate (defined as the ratio between the mass of the worn material and 
the mass of the eroded material), Finnie [6] considers sharp abrasive particles, their recoil effects 
and micro-cutting effects and that the material is plastically deformed following the impact of the 
abrasive particle.  
The calculation relationships proposed by Finnie have the following structure: 

𝑅𝑢 =
𝑝𝑎⋅𝜌𝑚⋅𝑣

2⋅(1−𝑐𝑟
2)

0.9272⋅𝐻𝑠⋅𝜓⋅𝐾𝐹
(𝑠𝑖𝑛 2𝛼 −

6

𝐾𝐹
𝑠𝑖𝑛2 𝛼),  for   𝑡𝑔𝛼 ≤

𝐾𝐹

6
 (1) 

𝑅𝑢 =
𝑝𝑎⋅𝜌𝑚⋅𝑣

2⋅(1−𝑐𝑟
2)

0.9272⋅𝐻𝑠⋅𝜓⋅𝐾𝐹
(
𝐾𝐹

6
𝑐𝑜𝑠2 𝛼),  for   𝑡𝑔𝛼 ≥

𝐾𝐹

6
  (2) 

where: Ru – dimensionless wear rate; pa – the percentage of abrasive particles with micro-cutting 
effects [kg/m3]; ρm – target material density [kg/m3]; v – particle impact speed [m/s]; α – the 
angle of incidence [degrees]; cr – restitution coefficient; Hs – static hardness [N/m2]; Ψ – the 
ratio of the contact length (L [μm]) and cutting depth (δ [μm]) of impact area; KF – the ratio of 
the horizontal component (F0 [N]) and the vertical component (F0 [N]) of the characteristic 
impact force. 

 

Second Finnie’s model 
For the second model, Finnie reconsider the percentage of the abrasive particles with micro-cutting 
effects by reducing the pa factor from 50% to 10%. Thus, the calculation relations become: 

𝑅𝑢 = (
𝑝𝑎

2𝐾
)
𝜌𝑚⋅𝑣

2⋅(1−𝑐𝑟
2)

0.9272⋅𝐻𝑠
(𝑠𝑖𝑛 2𝛼 −

8

𝐾𝐹
𝑠𝑖𝑛2 𝛼), for  𝑡𝑔𝛼 ≤

𝐾𝐹

8
 (3) 

𝑅𝑢 = (
𝑝𝑎

16
)
𝜌𝑚⋅𝑣

2⋅(1−𝑐𝑟
2)

0.9272⋅𝐻𝑠
(𝑐𝑜𝑠2 𝛼), for  𝑡𝑔𝛼 ≥

𝐾𝐹

8
   (4) 

 
2) Bitter’s model 
Bitter considered that the abrasive erosion mechanism has two components that occur 
simultaneously: the micro-cutting component, which occurs at small incidence angles, and the 
repeated deformation component of the target surface. In the case of micro-cutting, Bitter considers 
two cases related to the moment when micro-cutting ceases, the tangential component of the velocity 
has a certain value when the particle leaves the surface and the case when this speed becomes 
zero during the micro-cutting process [7].   
The total erosive wear rate is the sum of the two component and is differentiated by the value of the 
impact angle at which the particle leaves the surface: 

𝑅𝑢 = 𝑅𝑢,𝐷𝑊 + 𝑅𝑢,𝐶1 ,  for  𝛼 ≤ 𝛼0    (5) 

𝑅𝑢 = 𝑅𝑢,𝐷𝑊 + 𝑅𝑢,𝐶2 ,  for  𝛼 > 𝛼0    (6) 

 
where 𝛼0 - corresponds to the angle of impact at which the tangential component of speed is zero, 
which occurs when the particle leaves the incident surface.  
 
For repeated surface deformation component, Bitter suggest the following relation for calculating the 
rate of wear: 

𝑅𝑢,𝐷𝑊 =
𝜌𝑚(𝑈𝑖 𝑠𝑖𝑛 𝛼−𝑈𝑒𝑙)

2

2𝜀𝐷
      (7) 
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When the tangential component of the particle speed is not zero, the wear rate is defined with the 
following equation: 

𝑅𝑢,𝐶1 =
2𝜌𝑚𝐶1(𝑈𝑖 𝑠𝑖𝑛 𝛼−𝑈𝑒𝑙)

2

(𝑈𝑖 𝑠𝑖𝑛 𝛼)
0.5

⋅ (𝑈𝑖 𝑐𝑜𝑠 𝛼 −
𝜀𝐶𝐶1(𝑈𝑖 𝑠𝑖𝑛 𝛼−𝑈𝑒𝑙)

2

(𝑈𝑖 𝑠𝑖𝑛 𝛼)
0.5 ) (8) 

and for the second case, when the speed is zero, the following relation is used: 

𝑅𝑢,𝐶2 =
𝜌𝑚(𝑈𝑖

2 𝑐𝑜𝑠 𝛼−𝐶2(𝑈𝑖 𝑠𝑖𝑛 𝛼−𝑈𝑒𝑙)
1.5)

2𝜀𝐶
     (9) 

For the previous equation, the terms have the following meaning: 𝑹𝑴𝑪𝟏, 𝑹𝑴𝑪𝟐 and 𝑹𝑴,𝑫𝑾 – 

dimensionless erosion wear rate; v – impact speed components:  𝑼𝒊 - impact speed of the particle 
[m/s] and 𝑼𝒆𝒍 - the impact speed that is reached at the elastic limit of the material [m/s]; 𝜺𝑫 - the 

specific energy of deformation [J/m]; 𝝆𝒂- density of the erosive particle material [kg/m3]; ρm – density 
of the target material [kg/m3]; 𝑬𝒆 - modulus of elasticity on impact [N/m2]; 𝜺𝒄 - the specific wear energy 

for microcutting [J/m]; 𝑪𝟏 and 𝑪𝟐 - constants with specific relations; Hs – static hardness [N/m2]; α – 
the angle of incidence [degrees]. 
 

3.2.2 Classical models for erosive wear 

For the studied erosion wear models is considered the material 38 MoCrAl 9 with the properties 
specified in table 2. It is also considered the influence of the material of the abrasive particle through 
the density parameters ( 𝜌𝑎𝑏), considering the concentration of contaminating particles.  
For Finnie models, the influence of the particle characteristics is considered by the pa factor 
(percentage of abrasive particles) calculated according to the particle concentration.  
In table 4 are listed the values of the parameters involved in the calculation equations of the analyzed 
models. 

 
Table 2: The parameters of the calculating equations  

Model 
Parameters 

Specific to the model  Common to the models  

Finnie 

pa - the percentage of abrasive particles with micro-
cutting effects  

• 50% for the first model:  pa=10-2 kg/m3; 

• 10% for the second model  pa=2·10-3 kg/m3; 
Ψ – the ration of the contact length and the cutting depth 

of the impact area: 10 for SV’s material;  
 

ρm - density of the target material: 7800 
kg/m3; 

ρab - density of the target material: 4000 
kg/m3; 

HB  - surface hardness: 570·106 [N/m2] 
E  - Young’s modulus: 2.1·1011 [N/m2] 
α - incidence angle: 69° and 79° 
v - particle impact speed: 0.1÷10 m/s; 

 - friction coefficient between the 

particle and the material: 0.1.  
cr - restitution coefficient: 0.5; 

Bitter 

α0 - the angle at which the speed is zero: 0º; 
εD - the specific energy for wear: εD – elastic 

deformation: 4.7·1010 J/m3; εC - micro-cutting: 
2.2·1010 J/m3 

 
Considering the equations and the specific parameters, the variation of the erosive wear rate was 
analyzed for each model presented, depending on the impact speed that is a common parameter for 
both models. The results obtained are listed in figures 7 and 8.  
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a)        b) 

Fig. 5. Variation of wear rate depending on the impact speed:  

 a) Finnie’s first model; b) Finnie’s second model  
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Fig. 6. Variation of wear rate depending on the impact speed for Bitter’s model  

 

Table 3 includes the values of the erosive wear intensity measured for two considered values of the 
impact speed. The impact angles are 69° and 79° and are specific to the spool opening considered 
in the earlier flow analysis. 
 
                                       Table 3: The values of the erosion wear rate for two impact angles   

Model 

Wear rate depending on two considered 
values of the impact speed [kg/m2·s]   

v1 = 2  v2 = 10  

Finnie 1 
69° 9.57·10-10  2.37·10-8  

79° 2.66·10-10  6.69·10-9  

Finnie 2 
69° 7.11·10-10  1.77·10-8  

79° 1.99·10-10  5.04·10-9  

Bitter 
69° 4.54·10-7  1.36·10-5  

79° 5.48·10-7  1.14·10-5  
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4. Conclusion 

Due to the extremely high pressure which develops in the flow space, SV elements are elastically 
deformed until the lubricant film is broken and there is direct contact between the spool and the 
sleeve. Finite element analysis of flow and strain generated by the contaminated hydraulic oil in the 
clearance between spool and sleeve, highlighted the areas most exposed to erosive wear.  
The study highlights the occurrence of high strains, randomly located (according to the relative 
position of the pattern elements - 0.5 respectively 0.1 mm) on the contact area with the pressure 
fluid, but not as a direct result of the fact that their areas are hardened (by heat treatment) so it can 
be considered that the maximum strain does not lead to plastic deformation but to an elastic 
deformation of superficial layer, which may lead in time to fatigue. If it is considered the particles 
impact, this process is accelerated.  
The results confirmed the prediction of erosion models, which the intensity of erosive wear is greatly 
reduced in the coupling clearance.  The maximum erosion rate increases with the opening degree 
and reaches a maximum value when the opening degree is 0.5 mm.  
There is a certain amount of sleeve erosion near the corners (table 1); for the spool, the erosion 
wear rate of the sharp edge of the control surface of the slide valve sink groove is significantly greater 
than that of the sharp edge of the control surface of the convex shoulder.   
The erosion rate is influenced by the contaminated solid particles of the oil, with the increase in the 
contaminated solid particles parameter, the erosion rate changes more obviously. The erosion rate 
is less affected by the change in opening degree and increases with the increase in opening degree.  
By comparing the values of the two mathematical models from table 3 it was found that the minimum 
value of the wear intensity results for Finnie’s models and the maximum value is in Bitter case. These 
differences are due to the different parameters the models consider and as Bitter specifies two 
components of the erosive wear.  
The presented studies must be confirmed through experimental research to show which model has 
the most exact calculation equation.  
In the presented analysis were considered the two of the most influential parameters: opening 
degree (corresponding to the flow rate of the valve) and oil contamination with solid particles.  
It is necessary for further study on the erosion wear of SV’s coupling considering more parameters, 
like temperature and operating pressure. These studies can establish a mathematical model that 
predicts with great accuracy the wear phenomenon of the SV coupling parts.  
This experimental study will be used to analyze the SV’s performances by simulating their motion to 
specified parameters. 
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EXPERIMENTAL RESEARCH ON A CLAMPING DEVICE 
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Abstract: In the catalogs of the manufacturers of hydraulic devices, we do not find the operating characteristics 
that, in industrial practice, the application of too high forces caused deviations in the shape of the parts 
processed on NC machining centers. 
In this paper we report our experience in the experimental research of a hydraulically actuated modular 
technological device. The special test stand, with three operating positions (calibration, radial stroke 
measurement, radial force measurement), with 2 digital measuring chains with multiparametric output signal, 
the proposed virtual instrumentation and established research methodology determine the innovative 
character of the work. 

Keywords: Hydraulic, test stand, experimental research, clamping device 

1. Introduction 

In an extensive monographic study [1] I highlighted, at length, almost all aspects regarding the 
current state of knowledge related to technological devices in general, and hydraulically actuated 
ones in particular. From this study, the current trends in the use of hydraulic drives in different 
branches of activity resulted, considering their indisputable advantages, demonstrated theoretically 
and validated by the practice of applications; they refer, in particular, to: high power density, ensuring 
an optimal regulation of work processes, increasingly faster response speeds to commands, good 
dynamic performance, their compatibility with electronics, informatics and mechatronics through 
specific elements interface etc. For these reasons, the use of hydraulic systems has experienced a 
spectacular trend highlighted by the increase in equipment production, with increasingly higher 
performances, between 20÷35%, in the last 25 years. 
It should be noted that, due to the increase in the performance of current equipment, the usual 
working pressures have increased from 10÷25 MPa to 35, 50, 70 or even 100 MPa with notable 
applications also in the hydraulic actuation of processing devices in the automotive industry. Devices 
operated in this way achieve an extremely high clamping capacity, unthinkable in the past, at small 
dimensions and dimensions, with major consequences regarding their architecture. Associated with 
original orientation solutions, for example with purely technological ("non-functional") orientation 
surfaces and modularization, Fig. 1, such devices allowed the development of intensive processing 
technologies with significant economic effects. 
 

  
 

Fig. 1. Modularized  
hydraulic device 

Fig. 2. Clamping a complex blank on a 
 5-axis CNC machining center 
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The previous own research [2] was developed with new research methods for the design and 
optimization of the construction and operation of these types of devices, in the category of those 
hydraulically operated from medium and high-pressure units, with wide application in the processing 
technologies specific to the automotive industry from Romania (Fig. 2). 
Starting from some observations and findings based on Ishikawa diagrams, with effect on the 
precision of machining parts on CNC machining centers, we experimentally researched the influence 
of clamping forces and strokes because in the catalogs of the manufacturers of hydraulic devices 
we do not find the operating characteristics. 
The research was carried out on a modularized 
device, hydraulically actuated, Fig. 3 and Fig. 4, with 
the characteristics: 
- maximum force: 26 kN; 
- maximum axial stroke: 9 mm; 
- minimum fixing diameter: 16+0.1 mm; 
- maximum radial stroke of the jaws: max. 1 mm; 
- maximum working pressure: 35 MPa; 
- - the jaws of the device perform a radial extension 

movement, self-centering, as a result of the 
movement on an inclined plane of a plunger, 
multiple wedge type, integral with the piston of the 
hydraulic cylinder. 

 
Fig. 3. The pull-down clamping device 

 
Fig. 4. Assembly scene of the hydraulic clamping device 

 
2. Innovative stand for testing the hydraulic clamping device to be optimized 

We designed, using Autodesk Inventor, a special stand (Fig. 59) to testing the hydraulic device. 
 

  
 

Fig. 5. 3D design: the test-stand equipped to 
evaluate the stroke and the force operation 

Fig.  6. Test-stand with the plate with the plunger 
indexed middle/ in calibration position 
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a) left indexing - the plunger takes the tightening stroke of 
each bar and transmits it to the displacement transducer 

b) right indexing - the plunger takes the clamping force 
of each bar and transmits it to the force transducer 

 

Fig. 7. Details of the other two indexing positions of the plunger plate 

 

  
a) lateral view b) upper view 

 

Fig. 8. 2D design: the test-stand for pull-down clamping device 
 

1 – Main body; 2 – Force transducer (for axial force, action or/and clamping force); 3 – Support alimentation – 
pressure circuit; 4 – Testing device; 5 – Motion transducers assembly (4 pieces, for radial/clamping stroke evaluation) 
6 – Force transducer (preliminary force evaluation); 7 – Displacement transducers assembly (1 piece for action stroke 

evaluation, 1 piece for preliminary and clamping stroke evaluation); 8 – Adapters with radial plungers. 

 

 

 
 
 
 
 
 
Fig. 9. 2D section/ test-stand for pull-down clamping device 
 

1 – Transducer support for displacement and force; 2 – Force 
transducer (for radial/clamping force evaluation); 3 – Force 
transducer support; 4 – Clamping screw for force transducer 
assembly; 5 – Screw for force transducer pre- charging; 6 – 
Clamping screw for force transducer; 7 – Position system for 
displacement transducer; 8 – Special nut; 9 – collar bush; 10 – 
Plunger with spherical head; 11 – Bush; 12 – Elastic washer; 
13 – Displacement transducer. 
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The stand allows for additional equipment, Fig. 10, with a displacement and force translation yoke 
for evaluating the force and axial travel of the blank clamping. 
 

  
 

a)  3D design 
 

b) Photo 

Fig. 10. The test-stand with the additional equipped to evaluate the axial stroke and force 

 
3. Research apparatus for experimenting with the hydraulic clamping device to be optimized 

The hardware and software components used for the displacement parameters measurement chain 
are shown in Fig. 11, Fig. 12 and Tab. 1. 
 

 
 

Fig. 11. Sketch of the displacement parameter measurement chain 
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Table 1: The hardware and software components used for the displacement parameters measurement chain 
 
 

Pos The measured 
parameter 

Transducer 
type 

Code/ 
licence 

Characteristic sizes 

Symbol Race of specific common 

1 ca actuation/ 
displace-
ment of 
the piston 

digital, 
displace-
ment, with 
three-
phase A/ 
B/ Z output 
signal of 
voltage-
differential, 
rectangular 
shape 

DK812R5 / 
Sony 

- measurement 
range: 0-12 
mm; 

- resolution: 
0.5μm; 

- accuracy: 1.5 
μmp-p; 

- maximum 
response 
speed: 100 
m/min. 

- with output signal with three phases 
A/B/Z of voltage-differential, 
rectangle-round shape (according 
to the EIA-422 norm); 

- fixing diameter: ø8-0.009 mm; 
- fixing length: 18 mm; 
- the maximum tightening torque of 

the notched bush screw: 0.6 Nm; 
- signal period/step: 40μm; 
- vibration resistance (10-2000 Hz): 

100 m/s2; 
- impact resistance (11ms): 1000 

m/s2; 
- supply voltage: +5 VDC; 
- consumed power: 1.8 W; 
- protection class: IP66; 
- temperature range: 0-50°C; 
- signal cable length: 2.5 m. 

2 
 

csr1 

 
radial 
clamping / 
jaws 1, 2, 
3 an4 

DK812R5 / 
Sony 

3 csr2 

4 csr3 

5 csr4 

6 csa axial 
clamping 
of the 
blank 

DK802R / 
Sony 

- measurement 
range: 0-2 mm; 

- resolution: 
0.1μm; 

- accuracy: 
1 μmp-p; 
- maximum 

response 
speed: 42 
m/min. 

Pos Name 
Code/ 
licence 

Characteristic sizes 

7 Multi-function DAQ I/O 
connection box 

SCB-100   / 
National 

Instruments 

- SCSI socket with 100 pins; 
- 6 microswitches for multi-functional I/O settings; 
- 101 screws for fixing signal cables; 
- separate temperature sensor connection option. 

8 Data cable SH100-
100-F / 
National 

Instruments 

- male SCSI plug with 100 pins/ connection to SCB-
100; 

- length 2 m; 
- male plug with 100 pins/ connection to NI 6624.. 

9 PCI acquisition card 6624 / 
National 

Instruments 

- number of input channels: 26 (3 for each transducer 
and 2 extra PFIs); 

- maximum input frequency: 400 kHz; 
- minimum input pulse width: 1 μs; 
- recommended power: 0.75 A at +5 VDC; 
- number of output channels: 8; 
- maximum current: 100 mA/ channel; 
- output supply voltage: 8-48 Vdc; 
- I/O resolution: 32 bits; 
- female plug with 100 pins/ connection SH100-100-F; 
- PCI socket/ desktop computer connection. 

10 Desktop computer ACH67/ 
Dell 

- minimum Intel Core 2 Duo, 1 GHz, 2 GB RAM, 
minimum 100 GB HDD, minimum 2 PCI ports, 
minimum power supply 400 W, video card with 2 
VGI/DVI/DisplayPort outputs; 

- minimum Windows 7 Pro license; 
- minimum NI-DAQ 7.1 license; 
- peripherals: 2 LCD monitors, keyboard, mouse. 

U1 Stabilized power supply TXN-
1502D / 
Hiaoxin 

- supply voltage/ mains frequency: 220 VAC/50 Hz; 
- protective fuse: 0.5 A; 
- stabilized output voltage: 0-15 Vdc adjustable; 
- output current: 0-0.2 A adjustable. 
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The equipment and software used for the force, pressure, temperature parameter measurement 
chain are shown in Fig. 13, Fig. 14, Fig. 15 and Tab. 2. 

 

  
 

Fig. 12. Detail of the connections made in the DAQ 
connection box multifunctional I/O SCB-100 

Fig. 13. Detail of the connections made in the BNC-
2110 multifunctional DAQ I/O connection box 

 
 

 
Fig. 14. Sketch of the of the force, pressure, temperature parameter measurement chain 
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Table 2: The hardware and software components used for  
the force, pressure, temperature parameter measurement chain 

 

Pos The measured 
parameter 

Transducer 
type  

Code/ 
licence 

Characteristic sizes 

Symbol Force of 

11 Q hydraulic 
cylinder 
actuation 

Load cell, 
compression 
- traction, 
with 
tensometric 
marks 

K-25 / 
Lorenz 

- measurement range 2-50 kN; 
- sensitivity: 2 mV/V; 
- compression precision class: 0.1%; 
- maximum dynamic force (DIN 50100): 35 

kN; 
- supply voltage: 2-12 VDC; 
- repeatability: 0.08%; 
- signal converter for strain gauge cells, 

input signal 2 mV/V, output signal 12±8 
mA, accuracy class 0.1, protection class 
IP60. 

12 
 

Sr1 radial 
clamping / 
jaw 1, 2, 3, 
4 

Load cell, 
compression  
with 
tensometric 
marks 

LC305-20K 
lbs / 
Omega 

- measurement range 0-8.9 kN; 
- excitation: 10 Vdc (maximum 15 VDC); 
- output signal: 2 mV/V (±0.25%); 
- 5 calibration points: 0, 50, 100, 50, 0 %; 
- linearity: ±0.15% FSO; 
- hysteresis: ±0.1% FSO; 
- repeatability: ±0.05% FSO 
- zero balance: ±2% FSO. 

13 
 

Sr2 

14 
 

Sr3 

15 Sr4 

16 Sa axial 
clamping of 
the blank 

LC8400-
213-10K 
lbs / 
Omega 

- measurement range 0-4.45 kN; 
- excitation: 10 Vdc (maximum 15 Vdc); 
- output signal: 2 mV/V; 
- linearity, hysteresis, - repeatability: 

±0.5% FSO< 
- zero balance: ±2% FSO. 

17 p pressure 
generated 
by the 
hydraulic 
power unit 

with 
tensometric 
mark 

APCE 
2000-AL / 
Applisens 

- measurement range: 0-50 MPa; 
- accuracy class: 0.075%; 
- output signal: 4-20 mA; 
- supply voltage 13.5-36 VDC. 

18 T hydraulic oil 
temperature 

 DTMF580P 
B1A40S / 
Henschen 

- measurement range: 0-80°C; 
- accuracy class: 0.5; 
- output signal: 4-20 mA; 
- supply voltage 15-30 VDC. 

Pos Name  
Code/ 
licence 

Characteristic sizes 

19 Display panel with 4 digital 
indicators and signal conversion 
(Fig. 15) 

IMIP-417/ 
ACH 

innovation 

- 4 x Asahi Keiki A5212-17 modules; 
- input: tensometric mark 2 mV/V; 
- output: analog and 0-10 V; 
- accuracy ±0.1%; 
- supply voltage 24 Vdc. 

20 Multi-function DAQ I/O connection 
box 

BNC-2110  
/ National 

Instruments 

- 8x Analog In, 2x Analog Out, 1x Analog 
Ext Ref, 2x digital and timing I/O, 2x 
Trigger/Counter, 2x User-defined signals; 

- 68-pin SCSI socket. 
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Table 2: (continuation) 
 

Pos Name  Code/ 
licence 

Characteristic sizes 

21 Data cable SHC68-68-
EPM / 

National 
Instruments 

- male SCSI plug with 68 pins/ connection 
to BNC-2110; 

- male plug with 68 pins/ connection to NI 
6229. 

22 PCI acquisition card 6229 PCI/ 
National 

Instruments 
or  

6036E 
PCMCIA/ 
National 

Instruments 

- number of input channels: 16 differential; 
- ADC resolution: 16 bits; 
- simple rate: 250 kS/s; 
- signal bandwidth (-3 dB): 700 kHz; 
- input voltages: ±0.2 / ±1 / ±5 / ±10 Vdc; 
- number of output channels: 4; 
- maximum current: ±5 mA; 
- output supply voltage: ±10 Vdc; 
- female socket with 68 pins/ connection 

SHC68-68-EPM; 
- PCI socket/ connection to desktop 

computer or PCMCIA-PCI adapter or 
laptop PCMCIA socket. 

10 Desktop computer ACH67/ 
Dell 

- minimum Intel Core 2 Duo, 1 GHz, 2 GB 
RAM, minimum 100 GB HDD, minimum 
3 PCI ports, minimum power supply 400 
W, video card with 2 GI/DVI/DisplayPort 
outputs; 

- minimum Windows 7 Pro license; 
- minimum NI-DAQ 7.1 license; 
- peripherals: 2 LCD monitors.. 

U1 Stabilized power supply TXN-1502D 
/ Hiaoxin 

- supply voltage/ mains frequency: 220 
±10% Vac/ 50 Hz; 

- protective fuse: 0.5 A; 
- stabilized output voltage: 0-15 Vdc 

adjustable; 
- output current: 0-0.2 A adjustable. 

U2 Stabilized power supply RXN-305D 
/ Hiaoxin 

- supply voltage/ mains frequency: 220 
±10% VAC/ 50 Hz; 

- protection fuse: 1.5 A; 
- stabilized output voltage: 0-30 Vdc 

adjustable; 
- output current: 0-0.5 A adjustable. 

G 70 MPa hydraulic power unit with 
multiplier or high pressure pump 

UAH.700 or 
UH.700 / 

Hydramold 

- maximum pressure: 70 MPa; 
- maximum flow: 0.2 l/min; 
- installed power: 2.2 kW; 
- supply voltage/ frequency:220 VAC/50 Hz 
- 500 bar throttle for flow limitation. 

 
The innovative display panel with 4 digital indicators and signal conversion is shown in Fig.15. The 
characteristic sizes are indicated in table 2, at position 19. The panel was needed for: 
- conversion of the strain gauge signal into a 0-10 Vdc output signal for 5 load cells, compression 
with strain gauges; 
- stand calibration without National Instruments acquisition system; the Asahi Keiki A5212-17 
modules were set to display the compression force value. 
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a) view from the digital displays b) the In and Out connections 
 

Fig. 15. Display panel with 4 digital indicators and signal conversion from 2 mV/V to 0-10 V 

 
The signal is received from 5 compression load cells, maximum 4 simultaneously (5xIn 2 mV/V   2+2 
Out 0-10VDC, 14-36 VDC), which imposed the condition of introducing some electrical couplers on 
the data cable of the LC8400-213-10K load cell as well as on the data cable of a single load cell load 
LC305-20K.  

4. Conception in LabView of the virtual instrument and the block diagram for the analysis of 
the dependence between the parameters measured at the hydraulic cylinder and the radial 
clamping force at the jaws of the device  

 
 

Fig. 16. Block diagram for the analysis of the dependence between the parameters measured at the 
hydraulic cylinder and the radial clamping force of the jaws of the clamping device 
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Fig. 17. Virtual LabView innovative tool for analyzing the dependence between parameters measured at the 
hydraulic cylinder and the radial clamping force of the clamping device jaws 

 

5. Experimental research on the analysis of the dependence between the parameters 
measured at the hydraulic cylinder and the radial clamping force of the device jaws 

I used the previously mentioned virtual tool and stand equipment 2; in Fig. 18 we presented photo 
captures during the experiment and in Fig. 19 and Fig. 20 are plots of the real-time plotting of the 
signals of the pressure transducer, two displacement transducers and 4 compression load cells with 
strain gauges / time evolution of the quantities ca, csa, p, Sr1, Sr2, Ssr3 and Sr4. 
 

 
 

Fig. 18. Photo capture during the experiment  
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Fig. 19. Screenshot of the visual data acquisition interface with 7 measuring instruments and two graphs of 
real-time plotting of the quantity signals of ca, csa, p, Sr1, Sr2, Ssr3 and Sr4 (adjusted pressure:12,5 MPa) 

 

 
 

Fig. 20. Screenshot of the visual data acquisition interface with 7 measuring instruments and two graphs of 
real-time plotting of the quantity signals of ca, csa, p, Sr1, Sr2, Ssr3 and Sr4 (adjusted pressure:35 MPa) 
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For the evaluation of the parameters measured at the hydraulic cylinder and the radial clamping 
force of the device jaws, semi-finished products of different brands of alloy steel were used, with 
improvement heat treatment at various hardness values, with a technological fixing hole of the same 
nominal size, then it was ordered the connection to the hydraulic group where the pressure has been 
adjusted to values between 12.5 and 35 MPa (Fig. 19 and Fig. 20), in steps of 2.5 MPa. According 
to the diagrams ca(t), csa(t), p(t), Q(t) – obtained by integration as pressure filtering, respectively 
Sr1(t), Sr2(t), Sr3(t) and Sr4(t) an increase proportional to the value of the regulated pressure at the 
hydraulic group of the actuation stroke, the axial clamping stroke and the radial clamping forces of 
the jaws is observed. 
The experimental determinations were carried out 10 times, using three blanks of different materials 
and with a technological hole of the same nominal size. 
The displayed values are recorded by LabView and allow the data to be saved on the computer's 
hard disk in a text file with a dedicated name with the extension .lvm. 

 
6.  Analysis and interpretation of the results regarding the dependence between the 
parameters measured at the hydraulic cylinder and the radial clamping force of the device 
jaws 
 
The inputs were the data of the experimental determinations presented in the previous paragraph, 
recorded by LabView on the hard disk of the computer; data files were imported into MsExcel to 
make characteristic plots for detailed data analysis/interpretation. 
In Fig. 21 and Fig. 22 we superimposed the characteristic curves for the actuation stroke ca(t), the 
axial clamping stroke csa(t), pressure p(t), and the radial clamping force specific to each jaw of the 
device: Sr1(t), Sr2(t), Ssr3(t), Sr4(t) – data acquisition specific to the visual data acquisition interfaces 
diagrams in Fig. 19 and Fig. 20. 
 

 
 

Fig. 21. Variation over time of parameters ca, csa, p, Sr1, Sr2, Ssr3 and Sr4 for 
a pressure of 12.5 MPa regulated at the hydraulic group 

 
By analyzing the characteristic curves in Fig. 21 and Fig. 22, for semi-finished products of different 
brands of alloy steel, with heat treatment for improvement at various values of hardness, but with 
technological fixing hole having the same nominal size, we observed all the curves of the parameters 
ca, csa, p, Sr1, Sr2, Ssr3 and Sr4 have the same allure but all have steeper ramps and higher stall values 
as hydraulic group pressure increases. 
The characteristic curves of Sr1(p), Sr2(p), Ssr3(p) and Sr4(p) in Fig. 23 and Fig. 24 were drawn for 
pressures adjusted to the hydraulic group of 12.5 MPa, respectively 35 MPa; it can be seen that they 
have similar grooves regardless of the pressure value, being of the 2nd degree curve type. 
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Fig. 22. Variation over time of parameters ca, csa, p, Sr1, Sr2, Ssr3 and Sr4 for 
a pressure of 35 MPa regulated at the hydraulic group 

 
For a pressure of 12.5 MPa set at the hydraulic group, it is observed that the maximum average 
value of the radial clamping force on a jaw, of 7.5 kN, corresponds to a pressure of 7.5 MPa, and 
when the pressure increases up to 12 .5 MPa, the maximum value of 7.5 kN is kept. 
Similarly, for a pressure of 35 MPa set at the hydraulic group it is observed that the maximum 
average value of the radial clamping force on a jaw, of 20 kN, corresponds to a pressure of 20 MPa, 
and up to 35 MPa the maximum value is maintained and never mind the increase in pressure. 
This means that the maximum values of 7.5 kN and 20 kN, respectively, correspond to the force 
developed by the cylinder piston, force demultiplied by the multiple wedge. In Fig. 21 and Fig. 22 it 
is observed that when the actuation stroke reaches the bearing value, the maximum value of the 
radial force is obtained. Thus, the safety factor for maintaining the maximum value of the radial 
tightening force is between 1.(6) and 1.75, for pressures between 12.5 MPa and 35 MPa. 
 

 
 

Fig. 23. Sr1(p), Sr2(p), Ssr3(p) and Sr4(p) characteristics for 
a pressure of 12.5 MPa regulated at the hydraulic power unit 
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Fig. 24. Sr1(p), Sr2(p), Ssr3(p) and Sr4(p) characteristics for 

a pressure of 35 MPa regulated at the hydraulic power unit 

7.  Conclusions 

The analysis of the results of the experimental research was carried out by importing the data files 
into Excel, from the Microsoft Office package, with data processing and creating graphs according 
to the proposed objective, as appropriate by superimposing the evolution over time of the values 
displayed on the visual acquisition interface or by making of characteristic curves depending on the 
working pressure. 
The characteristic curves have a similar appearance to the one found in the specialized literature, 
with the difference that we used a measurement system that allowed the acquisition of signals with 
at least 250 kS/s, LabView and Excel instead of reading the values displayed by analog or digital 
instruments followed by editing graphics by interpolating the read values. 
By using the digital instrumentation and the fourth virtual instrument in LabView we plotted the 
characteristic curves for the radial forces at different values of the regulated pressure at the hydraulic 
group, between 11.5 and 35 MPa. The characteristic curves Sr1(p), Sr2(p), Ssr3(p) and Sr4(p) have 
similar shapes regardless of the pressure value, being of the 2nd degree curve type, the maximum 
values being reached at pressures from 1.(6) times up to 1.75 times lower than the value set at the 
hydraulic group, these being precisely the safety coefficients for keeping the maximum radial force 
constant. 
All acquired data can be further processed by making details in the desired intervals or in inflection 
areas, but other characteristic curves can also be made. 
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Abstract: Oscillating hydraulic pressure intensifiers (miniboosters), which consume low pressures at high 
flowrates to supply high pressures at low flowrates to hydraulic (linear and rotary) motors, have a pulsating 
mode of operation. The flowrate of the pumping units equipped with such intensifiers must be measured with 
a device compatible with this operating regime. The compatibility of the device assumes the absence of moving 
inertial masses and a rapid response to flowrate variations caused by pressure variations. The authors 
designed such a device, which comprises a differential pressure transducer, connected to two pressure intake 
ports, mounted upstream and downstream of a calibrated orifice. Dimensioning the calibrated orifices, 
designing the device and optimizing its performance were carried out with Simcenter Amesim numerical 
simulation software. 

Keywords: Low pressure, minibooster, high pressure, pulsating mode of operation, calibrated orifice, 
differential pressure transducer  

1. Introduction  

An oscillating hydraulic pressure intensifier [1,2,3] works like a small piston pump that has different 
active surfaces (Fig. 1). In a static hydraulic system, it will supply a smaller and smaller flowrate until 
the pressure at its outlet, required by the system load, is reached.  
 

 

Fig. 1. Minibooster operation assimilated to piston pump operation 
 

The pumping unit in Fig. 2, consisting of low-pressure electric pump, 4/2 hydraulic directional 
control valve, electrically-operated, and minibooster, supplies a single acting and spring-return 
hydraulic cylinder. 
On the extension stroke of the cylinder rod, oil enters the piston chamber, which increases its 
volume. The piston of the minibooster, which works like a piston pump, is hydraulically actuated S 
with the PCV slide valve. It moves alternately left and right, generating the variable volume chambers 
V1, V2, and supplies the hydraulic cylinder with a pulsating flowrate, thus: in the suction phase, the 
hydraulic oil pushed by the low-pressure pump opens the CV1 check valve and fills the V2 volume 
chamber; in the discharge phase, the hydraulic oil at high pressure in the V2 volume chamber 
opens the CV2 check valve and supplies the hydraulic cylinder. 
On the retraction stroke of the cylinder rod, the oil in the piston chamber, which decreases in 
volume, is drained to the tank, through the PDV unlockable check valve, controlled by the low-
pressure pump. 
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Fig. 2. Supplying a hydraulic cylinder with a pumping unit equipped with a minibooster 

 

Static applications of pumping systems equipped with miniboosters (high pressure resistance tests 
for pipes and tanks, achieving high pressing or tightening forces) are not influenced by the pressure 
and flow pulsations (oscillations) at the output of the minibooster [4]. For dynamic applications, 
with hydraulic cylinders moving with high load, constant or variable, over the entire stroke, pressure 
and flow oscillations at the output of the minibooster can disrupt the uniformity of the displacement 
of the hydraulic cylinder connected to that minibooster [5]. 
The pulsating flowrate measuring device covers the range of three HC7 miniboosters, with 
intensification factors 5.0, 6.6 and 7.6, presented in Fig. 3 and Table 1 [6]. All these miniboosters 
are supplied at the inlet port with a flowrate of approx. 10.5 l/min, supplied at 200 bar by a low-
pressure pump. 
 

 

Fig. 3. Dimensions of the HC7 minibooster  
                                                                                                                                                
                                                                                           Table 1: Technical features of the HC7 minibooster 

Intensification 
factor 

i 
[-] 

Primary 
pressure / 
Secondary 
pressure 

[bar] 

Maximum 
flowrate in the 

primary 
[l/min] 

Maximum 
flowrate in the 

secondary 
[l/min] 

Dimensions 
of the 

primary 
connections 

Dimensions 
of the 

secondary 
connections 

Catalogue Used Catalogue Used IN R H1 H2 

5.0 
0...200 / 
0...1000 

14.0 10.5 1.6 1.2 
¼” 

BSP 
¼” 

BSP 
M22x 
1.5 

9/16- 
18UNF 

6.6 
0...200 / 
0...1320 

13.0 10.5 1.3 1.05 
¼” 

BSP 
¼” 

BSP 
M22x 
1.5 

9/16- 
18UNF 

7.6 
0...200 / 
0...1520 

13.0 10.5 1.1 0.88 
¼” 

BSP 
¼” 

BSP 
M22x 
1.5 

9/16- 
18UNF 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
69 

 

The uniformity of the displacement of a cylinder under load, supplied with an oscillating flowrate 
provided by one of the miniboosters from table 1, can be assessed on the stand [7] in Fig. 4, having 
the hydraulic diagram shown in Fig. 5. 
 

 

Fig. 4. Test stand for pumping units equipped with miniboosters: 
1=high-pressure pumping system (HPPS); 1.1=low-pressure pumping group; 1.2=minibooster; 2=test stand 
for HPPS; 2.1=high pressure test cylinder (TC); 2.2=load cylinder (LC); Scs / Scp=4.4; 2.3=pumping unit for 

LC filling; 2.4=system for stand control and experimental data acquisition. 
 

 

Fig. 5. Hydraulic diagram of the test stand for pumping units equipped with miniboosters: 
1=hydraulic cylinder fixing frame; 2=test cylinder TC; 3=load cylinder LC; C=coupling; 4=oil tank; 5=oil tank; 

6=low-pressure pump; 7=electric motor; 8=pressure control valve; 9=pressure filter; 10=open-center 4/3 
hydraulic directional control valve, electrically-operated; P,T=ports for pressure and directional control valve 
tank; A,B=ports for directional control valve consumers; 11=return filter; 12=fill / vent filter; 13=minibooster; 

IN,R,H=inlet, return and minibooster high pressure ports; 14,15,16,17=check valves; 18=load pressure 
control proportional valve; 19=electrical control and data acquisition panel; EA,EB,a,b=electrical control 

signals to directional control valve, pump drive motor and proportional valve; c,d,e,f,g=data acquired from 
pressure (P1,P2), flow (Q1,Q2) and displacement (TD) transducers.  
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2. Numerical simulation of the operation of the flowrate measuring device 

Measuring of the pulsating flowrate will be carried out successively, on two hydraulic circuits (the 
stand in figs. 4 and 5): 
a) high-pressure circuit H1 in the secondary of the pressure intensifier, which supplies the hydraulic 
test cylinder (2); on this circuit, the flowrate varies between the value of approx. 10 l/min, that is 
the maximum flowrate of the low-pressure pump, which supplies the primary of the pressure 
intensifier and bypasses the intensifier, and approx. 1 l/min, that is the maximum flowrate on the 
output of the intensifier, at the amplified pressure; 
b) output circuit from the hydraulic load cylinder (3), namely on the circuit of the proportional 
pressure valve (18); on this circuit the flowrate varies from 44 l/min, value corresponding to the 
flowrate of 10 l/min from the intensifier secondary, to 4.4 l/min, value corresponding to the flowrate 
of 1 l/min from the intensifier secondary (the ratio of the active surfaces of the two cylinders coupled 
on the stand is Scs / Scp= 802 / 38.12 = 4.4). 
On the stand in figs. 4 and 5, the flow vs. pressure characteristic of the minibooster will be 
experimentally determined, Fig. 6, and flowrate will be measured indirectly, with a device consisting 
of a calibrated orifice and a differential pressure transducer, type Protan PR3200, Fig. 7. 
 

 

Fig. 6. Minibooster flow vs. pressure characteristic 

 

Fig. 7. PR3200 differential pressure transducer 
 

The main technical features of the PR3200-0100AR differential pressure transducer are: output 
signal = 4...20 mA (2 wires); supply voltage = 10...36 V d.c.; reference pressure = differential; 
measuring range = 0...100 bar; accuracy = ± 0.5% across the range; static pressure = 400 bar; 
connection to the installation = 1/4" BSP female thread.  
Knowing the flow coefficient of the calibrated orifice, CQ , which is determined experimentally, area 
of the calibrated orifice, A, differential pressure 𝛥𝑝, measured with the differential pressure 
transducer and fluid density, 𝜌, from Bernoulli's equation, the flowrate calculation formula results: 

𝑄 = 𝐶𝑄 ∙ 𝐴 ∙ √
2𝛥𝑝

ρ
                                                                 (1) 

For [CQ] = [-], [A] = m2, [∆𝑝] = N/m2 and [𝜌] = kg/m3 , it results [Q] = m3/s. 

2.1 Numerical simulation model 

Fig. 8 shows the device simulation network [8] consisting of: an oil tank; an adjustable capacity 
pump, driven by a 1000 rpm motor; nine flow sections, supplied by the pump and denoted by 
letters from A to E’, which effectively represent the sections on the flow path inside the flowrate 
measuring device; two pressure transducers; a comparator; an adjustable normally closed 
pressure valve to simulate the load. Notations in fig. 8 have the following meanings: p1: pressure 
transducer mounted upstream of the calibrated orifice; p2: pressure transducer mounted 
downstream of the calibrated orifice; (S2): Dn10 flow sections (C, C`, D, E, E`), with various lengths, 
determined constructively from the conditions of positioning of the two pressure intake ports of the 
transducer and the condition of compliance with the minimum length for flow stilling; (S1): sections 
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A and B, which correspond to the four convergent-divergent orifices, with the role of ensuring the 
pressure drop needed to calculate the four flowrates. 

 

Fig. 8. Numerical simulation network in Simcenter Amesim of the flowrate measuring device 
 

Apart from the geometric shape and lengths of the sections, the simulation also takes into account 
the relative roughness of the inner axial surfaces of the sections, as well as the properties of the 
hydraulic fluid, mentioned in Fig. 9. 

 

Fig. 9. Hydraulic fluid properties 

2.2 Results of numerical simulations 

With the help of numerical simulations, four calibrated orifices were dimensioned, with convergent-
divergent inlets/outlets, which will be successively mounted inside the flowrate measuring device, 
respectively one for each of the four representative flowrates of the miniboosters in Table 1; each of 
these orifices provides the optimum pressure drop for the flowrate for which it was designed. 
Designing of the flowrate measuring device was carried out with simultaneous observance of 
three conditions: pressure drop as low as possible on the calibrated orifice, to reduce the 
flowrate measurement error; positioning of the pressure intake ports, downstream and upstream 
of the calibrated orifice, observing the minimum flow stilling lengths; ensuring laminar flow through 
the calibrated orifice, namely Re < 2300, where the Re number is given by the relation: 

                                                     𝑅𝑒 =  
𝑉∙𝑙

𝜈
                                                                      (2) 

where Re = dimensionless Reynolds number [-]; V = fluid velocity in [m/s]; l = characteristic length 
in [m]; 𝜈 = fluid kinematic viscosity in [m2/s].   
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The numerical simulation model in Fig. 8 is run for four cases, each case corresponding to a 
different value of the maximum flowrate of the adjustable capacity pump.  
In case 1, shown in the graph of Fig. 10, a calibrated orifice is dimensioned corresponding to the 
measurement of a flowrate of 10 l/min, the maximum flowrate of the pump being set to 14 l/min. It 
results: orifice diameter is 2.2 mm, pressure drop is 10.985 bar, and flow is laminar, because      
Re = 1606. 
 

 

Fig. 10. Optimal dimensioning of the calibrated orifice for measuring a flowrate of 10 l/min 
 

In case 2, shown in the graph of Fig. 11, a calibrated orifice is dimensioned corresponding to the 
measurement of a flowrate of 1 l/min, the maximum flowrate of the pump being set to 2 l/min. It 
results: orifice diameter is 0.8 mm, pressure drop is 10.356 bar, and flow is laminar, because       
Re = 442. 

 

 

Fig. 11. Optimal dimensioning of the calibrated orifice for measuring a flowrate of 1 l/min 
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In case 3, shown in the graph of Fig. 12, a calibrated orifice is dimensioned corresponding to the 
measurement of a flowrate of 44 l/min, the maximum flowrate of the pump being set to 50 l/min. It 
results: orifice diameter is 5 mm, pressure drop is 5.3 bar, and flow is no longer completely 
laminar, because the value of the Reynolds number exceeds 2400, namely Re = 3110, although 
measures have been taken to decrease the velocity of fluid through the orifice by increasing the 
diameter. However, a pressure drop of less than 5 bar is not acceptable for the flowrate of 44 l/min, 
because with this orifice it is also desired to measure a minimum flowrate of 10 l/min, with a pressure 
drop of approximately 1.4 bar. 
 

 

Fig. 12. Optimal dimensioning of the calibrated orifice for measuring a flowrate of 44 l/min 
 

In case 4, shown in the graph of Fig. 13, a calibrated orifice is dimensioned corresponding to the 
measurement of a flowrate of 4.4 l/min, the maximum flowrate of the pump being set to 5 l/min. It 
results: orifice diameter is 1.5 mm, pressure drop is 11.13 bar, and flow is laminar, because          
Re = 1306. 
 

 

Fig. 13. Optimal dimensioning of the calibrated orifice for measuring a flowrate of 4.4 l/min 
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Fig. 14 shows the four calibrated orifices with diameters of 5, 2.2, 1.5 and 0.8 mm, necessary to 

measure flowrates in the vicinity of the values of 44, 10, 4.4 and 1 l/min. It can be noticed that all 

the orifices have: the same overall dimensions, so that they can be mounted in the body of the 

flowrate measuring device; the same angle of 120º, of convergence and divergence, for easy 

processing; different inner diameters, with usual values.  

 

 

Fig. 14. The four calibrated orifices of the flowrate measuring device 

2.3 Designing the flowrate measuring device  

The component elements of the pulsating flowrate measuring device are shown in the assembly 
drawing in Fig. 15. 
 

 

Fig. 15. Pulsating flowrate measuring device; assembly drawing 
 

The pulsating flowrate measuring device contains a body, item no. 4, in which two pipes with a 

machined inner surface and an inner diameter of 10 mm are inserted into the central axial area, item 

no. 3 and item no. 12, upstream and downstream of the calibrated orifice, respectively one of the 

items no. 5,6,7,8, or 9, which are sealed inside the body with one 2.5x9 O-ring each, item no. 10, 

each pipe being fixed to the body with a clamping plate, item no. 15, and four M6x25 screws, item 

no. 14. 
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The two pipes are sealed in the body with one 2.5x14 O-ring each, item no. 16, and on the outer 

end of the body, they have mounted one M20x1.5 union nut, item no. 1, and a cutting ring, item no. 

2, both parts being necessary to connect the flowrate measuring device to one of the measuring 

circuits mentioned in section 2. The hydraulic fluid flows through the flowrate measuring device from 

left to right along a path with cylindrical internal geometry, nominal diameter Dn10, which is throttled 

in the area of the calibrated orifice.  

The pressure intake ports connect to the differential pressure transducer, item no. 13, by means of 

four G1/4" threaded connections, item no. 17, four M14x1.5 union nuts, item no. 18, four cutting 

rings, item no. 19 and three meters of 6x1 pipe, item no. 20.  

Before use, the flowrate measuring device is vented, by loosening the G1/4" threaded plug, item no. 

11, after which the tightening is done again. 

The other calibrated orifices, Fig. 14, namely items no. 8, 7, 6, and 5, will be mounted in the device 

when it is intended to measure flowrates around the values of 44, 10, 4.4 and 1 l/min. 

2.4 Connecting the flowrate measuring device 

The assembly drawing in Fig. 16 shows the way of connecting the pulsating flowrate measuring 
device to the differential pressure transducer in Fig. 7 and to the stand in Fig. 4. 

 

Fig. 16. Pulsating flowrate measuring device; assembly drawing for connection to the stand 
 

The device, item no. 12, connects to the differential pressure transducer, item no. 9, with two 
6x1 pipes, item no. 5, two union nuts, item no. 6, two cutting rings, item no. 7, and two G1/4-
M14x1.5 threaded connections, item no. 8.   
The device is connected to the stand in figs. 4 and 5 with a 90o pipe connection - M18-external thread 
/ M18-internal thread, item no. 1, an M16/M16 nipple, item no. 15, an L-M20 threaded joint, item 
no. 4, an M20 T-joint, item no. 13.  
The check valve, item no. 11, is mounted with two union nuts, item no. 6, two cutting rings, item 
no. 7 and two G1/4-M14x1.5 threaded connections, item no. 8 on a circuit that bypasses the 
pulsating flowrate measuring device (the device measures a flowrate only if fluid flows through it 
from left to right). 
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3. Conclusions  

• The device is important for measuring flowrates at the output of oscillating hydraulic 

pressure intensifiers (miniboosters), under conditions where the pumping frequency of the 

oscillating piston is variable, decreasing as the pressure in the hydraulic system increases 

(fig. 6), and the technical documentation of these products specifies only the maximum 

flowrate from the secondary of the miniboosters (fig. 3 and table 1). 

• When calibrating the flowrate measuring device the pressure difference measured 

between the two pressure intake ports will be taken into account, when the nominal diameter 

Dn10 cylindrical geometry is no longer narrowed down by the calibrated orifice. This 

measurement will be carried out with the calibrated orifice Ø10, item no. 9, mounted in the 

flowrate measuring device.  

• For each of the four calibrated orifices in fig. 14, mounted in the pulsating flowrate 
measuring device, one flow coefficient CQ will be determined experimentally, as the ratio 
between the flowrate measured with a standard measuring instrument (for example, 
graduated cylinder + timer) and the flowrate measured with the presented device. This 
coefficient is introduced in relation (1), for the experimental, indirect determination of the 
value of the measured flowrate. 

• After developing the device, it will be mounted on the stand in figs. 4-5, and the results of 
flowrate measurements for the 3 minboosters in table 1, which successively feed the test 
cylinder, at various loads, will be presented in a future paper. 
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Abstract: The paper presents the performance evaluation of two hydrokinetic rotors with geometric similarity 
using a specially developed on-site testing system. The necessity of this system derives from the need to 
effectively measure the power output produced by a hydrokinetic turbine during design stage. For an adequate 
characterisation and performance evaluation, similar models on a progressive scale were used. The increased 
diameters that can supply significant power require larger models which cannot be tested on testing benches 
in laboratory conditions. Therefore, testing should be performed on-site in real operating conditions of the river 
or channel where potential problems might be encountered such as the variation of the water level, turbine 
anchoring and electrical insulation of the generator and power output cables. In this regard, there was 
developed a dedicated and portable testing stand able to test hydrokinetic rotors of up to 1 m diameter with a 
generated effective torque of up to 20 Nm. The testing system was designed so that the electronic and electric 
components are placed outside the water and requires low power supply that can be provided from batteries 
when used in remote areas. The system operation only requires a laptop, a DC current source for the 
electromagnetic brake and a battery assembly. The system can achieve measurement of characteristic 
parameters such as power, mechanical torque or power coefficient for hydrokinetic rotors. The first measuring 
campaign focused on the performance evaluation of two hydrokinetic rotors: a small one with a diameter of 
200 mm surrounded by a diffuser and a larger one with a 700 mm diameter without shroud on. Two different 
sites with increased water velocity were assessed. The torque and rotational speed parameters were 
registered using a torque transducer linked to a compatible software application, which allows data acquisition, 
real time monitoring and further analysis of the results. 

Keywords: Hydrokinetic turbine, on-site testing, power output, data acquisition and analysis. 

1. Introduction  

Hydrokinetic turbines use the kinetic energy of the water for producing ecological electricity without 
impacting the surrounding environment, with minimal influence on the river natural flow conditions 
without using a dam or diversion head works. The kinetic energy is available on most rivers although 
the power density represents an important obstacle for large-scale development. In contrast to 
conventional water turbines which operate based on a certain head and flow, the hydrokinetic 
turbines operate with reduced efficiency based on the similar principle as wind turbines. Thus, the 
maximum power coefficient (Cp) is usually below 0.45 and the only way to increase the power 
extracted is to increase the water velocity or to provide a shroud or diffuser around the rotor. Thus, 
the flow is concentrated from a larger surface which locally increases the velocity. The design of the 
rotor blades is a very complex process due to the fact that the performance of these turbines depends 
on various parameters like number of blades, tip speed ratio, air foil type, blade pitch, chord length 
and twist angle along the blade. Specific design methods are required in order to address certain 
issues related to performance, operational optimization, feasibility and environmental impact [1]. 
Among the advantages of hydrokinetic turbines, there is worth mentioning that these are easy to 
install, their operation being simple, while the maintenance costs are affordable.  
The most convenient method to study them is to use small scale models driven in closed circuit 
testing stand or using towing tanks. The limitation of this approach is that larger rotors cannot be 
tested due to their size limitation and the proximity to the testing channel walls which determines the 
so-called blockage effect.  
If the blades rotate near the channel walls, then the turbine performance in a partially blocked flow 
needs correction in order to reflect the operation in unbounded free stream conditions [2, 3]. 
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Therefore, on-site testing can represent a solution at hand for performing rotors evaluation while 
ensuring constant water depth and velocity during measurements. The research aimed the on-site 
evaluation of the hydrokinetic turbines performance by using an improved rotor design which has 
been previously tested [4, 5] in order to identify if the power output is according to the results of the 
reduced scale model tested in a closed channel circuit.  
Several papers and studies addressed various aspects regarding the operation of hydrokinetic 
turbines suitable to tidal currents [6] or to high velocities rivers [7]. Although these studies have 
addressed the characteristic determination of the hydraulic parameters, providing some important 
knowledge on related fluid mechanics phenomena, the information is not sufficient for a quantitative 
characterization and power estimations for such water turbines. 
The issue of adapting and using the characteristics of experimental rotor models on a different scale 
was also addressed [2]. According to some literature recommendations, it is possible to adapt the 
power coefficient vs. tip speed ratio (TSR) curve in order to achieve correct power estimations. In 
some cases, the scale difference exceeds 1:30. Thereby, it is clear that an assessment is difficult to 
achieve.  
Computational design optimization tools such as the Rotor Optimization Algorithm tested by Sale et 
al. [8] may be used for hydrokinetic turbine designs. The algorithm includes 15 defined variables in 
5 control points, namely the blade hub, blade tip, and even spaced points in between. Afterwards, a 
Genetic Algorithm (GA) uses constraints and dependencies in order to determine the optimal shape 
of the blades. Optimizing a rotor for maximum hydrodynamic efficiency does not necessarily result 
in a turbine generating the highest annual energy production, but is rather related to maximizing the 
turbine efficiency (increasing approach angle/velocity) [9]. A possible reason for a low power 
coefficient of several solutions is represented by massive flow separation on the hub surface due to 
high adverse pressure gradient inside the diffuser, resulting on low mass flow capture and, hence, 
poor performance [10]. Riglin et. al [11] tested a hydrokinetic turbine prototype for river applications 
that was built for experimental testing in the circulating water channel at the Naval Surface Warfare 
Center, US. The prototype was designed based on numerous blade characterization and 
optimization analyses conducted using computational fluid dynamics (CFD) simulations. Testing was 
conducted for channel flow speeds ranging from 1.0 m/s to 1.7 m/s. The shrouded turbine with a tip 
diameter of 0.68 m, 3 blades and diffuser area ratio of 1.31 tested at 1.5m/s had a peak power 
coefficient of 0.37 at a tip speed ratio of 2.50. 
Many of the applications developed for improving the operation of hydrokinetic turbines [12,13] have 
represented short-term testing installations. Thus, the evaluation of long-term functioning of these 
units is difficult to predict, although these short-term applications do provide insights on attainable 
power outputs. The research aims to continuously improve a certain rotor design by collecting more 
specific data regarding its operation in order to draw a more accurate prediction curve. The 
experimental data can be used for the achievement of correlations between rotor size, water velocity 
and mechanical power output and can lead to the efficiency estimation of other rotor designs just by 
scale model laboratory testing. If a large rotor is envisaged to be tested, the on-site system is another 
useful tool suitable to characterize a rotor design from model to large scale. Moreover, by using the 
data obtained in real operating conditions, a specific electric generator with a certain torque and 
rotational speed can be developed given that these turbines require custom made electric generators 
for increased efficiency. 

2. Development of the hydrokinetic rotors and on-site testing system  

The design of the hydrokinetic rotors used for testing was developed in other previous projects 
regarding the optimization of hydrokinetic turbines [14]. The optimum chord length calculation was 
performed for each section along the rotor blade and the most appropriate airfoil type was chosen. 
Simulations performed with Qblade software revealed the effect of the chord length for each section.  
The software generates specific curves when one of the input parameters varies in the given range 
(attack angle, velocity, rotational speed). It has been shown that changes in chord length along the 
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blades and variation of the twist angle have a significant impact regarding the power output. The 
blade design and airfoil type are presented in Figure 1. 

 

 

Fig. 1. Improvements of the rotor blades structure achieved for the determination of the optimal geometry [8] 

Based on the calculation methods suggested in [15] as well as the results obtained by successive 
simulations, the optimum rotor geometry allowing the increase of the conversion efficiency was 
achieved. A first rotor model with a diameter of 200 mm was built using 3D printer and tested in a 
closed-circuit testing bench designed for axial hydraulic turbines [4]. The experimental testing of the 

model showed that the best results were obtained for a pitch angle of 40° when the supplied power 

reaches a maximum value of 4.2 W at a water velocity of 0.9 m/s. In the following stage, the design 
was improved by printing the rotor model in a single part with rounded hub and fixed blade position 
[16]. The rotor design presented in Figure 2 has four twisted blades with GOE 449 profile and variable 
chord length.   

   

Fig. 2. 200 mm hydrokinetic rotor – 3D view and printed object prepared for testing [10] 

The same design was also used for the second rotor which was manufactured at a larger scale 
respecting the geometric similarity. This was developed by several parts joined together by screws. 
The resulting diameter of the rotor was 700 mm. The rotor comprises four blades including their 
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support and the central hub as presented in Figure 3. The geometric similarity will provide conditions 
for comparison between progressive scale rotors. 

  

Fig. 3. 3D printed 700 mm rotor  

For on-site testing of the rotors and better understanding of their behaviour in real operating 
conditions, a special system was developed. It is based on mechanical transmission with bevel gear 
and positioning system on boat, pontoon or bridge. The movement of the rotor is transmitted through 
an inner shaft at the top of the installation, where a torque and speed measuring system is placed 
within a specially constructed enclosure. The enclosure comprises an assembly of elastic couplings, 
torque transducer and electromagnetic brake, capable of performing torque measurements up to 20 
Nm and speeds up to 4000 rpm. It has a simple and robust design in order to ensure a quick 
assembly and facilitate easy maintenance and further adjustments. The system shown schematically 
in Figure 4 is modular and allows the transducer or brake to be replaced or inspected without 
significant operations. 
 

 

Fig. 4. Torque and speed measurement unit 

 
Since field testing was considered, the components were chosen in order to be easily transported 
and installed, with low power consumption provided by batteries without grid connection. Therefore, 
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a torque transducer was used with data transmission via USB port, powered at 5 V, with a required 
maximum current of 500 mA. A dedicated USB amplified extension cable with a length of 20 m 
provides the connection to a laptop running the data acquisition software for recording the measured 
values. The DR-3003 transducer model, manufactured by Lorenz Messtehnik Gmbh is characterized 
by an accuracy class of 0.1% of the full scale. The sensor is linked through VS3 interface ensuring 
that analog sensor signals will be digitized with up to 16-bit resolution. By the measuring rate of 5000 
measurements/s per measuring channel, high-dynamic measurements can be achieved. Another 
critical component of the testing system is the electromagnetic brake which ensures the load of the 
turbine similar to an electric generator. The advantage over a conventional electric generator is that 
torque and speed values can vary significantly, the power adjustment being determined by the 
gradual loading of the brake until the rotor stops. An electromagnetic brake with a maximum torque 
of 35 Nm, FRAT 350 model, produced by Mobac Gmbh, was chosen. The final enclosure of torque 
and speed measurement unit is presented in Figure 5a. Figure 5b indicates the content of the 
enclosure which consists of torque transducer and related flexible couplings. 

  

Fig. 5a. Enclosure of the torque and speed 
measurement unit 

Fig. 5b. Torque transducer and flexible 
couplings 

The torque and speed measurement unit was assembled with a mechanical transmission of the 
testing installation fitted with bevel gear at the end which transmits the movement from the immersed 
horizontal rotor to vertical plane, resulting the assembly in Figure 6. A fastening system is provided 
in the upper part of the assembly. It facilitates the fixed grip to the pontoon or bridge. 

 

Fig. 6. On-site testing system with a 700 mm rotor ready for testing 
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The mechanical transmission connects the hydrokinetic turbine to the test system and has a length 
of 720 mm from the rotor axis to the torque and speed measuring system, allowing to test 
hydrokinetic turbines with diameters up to 1 m. The use of this system generates mechanical losses, 
which cannot be determined by using the torque transducer and have to be determined separately. 
Therefore, the torque loss due to friction caused by the bearings was previously rated at 0.24 Nm. 
This value will be subtracted from the result of the useful torque measurements at the turbine shaft 
because it cannot be determined directly with the torque transducer, placed behind the transmission 
chain. A stiffening rod is added to the assembly to avoid bending the drive shaft when large rotors 
are tested in high velocity water. 

3. On-site hydrokinetic rotors testing  

Testing was performed in two sites with water velocities above 1 m/s. The 700 mm rotor was tested 
in the tailrace channel of Mihăilești hydroelectric plant, Giurgiu County, Romania. In order to achieve 
the experiments, a pontoon was designed and built in the frame of a previous project related to low 
head hydrokinetic turbines suitable to natural or artificial water courses. The pontoon shown in Figure 
7 was positioned in the middle of the channel, being anchored on both banks. At the upstream side 
of the pontoon, the testing system was deployed using a retractable support. The median water 
velocity can reach 1.6 m/s in the channel, when all the water turbines of the hydroelectric power 
plant operate at full potential. Testing was performed at 1.45 m/s at a depth measured from the tip 
of the upper blade of around 50 mm. Experimental testing imaging of the 700 mm rotor are presented 
in Figure 7.   

   

Fig. 7. 700 mm rotor testing 

 
Figure 7 shows the system in upright position aligned and prepared for testing. Also, there are 
indicated the downward position, when the rotor is submerged in water as well as the devices and 
equipment used for operating the system. Several trials were performed and the resulted data was 
stored for further analysis and interpretation. During the tests, the water turbines of the hydroelectric 
power plants were set to operate at maximum capacity in order to maximize the water flow rate in 
the tailrace channel so to obtain a velocity of 1.45 m/s in the immersion area of the rotor. The water 
velocity was measured by using SonTek 3D Doppler Velocimeter equipment - Micro ADV (Acoustic 
Doppler Velocimeter) which operates in the range of 0.001 to 4.5 m/s.  
The 250 mm hydrokinetic turbine was tested on a channel through which the excess water from the 
Roșu Treatment Plant reaches Morii Lake located in Bucharest, Romania. 
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Through this channel, the water from Argeș river supplements the Morii Lake volume.  
The location was chosen considering the channel has significant water velocity and is provided with 
a pedestrian bridge which allows the immersion of the testing rig. During experimenting, a water 
current meter was also immersed to measure the median water velocity. To increase the rotor speed 
as well as the output power, a hydrodynamic profiled diffuser was mounted. This shroud facilitates 
the power increase by creating a high pressure area inside. A divergent diffuser with an output 
diameter of 250 mm was used. Measurements images are shown in Figure 8. 
 

  

Fig. 8. Experimental testing of the 250 mm shrouded rotor 
 
During tests, shaft torque and rotational speed values were recorded by progressive loading of the 
electromagnetic brake powered by an adjustable DC source. The source was powered by a 1kVA 
inverter connected to a 12V battery able to supply at least 3 hours of continuous measurements. 
The data was saved by the torque transducer application in csv file format and exported 
subsequently for further processing. 

4. Results and interpretations 

Given the registered torque and rotational speed values n, other specific parameters were 
calculated, as follows: the mechanical power available at the turbine shaft - P, the power coefficient 
- Cp, tip speed ratio – TSR representing the ratio between the peripheral speed and the velocity of 
the considered fluid. These determined values lead to the characteristic curves Cp = f(TSR) and 
P=f(n) can be drawn. The power output P can be calculated by using the formula: 

 𝑃 = 𝑀𝜔       (1) 

where M – is the torque, and ω the angular speed, which can be determined as: 

   𝜔 = 𝜋𝑛/30      (2) 

In order to determine the Cp = f (TSR) curve, it is necessary to determine TSR by the formula: 

   𝑇𝑆𝑅 = 𝑣𝑝𝑒𝑟./𝑣      (3) 

where vper. represents the rotational speed at the periphery of the rotor and v the upstream median 
water velocity, which can be determined as follows: 

   𝑣𝑝𝑒𝑟. = 𝜔𝑅      (4) 

Where R is the radius of the tested rotor.  
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The power coefficient represents the ratio between the determined mechanical power P and the 
theoretical power Pth. which is given by the following relation: 

𝑃𝑡ℎ. = 1/2 ⋅ 𝜌𝐴𝑣3     (5) 

where A is the equivalent area of the rotor and ρ the water density. 

In the case of the 700 mm diameter rotor, the characteristic curves determined at 1.45 m/s velocity 
are shown below in Figure 9 – Power curve and Figure 10 – Power coefficient curve. 

  

Fig. 9. Power curve for the 700 mm rotor Fig. 10. Power coefficient curve for the 700 mm rotor 

For the 200 mm rotor, the characteristic curves determined at 1.42 m/s velocity are shown in Figure 
11 – Power curve and in Figure 12 – Power coefficient curve. 

 

 

Fig. 11. Power curve for the 200 mm rotor with shroud Fig. 12. Power coefficient curve for the 200 mm 
rotor with shroud 

As depicted in Figure 12, the increased value of the power coefficient Cp is obtained in the case of a 
lower TSR value given the increased size of the rotor. Larger rotors determine reduced rotational 
speeds and according to relation (3) the TSR reduces accordingly. The power coefficient for the both 
rotors was approximately 0.25 while the shrouded rotor is characterized by slightly increased values. 
Prediction curve could not be drawn given that one of the rotors was tested with a diffuser which 
locally increased the rotational speed of the rotor.  
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The diffuser was used in the scope of increasing the starting torque of the 200 mm rotor which is 
difficult to drive due to reduced size and residual torque of the brake and the bevel gear. Thereby, it 
improves the power output of the rotor, but reduces the operating range with increased efficiency as 
can be seen in Figure 11. Thus, the diffuser influences the registered parameters compared to bare 
rotor. A comparison at different scale is possible only if the studied rotors are the same type, either 
with or without shroud. The registered parameters using the installation allow to further design an 
electrical generator suitable to be used in the determined range of rotational speed and torque. The 
evaluation of the rotor specific parameters allows the determination of the generator’s efficiency and 
its related devices like controllers and inverters. Nevertheless, the on-site testing system proved 
useful for the evaluation of a considered rotor with or without diffuser in terms of rotational speed 
and generated power.  

5. Conclusions 

The paper presents a tool which is useful for the continuous development of hydrokinetic rotors by 
identifying the power produced at certain rotational speed values. The determined parameters are 
critical for designing an electric generator, another important component of the turbine. In this regard, 
a dedicated and portable testing stand was developed which was able to test two similar hydrokinetic 
rotors at different scale: a small one with 200 mm diameter surrounded by a diffuser and a larger 
one with 700 mm diameter without shroud. The two impellers were tested on two different sites with 
available increased water velocity. The developed system can achieve measurement of 
characteristic parameters such as power, mechanical torque or power coefficient for hydrokinetic 
rotors. The torque and rotational speed parameters were registered using a torque transducer linked 
to a compatible software application, which allows data acquisition, real time monitoring and further 
analysis of the results. Testing procedures showed that the on-site testing system can achieve the 
performance evaluation in terms of torque, power and rotational speed of rotors tested in channels 
with water velocity around 1.5 m/s. Future work considers testing different rotor designs and 
identification of other suitable rivers or channel where hydrokinetic turbines can be installed 
successfully. 
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FOR MICRO HYDROPOWER PLANTS: A COMPARATIVE ANALYSIS 
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Abstract: This comparative study aims to thoroughly explore the impact of maintenance on the energy 
efficiency of micro hydropower plants and to analyse maintenance techniques and practices that contribute 
to the optimal operation of hydraulic drive systems. To achieve this goal, three specific cases were 
examined. By collecting and analysing empirical data, this study provides a comprehensive overview of how 
proper maintenance can influence the performance and durability of micro hydropower plants. 

Keywords: Small hydropower plant, maintenance, fluid power actuation 

1. Introduction 

Micro hydropower plants are an integral part of the renewable energy landscape. They play a 
pivotal role in providing clean and sustainable electricity to communities, especially in regions with 
access to flowing water sources such as rivers, streams, or even small waterfalls. Unlike large-
scale hydropower plants that require massive dams and reservoirs, micro hydropower plants are 
characterized by their compact size and minimal environmental impact. They offer an 
environmentally friendly solution for harnessing hydropower without causing significant disruption 
to local ecosystems. 
For water diversion, the river water level has to be raised by a barrier, the weir (1). The water is 
diverted at the intake (2) and conveyed by the channel (3) along the landscape´s contour lines. 
The spillways (4) protect against damage from excessive water flow.  

 

 

Fig. 1. Components of a small-scale hydropower plant [1] 

 
Water is slowed down and collected in the forebay (5), from where it enters into the penstock (7), 
the pressure pipe conveys the water to the power house (6) where, the turbine, responsible for 
converting the energy of flowing water into mechanical energy, the generator that transforms the 
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mechanical energy into electrical energy and the control system, used to regulate the flow of water 
and adjust the turbine's speed, are installed. The water is discharged via the draft tube (8) or a tail 
race channel in case of crossflow or Pelton turbines. [1] 
Typically, these systems employ hydraulic turbines, such as Pelton, Francis, or Banki turbines, to 
efficiently harness the energy of the flowing water. These turbines are equipped with control 
mechanisms and hydraulic actuators that adjust the flow of water based on the electricity demand 
or other external factors. Usually, a Pelton turbine with a power below 2 MW is equipped with four 
or six injectors, for speed regulation, a deflector mechanism, for breaking the turbine, and a 
butterfly valve for completely shutting off the turbine supply. 
 

  
                  (a) 

 
                          (b)                           (c)    (d)  

 

Fig. 2. Low power Pelton turbine < 2 MW 
(a) the turbine casing connected to the supply pipe (in blue the hydraulic cylinders). (b) deflector 
mechanism with hydraulic cylinder. (c) injector for adjusting the turbine speed. (d) butterfly valve 
with hydraulic cylinder and counterweight. 

 

The hydraulic drive system is a critical component of micro hydropower plants, as it ensures the 
efficient and precise regulation of turbine performance, which ideally should work without 
interruptions. In these systems, fluid power is used to control the flow of water to the turbine, 
thereby managing its rotational speed and, consequently, the electrical output. 
The fluid power drive system comprises various key components, an accompanying schematic 
representation is show in figure 3. 
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Gear pumps are responsible for drawing in and pressurizing hydraulic fluid. 
The pressure relief valve ensures that the hydraulic system maintains safe pressure levels by 
diverting excess fluid back into the reservoir. 
The bladder accumulator, filled with nitrogen, acts as a storage and pressure maintenance device 
for the hydraulic fluid. 
The manifold block with distributors is responsible for directing hydraulic fluid to various 
components. 
Hoses serve as conduits for hydraulic fluid to flow between different parts of the system. 
Non-Return Valves prevent backflow of hydraulic fluid, ensuring the system functions as intended. 
Hydraulic cylinders are used to convert hydraulic energy into mechanical motion, used for control 
and actuation purposes of the butterfly valve, turbine injectors and deflector mechanism. 
Filters are critical components that remove contaminants and particles from the hydraulic fluid, 
ensuring the system remains clean and free from debris that can cause damage or reduce 
efficiency. 
The ability to finely tune the hydraulic drive system plays a crucial role in the overall efficiency and 
productivity of the microhydropower plant. By maintaining and optimizing this system through 
proper maintenance practices, operators can ensure a consistent and reliable energy supply, 
ultimately contributing to the sustainable generation of clean electricity. [2] 
Understanding these components and their interactions, is crucial to grasp the intricate role that 
the hydraulic drive system plays in the overall efficiency and operation of microhydropower plants. 
 

 
a) 
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b) 

Fig. 3. Fluid power system layout for Pelton turbine control 
a) simple version (6 hydraulic cylinders);  b) more complex version (13 hydraulic cylinders) 

2. Basic information of the surveyed power plants 

In this chapter, the essential information is provided, about the three surveyed micro hydropower 
plants, each equipped with Pelton turbines. This information serves as the foundation for the 
subsequent comparative analysis of maintenance impact on their performance. 
 
Case A: 

• Location: Cluj County 

• Turbine Type: Pelton turbine with 6 injectors. 

• Installed Capacity: 1,6 MW. 

• Year of Commissioning: 2013. 

• Fluid power system for turbine control: Figure 3 a). 

• Water Intake Features: The water intake is equipped with hydraulically operated metal 
sluice gates, racks, and an automatic rack cleaner for the inclined grate at the water inlet 
into the conduit. 

• Maintenance Information: The project designer provided general information on 
maintenance and a periodic maintenance plan. 

 

Case B: 

• Location: Alba County 

• Turbine Type: Pelton turbine with 4 injectors. 

• Installed Capacity: 0.729 MW. 
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• Year of Commissioning: 2012. 

• Fluid power system for turbine control: Figure 3 b). 

• Water Intake Features: The water intake lacks hydraulic actuators and relies on grates and 
an automatic cleaner for the grate. 

• Maintenance Information: The project designer did not provide general maintenance 
information or a periodic maintenance plan. 

 

Case C: 

• Location: Bistrița-Năsăud County 

• Turbine Type: Pelton turbine with 4 injectors. 

• Installed Capacity: 0.402 MW. 

• Year of Commissioning: 2014. 

• Fluid power system for turbine control: Figure 3 b). 

• Water Intake Features: The water intake lacks hydraulic actuators and relies on grates and 
an automatic cleaner for the grate. 

• Maintenance Information: The project designer did not provide general maintenance 
information or a periodic maintenance plan. 

 
This foundational information sets the stage for the comparative analysis, allowing us to 
understand the variations in equipment, maintenance practices, and their impact on the 
performance of these micro hydropower plants. 

3. Comparative Analysis 

In this section, a comparative analysis is conducted to assess the influence of maintenance 
practices on the technical condition and performance of the surveyed micro hydropower plants, 
specifically Case A, Case B, and Case C. Efficiency decline graphs are employed to depict the 
decrease of efficiency over time, with maintenance scores serving as the basis of categorization: 1 
(comprehensive recommended practices), 2 (infrequent maintenance), and 3 (minimal intervention 
limited to component replacements essential for functionality). 
 

Case A 
Maintenance Score: 

Years 1-5: 1 (Proactive Maintenance) 
Subsequent Years: 2 (Reactive Maintenance) 
Total in 10 years: 1,5 

The graph below visualizes the decline in efficiency: 

 

Fig. 4. Variation of global efficiency over time - Case A 
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Observations: The graph reveals a gradual but notable decline in efficiency. The reduction in 
power output, with 17%, is attributed to the transition from proactive to reactive maintenance 
practices. 
 
Case B 
Maintenance Score: 

Regular Periodic Maintenance: 2 (Infrequent Maintenance) 
Component Replacements: 3 (Minimal Reactive Maintenance) 
Total in 11 years: 2,5 

The graph below illustrates the efficiency decline: 

 

Fig. 5. Variation of global efficiency over time - Case B 
 

Observations: The graph demonstrates a more substantial reduction in efficiency, with power 
output diminishing by 37%. The sporadic nature of maintenance activities contributes to this 
decline. 
 
Case C 
Maintenance Score: 3 (Minimal Reactive Maintenance with Limited Protective Measures), for 
whole period of 9 years. 
The graph highlights the drastic efficiency decline: 
 

 

Fig. 6. Variation of global efficiency over time - Case C 

 

Observations: The graph portrays a remarkable 96.6% reduction in efficiency, with power output 
almost negligible. The complete absence of proactive and periodic maintenance practices, 
alongside the lack of protective measures at the water intake area, is the primary driver of this 
severe efficiency drop. 
All three cases were periodically technically inspected, the last check being in 2023, and the status 
was recorded as shown in the following table: 
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                  Table 1: Technical inspection report of the fluid power unit (August-September 2023) 

No. Designation Inspection/Measurements Case A Case B Case C 

1 Oil 

Fluid level O O O 

Contaminants, Colour R R X 

Temperature R R R 

2 Oil Tank 

Air breather; Ball valve; Cleaning 
cover 

O R R 

Oil level indicator O O O 

Thermostat O - - 

Oil level gauge O - - 

3 
Pipes; Hoses; 
Fittings 

Check leakages R R R 

Tensions from fixation, bendings, 
strangulation 

R R R 

4 Gear pumps 

Check alignment with drive 
mechanism 

O O O 

Couplings O O R 

Noise O O O 

Increasing pressure R R R 

Wear or damaged internal parts R R R 

5 

Suction Filter Warping X X X 

Filter with 
indicator/ 

Indicator X X X 

6 
Pressure 
valves 

Temperature O O O 

Noise O O O 

Adjustments O O R 

7 
Pressure 
sensor 

Compared with gauge O R R 

8 
Check valve 
(pumps) 

Temperature, Noise, , Leaks R R R 

9 
Hydraulic 
accumulator 

Gas Pressure R R R 

Temperature O O R 

10 
Accumulator 
block 

Temperature, Noise, Leaks R R X 

11 
Solenoid 
valves 

Voltage O O O 

Temperature, Noise, Leaks O R R 

12 
NC & NO 
valves 

Temperature, Noise, Leaks O R R 

13 
Pilot non-return 
valves 

Temperature, Noise, Leaks O R R 

14 Check valve Temperature, Noise, Leaks O R R 

15 Throttle valves 
Temperature, Noise, Leaks O O R 

Adjustments O O R 

16 Cylinders Leaks R X X 
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where:  
O = Good operating parameters;  
R = Operational but Needs in-depth Tests and Work;  
X = Out of normal operating parameters; 

3.1. Implications and Recommendations 

The maintenance scores assigned to each case were determined based on a comprehensive 
evaluation of their maintenance practices: 

• Maintenance Score 1 (Proactive Maintenance): This score was assigned to Case A for the 
initial five years, reflecting their proactive approach to maintenance by following 
recommended practices, including regular inspections, preventive maintenance, and 
adherence to maintenance schedules. 

• Maintenance Score 2 (Infrequent Maintenance): This score was attributed to Case A 
beyond the initial five years. Case B received this score as they conducted periodic 
maintenance at intervals of 1-2 years, signifying a somewhat structured approach. 
However, their maintenance practices were infrequent and inconsistent, impacting 
efficiency. 

• Maintenance Score 3 (Minimal Reactive Maintenance): Case B for rare maintenance 
interventions, and Case C for minimal reactive maintenance. It signifies minimal proactive 
or periodic maintenance, with a focus on component replacement only when essential for 
functionality. 

These maintenance scores reflect the evolving nature of maintenance practices within each case, 
highlighting their varying degrees of proactive and reactive approaches. 
The efficiency decline graphs provide vital insights into the profound impact of maintenance 
practices on micro hydropower plant performance. To address these findings: 

• Proactive Maintenance (Case A): The graph showcases a discernible decline in efficiency 
when maintenance transitions from proactive to reactive. To mitigate this reduction, Case A 
should reinstate proactive maintenance measures and adhere to recommended practices. 

• Periodic Maintenance (Case B): The graph exemplifies a more substantial reduction in 
efficiency due to intermittent maintenance practices. To maintain power output and 
efficiency, Case B should implement a more frequent and consistent maintenance 
schedule. 

• Limited Maintenance (Case C): The graph underlines a severe decline in efficiency 
resulting from the absence of maintenance practices. Case C must prioritize 
comprehensive maintenance, including protective measures in the water intake area, to 
rectify this dramatic decline. 

The graphical findings underscore the pivotal role of maintenance in sustaining efficiency and the 
longevity of micro hydropower plants. In the subsequent sections, best practices for hydraulic drive 
system maintenance will be explored, and recommendations provided to enhance the technical 
condition and performance of the equipment, ultimately contributing to the sustainable generation 
of clean electricity. 

4. Best Practices for Hydraulic Drive System Maintenance 

This section delves into the crucial aspects of maintaining hydraulic drive systems in 
microhydropower plants, focusing on key practices and recommendations that can enhance the 
technical condition and performance of these systems. 

4.1. Proactive Maintenance 

Proactive maintenance is a fundamental approach to ensure the reliability and efficiency of 
hydraulic drive systems. It involves a structured framework of activities that include: 
Regular Inspections: Implementing periodic checks of all system components, including pumps, 
valves, filters, and hydraulic cylinders, to identify wear, leaks, or other issues. [3] 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
95 

 

Preventive Maintenance: Adhering to a scheduled maintenance plan that includes tasks such as oil 
changes, lubrication, and cleaning of critical components. These tasks help prevent wear and 
ensure optimal operation. [3] 
Maintenance Scheduling: Establishing a calendar of maintenance activities and adhering to it 
consistently. This includes regular maintenance intervals that ensure components are serviced 
before issues arise. [3] 

4.2. Component Specific Maintenance 

Maintenance is a combination of all the technical actions, administrative and managerial taken 
during the lifecycle of the equipment in order to maintain or restore the ability to perform the 
desired function (acc. To European Standard EN 13306). From this definition it shows that 
maintenance activities that include the identification, measurement, control operation, testing, 
detecting faults, repair, adjustment or replacement of parts items and service. [4] 
Each component of a hydraulic drive system requires particular attention: 
Pumps with Gear Wheels: Regularly inspecting gear pumps to ensure they operate efficiently and 
replacing worn-out gears promptly to maintain performance. 
Valves and Relief Valves: Checking and calibrating pressure relief valves to avoid over-
pressurization, which can cause damage to the system. 
Filters: Replacing filters at recommended intervals to maintain oil cleanliness, preventing 
contamination and wear on system components. 
Hydraulic Cylinders: Regularly monitoring the condition of hydraulic cylinders, including seals and 
rods, and promptly addressing any leaks or wear. 
Check Valves: Ensuring that check valves are operational to prevent reverse flow in the system, 
which can lead to damage. 

4.3. Protection and Monitoring 

Water Intake Protection: Implementing protective measures at the water intake area to prevent 
debris, sediments, or foreign objects from entering the system. Grates, screens, and automatic 
cleaners can be used to maintain water quality. 
Continuous Monitoring: Employing monitoring systems to track system parameters such as 
pressure, flow, and temperature. These systems can provide early warnings of potential issues. [5] 

4.4. Training and Documentation 

Staff Training: Ensuring that maintenance staff are adequately trained to perform maintenance 
tasks effectively and safely. Training programs can enhance their understanding of hydraulic 
systems and maintenance procedures. 
Documentation: Creating and maintaining comprehensive maintenance records, including 
equipment manuals, maintenance schedules, and records of all maintenance activities performed. 

5. Conclusion 

This article has explored the comparative analysis of maintenance practices in micro hydropower 
plants, emphasizing the profound impact of maintenance on performance and efficiency. The 
implementation of proactive maintenance strategies, comprehensive component-specific 
maintenance, protection measures, monitoring systems, and well-documented practices are vital 
for maintaining optimal performance. 
Micro hydropower plants play a significant role in sustainable energy generation. Through effective 
and proactive maintenance practices, they can continue to provide clean and reliable electricity for 
years to come. The knowledge and recommendations provided in this article serve as a foundation 
for enhancing maintenance practices in these critical energy systems. 
By adhering to best practices and continuous improvement in maintenance, micro hydropower 
plants can fulfil their potential in contributing to a cleaner and more sustainable energy future. 
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Abstract: The analysis of the human body motions, as well as the postural analysis, are extremely important 
activities because they provide essential information about human biomechanics, depending on which 
systems and corrective exercises can be created to allow both an increase in the efficiency of individuals in 
the various fields in which they are involved (military, lucrative, domestic or sports), as well as an 
improvement in their quality of life. The actions undertaken in this regard are generally limited by the 
impossibility of performing non-invasive, ultra-precise measurements of the various body segments. 
Therefore, estimating the positions of human anatomical elements can be done in several ways, each of 
which has both advantages and disadvantages. Starting from this fact, in the action of choosing between the 
currently existing movement analysis systems, one will have to take into account both the qualitative and 
quantitative aspects of the provided results. 

Keywords: Motion analysis, inertial, video analysis, body landmarks, biomechanics, neuromuscular, human 
joints angles, joint’s range of motion (ROM) 

1. Introduction  

Estimating human position by analysing video images can be used in software applications for 
measuring and validating physical exercises and controlling gestures of the whole body. MediaPipe 
Pose Landmarker allows you to detect human body landmarks in an image or video. In this mode, 
key body locations can be identified to analyse posture and classify movements. MediaPipe pose 
uses machine learning (ML) models and provides body landmarks in image coordinates and 3D 
world coordinates [1]. 
Inertial motion analysis systems are extremely useful for determining the correctness of human 
biomechanics. The main advantage of these inertial systems is the possibility of determining the 
biomechanical parameters without requiring prior constraints regarding the degrees of freedom of 
the various anatomical elements (which leads to certain limitations by comparison with the natural 
human movements) and also the possibility of capturing all body segments without the occurrence 
of obturation phenomenon as is the case with motion analysis video systems. On the other side, 
determining the various anthropometric parameters as precisely as possible is extremely useful 
when it comes to the calibration of inertial motion analysis systems, which decisively depends on 
the quality of this type of information. 
These motion analyses can be both quantitative in nature (for example: number of repetitions, 
speed of a body segment, etc.) and qualitative (for example: correct postural attitude assessment, 
performing the movement over the entire joint range of motion, gait analysis [2] etc.). Thus, each 
system and/or tool used in the determination of human biomechanics addresses a certain type of 
analysis, due to both its facilities and limitations. 

2. Previous and related works 

The paper [3] presents an introduction to the field of inertial motion analysis, focusing its attention 
on the analysis that is carried out with the help of modern mechatronic inertial motion capture 
systems, highlighting both the advantages and disadvantages of using such a system and 
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highlighting the main constituent elements of these systems as well as the necessary steps that 
must be performed to be able to perform such an analysis. 
The paper[4] presents the most important aspects related to the occurrence of positioning errors 
that appeared during the motion analysis sessions carried out with the help of the Xsens MVN 
system, before and after the post-processing of the information captured by to the MEMS sensors 
of the system, located on the human body, and related to the scenario in which the action takes 
place at the floor level (considered as having an incompressible surface), this representing the only 
element of contact between the human subject under analysis and the environment. 

3. Material and method 

The experiments were carried out using the following hardware equipment: an inertial motion 
analysis system, a stereo vision type camera, a laptop, a digital protractor, a angle gauge, a 
roulette, a ruler, an fixed bars assembly and elements of props used as physical benchmarks for 
carrying out calibrations and respectively for ensuring the necessary framework for carrying out 
experiments under repeatability conditions. The software programs used are MediaPipe and 
OpenCV for video analysis and MVN Analyze for inertial analysis. 

3.1 Inertial motion analysis system 

The tests carried out using the inertial motion analysis system Xsens MVN, were aimed on testing 
the facilities and limitations of such a system, as well as on the comparison between the this and a 
video analysis system. Xsens MVN is one of the best performing inertial motion analysis systems 
[5][6], based on a MEMS sensor network, each of which contains a combination of accelerometer, 
gyroscope and magnetic field sensors , whose signals are processed by a microcontroller, by 
means of advanced processing algorithms, in order to obtain information regarding the kinematics 
of the body segments of the individual under analysis and its global positioning, the data thus 
obtained being then transferred to a virtual biomechanical model, which reproduces, in real time, 
the movements of the person in question. 
The hardware subassembly used in the study is called MVN Link and is a 3D kinematic analysis 
system, adapted to the human body, composed of a network of MEMS, interconnected by means 
of electrical cables, mounted/mountable, in predetermined positions, on a "Lycra" type of suit, the 
latter allowing the user to have maximum freedom of movement, but also having the role of 
reducing the time required for the positioning/repositioning of the MEMS. MVN Link can be used 
both indoors and outdoors, on rough terrain, in areas with low lighting. The results provided by 
MVN Link do not require post-processing, since the MEMS used do not suffer from the occlusion 
phenomenon, as in the case of optical markers. Also, the data provided by this system can easily 
be used by other software applications. 
This system benefits from the presence of several extremely important elements, some of which 
are even innovations implemented for the first time by the manufacturer of this system, Xsens, 
namely: 
- since the communication between the inertial system and the computer system, on which the 
motion analysis software is installed, is carried out wirelessly, the signal frequency is relatively low, 
around 100Hz, but this fact does not affect the quality of the analysis of movement due to the fact 
that the sampling frequency of the signal, by MEMS, is very high, of approx. 1000 Hz. In order to 
be able to maintain a high precision, the signal captured by the sensors that make up each MEMS 
is stored and transmitted incrementally, thus, in the event of a disruption in wireless 
communication, the data obtained by the MEMS are temporarily stored in a central sensory unit 
and then transmitted to computer, when communication is restored. Thus, the terminology used 
has undergone some changes regarding the sampling frequency (sampling rate), which has been 
replaced by "update/refresh rate";  
- the signal transmitted by MENS is not influenced by distortions in the magnetic field, thanks to a 
function (named Magnetic Field Mapper), which allows the placement of MEMS on ferromagnetic 
surfaces, while maintaining the quality of the provided signal, as well as eliminating restrictions 
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regarding the working environment in that the system in question can be successfully used in 
motion analyses that are carried out inside the rooms with special metal reinforcement, in the car, 
plane, or train, or near the devices that use radio frequency; 
- the high-resolution reprocessing engine, which allows offline reprocessing (or post-processing), of 
high-resolution information, which leads to an increase in the quality of the data provided by the 
system, by correcting the "slip" at the level of the foot, correcting the multi-point type contact, 
improving the consistency of the data, improving the accuracy of the data regarding joint angles 
and 3D kinematics and improving the accuracy of estimating the global 3D positioning;  
- the possibility of including the analysed type of movement, in one scenario at a time, depending 
on the characteristics of the floor (incompressible, respectively compressible-elastic floor), on the 
performing the movement on different levels (as in the case of the analysis of the stairs climbing 
/descending, vertical walls climbing, etc.), or on the absence of a clear contact with the ground (as 
is the case with the analysis of skating and/or skiing); 
- live detection of multiple contact points, which allows the analysis of walking in hands, of climbing 
and climbing stairs. In order to minimize positioning errors, the MVN Analyze software uses the 
contact points between the subject under analysis and the environment, which are usually 
anatomical protrusions considered to have the potential to physically interact with the environment, 
for example: the heel, elbow, knee [7]. Error minimization is achieved by combining the 
biomechanical model with advanced contact detection algorithms;  
- the lack of orientation constraints, applied to the virtually modelled segments, as well as angular 
constraints applied to the joints, since the modelling of the joints of the virtual mannequin is based 
on the human anatomical structures that allow 6 degrees of freedom [8]. The information obtained 
is not manipulated by the system, to create the appearance of natural movements, but reflects 
exactly the values measured by the system's MEMS [9] [10].  

3.2 Hardware and software used in the video analysis 

The following components were used to perform the experiments: 
Hardware components: 
- Laptop DELL Vostro 15 3000 (two USB 2.0 ports, a USB 3.0 port, an Ethernet port, 
headphone/mic jack, DVD drive, VGA port, 15inch display 1366x768, core i5 8th Gen, 8 Mb RAM) 
- Intel RealSense D435 Web Camera, which is equipped with a pair of depth sensors, an RGB 
sensor and an infrared projector and is connected via USB 3.0 Type-C. 
Software components: 
- UBUNTU operating system version 18.04.6 LTS; 
- OpenCV software package version 4.7.0; 
- The MediaPipe software package; 
- Python version 3.10.5. 

3.3 Types of biomechanical analyses performed and the imposed conditions 

The biomechanical analyses carried out were structured in two sections, as follows: 
➢ A static analysis section, necessary to perform a calibration of the two analysis systems used. In 

this section, the focus was on the capacity of the two motion analysis systems to determine in 
static conditions the joint angles at the level of the elbows and knees of the human subject; 

➢ A dynamic analysis section. In this section, the focus was on the ability of the two motion 
analysis systems to determine, in dynamic conditions, the joint angles at the level of elbows and 
knees of the human subject, as well as the correct detection of joint’s range of motion. Thus, 
this section was composed of: 
- a set of five sessions intended for the analysis of the flexion/extension movements of the 

right and left elbow joint respectively, consisting of ten movements (alternating biceps-triceps 
contractions, see Fig.1) having different amplitudes; 

- a set of sessions intended for the analysis of the flexion/extension movements of the right 
and respectively the left knee joint, consisting of ten movements (squats) with different 
amplitudes (see Fig.2). 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
100 

 

In order to fulfil the proposed objective, certain conditions were imposed and respected, as follows: 
 
- throughout the motion analysis sessions, the human subject was equipped with the sensory suit 

of the Xsens MVN inertial motion analysis system; 
- during the analysis sessions, attention was focused on the knees and elbows joints; 
- the analysis sessions carried out at the level of the elbow joint also included experiments in which 

the corresponding upper limb was wrapped in a red cloth, to increase the accuracy of the 
determinations by obtaining a colour contrast in relation to the sensory suit; 

- the analysis sessions were carried out by reporting the positions of the human subject to fixed 
elements. Thus, a fixed bars assembly was used to ensure the necessary framework for 
performing motion analyses under repeatability conditions; 

- both for the analyses intended for the elbow joint and for those intended for the knee joint, a set 
of five analysis sessions was created in which the entire body of the human subject was 
positioned angularly rotated in relation to the calibration landmark, by 0°, 15°, 30°, 45° and 60°; 

- in order to be able to ensure obtaining and maintaining the joint angles as correctly as possible, 
necessary for the static analysis, a specially designed angle gauge was used so that it could be 
placed and maintained between the arm and forearm, respectively tibia and femur and having the 
angle of interest of 90°; 

- in order to ensure a standardized measurement of the angles and the of joint’s range of motion, 
an electronic protractor with a resolution of 0.1° was used, mounted at the level of the studied 
joint, distally, on its lateral face. 

 
A software application was written in order to create twenty .avi files during the flexion-extension 
exercise of the right elbow and the right knee for each position of the human subject's body using 
the video camera. These films were analysed frame by frame in order to identify the coordinates of 
the three points of interest (shoulder, elbow and wrist for the upper limb, respectively hip, knee and 
ankle for the lower limb) necessary to calculate the joint angle. At the same time during the 
movement cycles, the sensors positioned on the special training suit sent the acquired data to the 
inertial motion analysis software, this software determining the joint angle in real time. Figures 1, 2, 
3 and 4 below show the dynamic and static video analysis sessions of the elbow and knee joints of 
the human subject. 

 

 

Fig. 1. Successive positions of the human subject for measuring the right elbow joint flexion angle 
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Fig. 2. Successive positions of the human subject for measuring the right knee joint flexion angle 

 

Fig. 3. Successive positions of the human subject carried out for the static determination of the flexion angle 
of the right elbow joint 

 

 

Fig. 4. Successive positions of the human subject carried out for the static determination of the flexion angle 
of the right knee joint 
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4. Results 

The numerical results obtained were analysed and represented in the form of graphs of variation of 
the measured size, namely of the angles of the joints of the elbows and respectively the knees of 
the human subject under analysis. 

4.1 Monitoring the right elbow flexion 

The variation of the flexion/extension angles value of the right elbow as it is extracted from the 
processed frames is shown in the graphs in Fig.5. 
 

 
a.                                                                                b. 

 
c.                                                                         d. 

 
e. 

Fig. 5. The results obtained after processing the video frames of flexion/extension movements at the level of 
the right elbow joint 
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There were image frames in which human body landmarks could be detected by software and 
therefore the flexion/extension angle was not represented on the graphs. This was the case of the 
set of frames associated with the rotation position of the human body at 60°, where the dispersion 
of the data did not allow the quick detection, using software successive comparisons, of the 
minimum value of the flexion/extension angle. Table 1 shows the data processing situation for the 
flexion movement of the right arm, as it was monitored by the video application. 
 
 Table 1: The data acquired and processed by the video application for the movement of the right elbow 

The position of the body 
relative to the fixed 

reference on the floor 

Total number 
of frames 

Number of frames having 
detected Landmarks   

Minimum flexion 
angle (°) 

Rotation: 0° 672 342 49.83 

Rotation: 15° 536 461 38.07 

Rotation: 30° 601 551 39.36 

Rotation: 45° 588 574 25.75 

Rotation: 60° 615 614 Not detected 

 

4.2 Monitoring the right knee flexion 

The variation of the flexion/extension angles value of the right knee as it is extracted from the 
processed frames is shown in the graphs in Fig.6. 
 

 

a.                                                                        b.

 

c.                                                                             d. 

Fig. 6. The results obtained after processing the video frames of flexion/extension movements at the level of 
the right knee joint 
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e. 

Fig. 6. The results obtained after processing the video frames of flexion/extension movements at the level of 
the right knee joint 

 
There were image frames in which human body landmarks could be detected by software and 
therefore the flexion/extension angle was not represented on the graphs. Table 2 shows the data 
processing situation for the flexion movement of the right knee, as it was monitored by the video 
application. 
 
      Table 2: The data acquired and processed by the video application for the movement of the right knee 

The position of the body relative 
to the fixed reference on the floor 

Number 
of frames 

Number of frames having 
detected Landmarks   

Minimum flexion 
angle (°) 

Rotatie 0° 571 556 81.16 

Rotation: 15° 532 382 91.87 

Rotation: 30° 667 644 111.82 

Rotation: 45° 569 430 122.10 

Rotation: 60° 581 536 139.66 

 

4.3 Monitoring the right arm fixed position 

The measurement of the 90° flexion angle of the right elbow joint depending on the processed 
video frame is shown in the graphs in Fig.7. 

 

a.                                                                         b. 

Fig. 7. The comparative results obtained after processing the video frames for the angles of the right elbow 
joint, having the angle gauge mounted on its inner face 
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c.                                                                                 d. 

  

e. 

Fig. 7. The comparative results obtained after processing the video frames for the angles of the right elbow 
joint, having the angle gauge mounted on its inner face 

 
There were image frames in which human body landmarks could be detected by software and 
therefore the flexion angle was not represented on the graphs. Table 3 shows the data processing 
situation for the angular position in static conditions of the right elbow joint, as it was monitored by 
the video application. 
 
Table 3: The data acquired and processed by the video application for the static flexion position of the right 
elbow joint 

The position of the body 
relative to the fixed 

reference on the floor 

Number of frames having 
detected Landmarks   

Average value of 
flexion angle (°) 

Rotation: 0° 17 90.61 

Rotation: 15° 39 87.43 

Rotation: 30° 114 80.56 

Rotation: 45° 68 80.17 

Rotation: 60° 164 N/A 
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4.4 Monitoring the right foot fixed position 

The measurement of the 90° flexion angle of the right knee joint depending on the processed video 
frame is shown in the graphs in Fig.8. 
 

 

a.                                                                                b. 

 

c.                                                                                  d. 

 

e. 

Fig. 8. The comparative results obtained after processing the video frames for the angles of the right knee 
joint, having the angle gauge mounted on its inner face 

 

Table 4 shows the data processing situation for the angular position in static conditions of the right 
knee joint, as it was monitored by the video application. 
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Table 4: The data acquired and processed by the video application for the static flexion position of the right 
knee joint 

The position of the body relative 
to the fixed reference on the 

floor 

Number of frames having 
detected Landmarks   

Average value of 
flexion angle (°) 

Rotation: 0° 202 103.77 

Rotation: 15° 215 98.43 

Rotation: 30° 168 102.40 

Rotation: 45° 156 128.47 

Rotation: 60° 161 133.42 

 

4.5 Static analysis sessions using Xsens MVN inertial motion analysis system 

a. Static analysis section - within these analyses the human subject had to maintain, with or 
without external help, certain positions corresponding to certain joint angles (at the level of the 
elbow and knee joints) determined with the help of the electronic protractor and/or the 90° angle 
gauge. 
In order to be able to determine the correctness of the estimation of joint angles and of joint’s 
range of motion, with the help of the Xsens MVN inertial motion analysis system, the values 
provided by the system in question were compared with those recorded on the digital protractor, as 
well as with the angle determined by positioning the angle gauge inside the joints in question. This 
digital protractor was chosen because it is commonly used in anthropometric measurements, being 
known as a goniometer. 
Thus, the comparative analyses were focused both on the determination of a relationship of 
proportionality between the values indicated on the digital protractor and those provided by the 
Xsens MVN inertial system, as well as on the verification of the accuracy of the latter. Fig.10 shows 
the results obtained in the case of the previously mentioned analysis. For this analysis, the human 
subject had to keep his forearm in three consecutive different positions, corresponding to the 
following flexion/extension angles indicated on the digital protractor: -8.8°, 65.2° and 98° 
respectively. 
 

 

Fig. 9. The results obtained using Xsens MVN inertial analysis system, in the case of maintaining the 
flexion/extension angles at the level of the left elbow joint, for three different angular positions 

 

Analysing the graph in Fig.9, one can see the three levels corresponding to the previously 
mentioned flexion/extension angles. Following an elementary calculation, it can be established that 
the angle of -8.8° indicated on the digital protractor corresponds to an extension angle of -1.98° in 
the inertial system. If there was a proportionality between these two measurements, it would mean 
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that for the flexion angle of 65.2° indicated on the electronic protractor, the inertial system should 
indicate an angle of approximately 14.67°, respectively for the flexion angle of 98° indicated on the 
electronic protractor, the inertial system should indicate an angle of approximately 22.05°. 
However, the graph shows an angle of approximately 76.64° and 139.94°, respectively. The 
situation is repeated if the other two angles indicated by the digital protractor are taken as a 
reference. It thus emerges the fact that a proportionality between the two measurements cannot be 
determined, this fact could be due to one of the following phenomena: the occurrence of a gross 
error of the inertial system, or the change in the position of the digital protractor in relation to the 
initial position. 
Due to the fact that the digital protractor was placed and fixed on the external face of the arm and 
the forearm respectively, the conducted experiments highlighted the following aspects: 
- the maximum and minimum values of the joint’s range of motion recorded with the help of the 
digital protractor differed not only from one session to another (each session presupposing a 
repositioning of the digital protractor on the arm of the human subject under analysis), but also 
from one movement to another. The differences were created, as expected, by the location of the 
joint of the digital protractor in relation to the studied joint, by the muscular reaction at the stroke 
ends of the movement, a phenomenon that produced the displacement of the measuring 
instrument used, in relation to his initial position. More precisely, this change in the position of the 
digital protractor during movement was due to the impossibility of fixing in place the measuring 
instrument in question, directly on the bone surfaces (which has the advantage of not changing its 
three-dimensional shape in relation to the joint angle) and the lack of fixed physical landmarks 
having a well-defined shape, which allows precise and repeatable successive repositioning; 
- even if the forearm was kept in supination throughout the execution of the flexion/extension 
movements at the elbow joint, a displacement of the digital protractors position still occurred in 
relation to its initial position. As expected, another thing happened in this situation, namely the 
decrease of the maximum amplitude of the studied joint, by decrementing the value of the upper 
limit of the flexion angle, due to the biceps muscle contraction necessary to maintain the supination 
of the forearm.  
This latter phenomenon was also observed in the case of the analyses performed with the angle 
gauge positioned on the inner face of the elbow joint. In the case of these analyses, the attention 
was focused on the ability of the inertial system to provide values that indicate that the movement 
at the level of the elbow joint it is blocked, due to the placement of the mentioned instrument inside 
the elbow joint and to its fastening on the arm and forearm. 
Analysing the graph in Fig.10, it can be seen that the Xsens MVN inertial system correctly 
indicates the fact that the flexion angle at the level of the right elbow joint is properly maintained 
within certain limits. 

 

Fig. 10. The amplitude of the variation of the flexion/extension angle at the level of the right elbow joint, 
blocked due to the positioning of the angle gauge inside it 
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The variation of the flexion angle, graphically indicated in Fig.10, it is relatively small 
(approximately 0.4°) and is most likely due to the attempt of the human subject under analysis to 
maintain the imposed angular position. Thus, it can be observed that, even in the case of physical 
blocking of the joint movement, there is still an angular variation due to the modification of the 
shape of the muscles with which the angle gauge is in contact, this amplitude being able to 
decrease once the biceps muscle gets in a relaxed state. It should be mentioned, in the case of 
this analysis, the fact that the digital protractor did not register changes in the angle value. This 
clearly denotes the fact that this last-mentioned instrument cannot be mounted so well as to be 
able to record even the smallest possible variations and also clearly highlights the involvement of 
the bicep’s contraction in the angular variations that occur, as well as a compression of the soft 
body segments in contact with the angle gauge. An extremely important element in this analysis is 
that the value of the flexion angle is different from the value of the angle gauge, due to the fact that 
the latter is in contact with the muscles and not with the bones, the joint angles being determined 
according to the specialized literature by reference to bone structures. It should be mentioned that 
the flexion/extension angle within the Xsens MVN it is represented by the angle between the 
forearm in the "0" position of the calibration of the system in question and the position of the 
forearm at a certain moment in time. More precisely, the flexion angle does not represent the angle 
between the arm and the forearm. Xsens MVN thus assigns positive angle values to the flexion 
movement and negative values to the extension movement, regardless of whether it is the upper or 
lower limb. 

 

Fig. 11. The amplitude of the variation of the flexion/extension angle at the level of the right knee joint, 
blocked due to the positioning of the angle gauge inside it 

 
The analysis performed with the angle gauge positioned at the level of the elbow joint was also 
applied at the level of the knee joint (see Fig.11). And in this situation, the phenomena observed in 
the previous case appear. Thus, analysing the graph in Fig.11, it can be seen that the Xsens MVN 
inertial system correctly indicates a relative blockage at the level of the knee joint. The variation of 
the flexion angle, found graphically, is, as in the case of the knee joint, relatively small 
(approximately 0.5°) and is most likely due to the attempt of the human subject under analysis to 
maintain the imposed angular position, as well as due to the compression of the soft body’s 
segments in contact with the angle gauge. 
In order to confirm or deny this assumption, a new analysis was carried out, composed of five 
sessions, which assumed the repetition of the restriction of the elbow and knee joints movement, 
respectively. In this case, the human subject has had the task of maintaining the same muscle 
tension in the analysed joint, on the inner side of which the angle gauge was placed. Analysing the 
data provided by the Xsens MVN inertial system, it can be seen that it correctly indicates the 
blockage at the level of the elbow joint (see Fig.12) and respectively the knee (see Fig.13), in all 
five dedicated sessions. 
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a.                                          b.                                                  c. 

 
d.                                                     e. 

Fig. 12. The results obtained in the five motion analysis sessions carried out using Xsens MVN, regarding 
the amplitude of the variation of the flexion/extension angle at the level of the right elbow joint, blocked due 

to the positioning of the angle gauge inside it 

 
In the case of the elbow joint, the amplitude of variation of the flexion angle is the same in all five 
sessions (approximately 0.4° - see Fig.12), differing only in the average value of the angle in 
question. This variation is clearly due to a combination of factors, namely: the different muscle 
tension from one session to another, the impossibility of identical placement of the angle gauge 
from one session to another and the compressibility of soft anatomical elements (skin and 
muscles). 
 

 
a.                                          b.                                                  c. 

Fig. 13. The results obtained in the five motion analysis sessions carried out using Xsens MVN, regarding 
the amplitude of the variation of the flexion/extension angle at the level of the right knee joint, blocked due to 

the positioning of the angle gauge inside it 
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d.                                                     e. 

Fig. 13. The results obtained in the five motion analysis sessions carried out using Xsens MVN, regarding 
the amplitude of the variation of the flexion/extension angle at the level of the right knee joint, blocked due to 

the positioning of the angle gauge inside it 

 

Analysing the graph of the variation of the amplitude of the flexion angle at the level of the knee 
(see Fig.13), with the angle gauge mounted on its internal face, it can be considered that the 
phenomenon appeared in the case of the elbow joint and manifests in the same way in this case 
as well, the differences being given by : a different neuromuscular control between the lower and 
upper limbs (neuromuscular control at the level of the upper limbs being clearly higher due, mainly, 
to the fact that they are trained throughout life to perform precision movements) and the pressure 
exerted on the lower limbs due to the vertical position of the body during the sessions dedicated to 
knee analysis. 
Therefore, it can be said that the hypothesis of the appearance of an angular variation due to the 
human subject's attempt to maintain the position even in the case of a physical blockage applied to 
the joint in question, in contact with the angle gauge, is confirmed.  

4.6 Dynamic analysis sessions using Xsens MVN inertial motion analysis system 

In these analyses, the human subject had to perform ten flexions/extensions at the level of the 
elbow and/or knee joints, the movements being limited or not in a certain direction with the help of 
props whose shape and position in space cannot be modified. The purpose of these analyses is to 
determine the ability of the Xsens MVN inertial system to properly determine the flexion/extension 
angle and respectively the joint’s range of motion. In this situation, the role of the prop was to 
ensure the necessary framework for the execution of joint movements with a predetermined range 
of motion, limited by the contact at the end of the stroke between the moving body segments and 
it. 
 

 
a.                                                  b.                                                  c. 

Fig. 14. The results obtained in the five motion analysis sessions carried out with the help of Xsens MVN, 
regarding the range of motion at the level of the right elbow joint, during an exercise performed without 

additional loading 
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d.                                              e. 

Fig. 14. The results obtained in the five motion analysis sessions carried out with the help of Xsens MVN, 
regarding the range of motion at the level of the right elbow joint, during an exercise performed without 

additional loading 

 
In the case of the elbow joint, the movements were mechanically limited by the contact with the 
outer face of the chin of the human subject undergoing analysis, with the head previously fixed in 
an immutable position for the entire duration of an analysis session. Intermediate flexion/extension 
movements were also performed, in order to clearly demonstrate the ability of the Xsens MVN 
inertial system to properly determine the flexion angle. As can be seen in Fig.14, the amplitude 
differences between the ten flexion/extension movements performed in each analysis session are 
clearly highlighted. It can also be observed that the average value of the range of motion is 
approximately the same in the five sessions, the small differences of tenths of a degree being most 
likely generated by the compression of the soft body segments, following the contact with the 
limiting elements. 
 

 
a.                                                 b.                                               c. 

 
d.                                                   e. 

Fig. 15. The results obtained in the five motion analysis sessions carried out with the help of Xsens MVN, 
regarding the range of motion at the level of the right knee joint, during an exercise performed without 

additional loading 
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Analysing the data from Fig.15, which shows the flexion/extension movements at the knee level 
limited lower by the contact with the fixed bars assembly having an unmodifiable spatial position, it 
can be clearly seen that the phenomena highlighted in the analysis of the flexion/extensions at the 
elbow level, manifests itself in the same way in the currently analysed joint. The difference 
compared to the situation of the elbow joint is given by the fact that the variation in aptitude 
between the movements performed are greater in this case (approximately 1° to 3°). This aspect is 
clearly due to the fact that the soft body elements that come into contact with the limiter in the case 
of flexion/extension at the level of the knee joint have a higher volume than those in the case of the 
elbow joint, thus allowing a higher level of compression. 

4.7 Comparative analysis between the two systems: inertial system and video system 

Data acquired by the inertial motion analysis system and data obtained by processing successive 
video frames were processed to obtain the flexion-extension angles. The graphs have local minima 
and maxima, which correspond to incomplete flexion-extension movements. The flexion-extension 
movements performed faster or slower are highlighted on the graph by the numerical value of the 
ascending and descending slopes associated with each movement. As expected, for all the graphs 
obtained with the help of the inertial system, the maximum and minimum values of the measured 
angles (for the full flexion movement) are not affected by the positioning of the human subject's 
body in relation to the video camera image plane. Instead, the minimum values of the angles 
measured with the help of the video application, corresponding to full flexion, are different, 
depending on the rotation angle of the human body compared to the fixed reference on the floor. In 
order to allow a comparative analysis of the quality of the graphic representations, the values of the 
angle supplements obtained through video analysis were represented in the graph in Fig.16.b. 
 

 

a.                                                                            b. 

Fig. 16. The comparative results of flexion/extension movements at the right elbow joint level, obtained with: 
a) Xsens MVN inertial system; b) video analysis 

 

The graphs obtained by video analysis have a different number of points because body landmarks 
could not be extracted from some video frames. Also, in some successive video frames from the 
film associated with the positioning of the human body at 60° from the camera plane, incorrect 
positions for the shoulder, elbow and wrist were detected, for the shoulder the calculated angle 
values are not acceptable. The synoptic analysis of the two graphs indicates that the allure of 
these graphs is the very similar. 
The comparative presentation of the results for the flexion/extension movement of the right knee 
joint level is depicted in Fig.17. 
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a.                                                                            b. 

Fig. 17. The comparative results of flexion/extension movements at the right knee joint level, obtained with 
the help of: a) Xsens MVN inertial system; b) video system 

5. Conclusions 

Video analysis of moving images of the human body using MediaPipe software is an affordable 
method of calculation and quantitative evaluation of the movements made by human subjects 
during sports training. The experiments carried out revealed the fact that the relative position of the 
human subject to the room plane influences the calculated value of the flexion-extension angle. 
Because both the T-shirt and the pants of the sports suit, used by the human subject, are black, 
some image frames could not be processed. The adopted solution was to create a colour contrast 
between the moving arm and the rest of the body. Taking into account the previously mentioned 
facts, we can assert that, if the video analysis includes an initial stage of adequate calibration, this 
method will also allow a qualitative evaluation of the movements of human subjects. Future 
research will address the following aspects: augmenting the video analysis method with data 
delivered by acceleration, rotation, magnetic sensors and measuring the distance of the human 
body from the video camera plane, as well as increasing the speed of real-time detection of body 
landmarks, by writing software applications in the C++ language. 
The Xsens MVN inertial system provides a precise method of motion analysis when the quality of 
the information provided by it is evaluated from a biomechanical point of view. More precisely, for 
the cases presented in the present paper, this means that the precision of measuring the joints 
angles and the joint’s range of motion must be correlated with the phenomena that occur in the 
case of the human joint motion and not through the prism of a hinge-type mechanical joint, in which 
the joint elements are non-deformable. Thus, in a biomechanical analysis, the biological 
component can significantly modify the result of the analysis, mainly due to the high deformability 
of the anatomical elements involved both in making the movement and in limiting it, as well as due 
to the precision of making the movements, or more exactly the level of neuromuscular control of 
the human subject under analysis. 
Although the digital protractor is used in the anthropometric measurements (goniometer), it was 
found during the tests described in this article, that it cannot represent a standard for the evaluation 
of the two analysis systems (inertial and video), mainly due to the impossibility of achieving a 
precise, stable and repeatable positioning of the measuring instrument, on the segments of the 
human body joints. 
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Abstract: Documents such as the Lisbon Protocol and the EU Green Pact call for the development of 
environmentally friendly processes and technologies to drastically reduce greenhouse gas emissions (carbon 
dioxide, freons, etc.) and limit the devastating consequences of climate change. Today, most industrial 
refrigeration, air conditioning and personal comfort processes are carried out using equipment that uses 
freons (chlorofluorocarbons) as the working medium. However, the widespread use of all types of freon is 
questioned because of the destruction of the ozone layer in the stratosphere and the accumulation of large 
amounts of ultraviolet radiation on Earth, as well as the trapping of upward thermal radiation in the Earth's 
atmosphere, which causes the well-known greenhouse effect. This paper presents cooling and air-
conditioning processes that produce artificial cold by using air as a working medium, an inexhaustible 
ecological resource that exists everywhere in space and time. Using compressed air as the working medium, 
three types of thermodynamic processes are presented theoretically and experimentally: free flow in the 
tube, free expansion in a centrifugal field as a proprietary solution, and expansion in a centrifugal field and 
energy separation/Ranque-Hilsch effect. The paper concludes by summarising the findings and making 
recommendations for further research. 

Keywords: Environment and clean energy, artificial cooling, compressed air, thermodynamic cooling 
processes, expansion in a centrifugal field  

1. Introduction  

The need to develop environmentally friendly processes and technologies, in line with the Lisbon 
Protocol and the EU Green Pact, is justified by the need to drastically reduce greenhouse gas 
emissions (carbon dioxide, freons, etc.) and limit the devastating consequences of climate change. 
Today, most industrial refrigeration, air conditioning and personal comfort processes are carried 
out using equipment that uses Freon as a refrigerant. 
However, despite the quantitative and qualitative growth that has taken place, the general use of 
all freons (chlorofluorocarbons) is being questioned due to the destruction of the ozone layer in the 
stratosphere, which allows a large amount of ultraviolet radiation to accumulate on the Earth, with 
harmful effects on humans, animals and plants. In addition, because of their very long persistence 
in the stratosphere, freon gases, together with other gases from industrial processes, contribute to 
the retention of upward thermal radiation in the Earth's atmosphere, causing the well-known 
greenhouse effect. These serious problems facing our planet are being discussed and analysed in 
specialised committees and decision-making forums around the world, where measures are being 
taken to limit the use of freons and find other substitutes. 
In this respect, considering the interest of ICMET Craiova in the field of compressed air technology, 
this paper tries to meet the requirements of ensuring the quality and integrity of the environment, 
presenting theoretically thermodynamic procedures for the generation of artificial cold and initiating 
by experiment some applications where the refrigerant is compressed air, an environmentally 
friendly product for man and the environment. 
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2. Theoretical research 

Despite the fact that air has a low coefficient of thermal conductivity (λ=0,024 W/moC, measured at 
25oC), its use as a working medium in thermodynamic cooling and air-conditioning processes is 
justified by the fact that it is an inexhaustible ecological resource that is ubiquitous in space and 
time. 
Air compression is known to be a costly process and the higher the compression pressure, the 
more the resulting air overheats. This paper deals with thermodynamic processes for cooling and 
air conditioning using compressed air from a low pressure source (1.5 ÷ 3 bar), which produces 
compressed air with an outlet temperature close to the ambient temperature. 
The paper presents cooling and air-conditioning processes that produce artificial cold using air as a 
working medium, an inexhaustible ecological resource that exists everywhere in space and time. 
Using compressed air as the working medium, we have theoretically and experimentally 
demonstrated three types of thermodynamic processes, namely: free flow in the tube, multi-jet 
expansion in a centrifugal field as a proprietary patented solution, and expansion in a centrifugal 
field with energy separation/Ranque-Hilsch effect.  

2.1 Free flow in the tube 

Free flow of compressed air from a tube without mechanical work, i.e. free expansion in the 
atmosphere, causes changes in thermodynamic parameters. The air velocity in a section of tube 
depends on the value of the upstream pressure, the downstream pressure, the condition of the 
tube surface, etc. The flow velocity in the tube increases with the pressure variation. For a given 
value of tube cross section, no matter how much the pressure difference between upstream and 
downstream increases, the flow velocity cannot increase above the speed of sound. For this 
maximum value reached, where the speed is equal to the speed of sound, we can say that we 
have reached the conditions for the so-called critical (sonic) flow. 
At the free end of the tube, expansion in the atmosphere can generate air velocities up to the 

maximum speed of sound. For tube pressure values from a low pressure source (1.5 3 bar), the 

temperature drop during expansion is moderate (T=13oC). 
At the same time, the release of compressed air into the atmosphere is accompanied by a loud 
noise that exceeds the level that the human body can tolerate. 

2.2 Expansion in a centrifugal field 

The pneumatic cooling device for the expansion of compressed air in a centrifugal field, according 
to its own solution in the patent [12], shown in Figures 1a, 1b, 1c, is constructed without moving 
parts, i.e. from a body 1.1, a multi-jet injector 1.2, a cover 1.3 and a seal. 1.4. The multi-jet injector 
1.2, shown in Figure 1b or Figure 1c, has a number of nozzle holes arranged tangentially to the 
diameter of the swirl chamber to divide the incoming flow of compressed air. In our approach, 
convergent nozzle holes of variable cross section were used to accelerate the airflow to increase 
the outlet velocity. 
This pneumatic device has the following functions: 
- Dividing the compressed air flow into multiple jets, creating a cold air spray in the swirl chamber. 
- Inside the vortex chamber (axial or frontal, Fig. 1b and 1c), the noises corresponding to each jet 
cancel each other out, resulting in a single background noise due to centrifugation at levels 
acceptable to the human body. 
In the designed cooling device there is a series of orifices with constricted sections (nozzles) 
arranged tangentially to the diameter of the expansion chamber, in which irreversible 
thermodynamic turbulent flow phenomena occur, manifested by a sudden drop in pressure 
(throttling effect), increase in speed and temperature variation (Joule-Thomson effect). The 
reduction in gas temperature due to throttling - the positive Joule-Thomson effect - is used to 
achieve moderate refrigeration. 
Also from a thermodynamic point of view, in the pneumatic cooling device, the temperature 

difference T between the inlet temperature at nozzle T1 and the outlet temperature at nozzle T2 is: 
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∆𝑇 = 𝑇2 − 𝑇1 =
𝑤2

2

2𝑐𝑝
,                                                   (1) 

i.e. it is directly proportional to the square of the outlet velocity of the air from the nozzle w2 and 
inversely proportional to the specific heat of the air at constant pressure cp. 
The cooling of the expanded air at the nozzle outlet is more significant the higher the flow velocity 
at the outlet. The value of the flow velocity depends on the shape (conical, truncated, Archimedean 
spiral, logometric spiral) and the quality of the nozzle geometry (roughness). 
 

 

a. Pneumatic cooling device 

 

 

b. Axial swirl chamber  
 

 

c. Frontal swirl chamber  

Fig. 1. Pneumatic cooling device 
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2.3 Expansion in a centrifugal field with energy separation/Ranque-Hilsch effect 

The gas-thermodynamic phenomenon of energy separation in a vortex field of a gas by the 
Ranque-Hilsch effect is particularly complex and not fully understood, and is described using both 
known physical-mathematical relationships and a series of quantities and criteria derived from 
experimental research. 
The general scheme of gas flow (gas thermodynamic phenomenon) in a swirl generator (turbulent 
flow) can be simplified as follows (Fig. 2): 
 

 

Fig. 2. Gas-dynamic phenomena in the Ranque-Hilsch tube 

 
The compressed gas enters the generator through the nozzle, where it increases its speed due to 
the reduction in cross-section and is swirled due to the shape of the swirl chamber. When the gas 
is released into the cylindrical or truncated tube, an intense circular flow is created, characterised 
by the fact that the gas layers near the axis of the thermal tube cool down and are discharged 
through the orifice of the diaphragm, while the peripheral gas layers heat up and leave the tube 
through the semi-open section of the vent. By reducing the cross-sectional area of the valve, the 
cold gas flow through the diaphragm is increased, with a corresponding reduction in the hot gas 
flow. These changes are also accompanied by variations in cold and hot gas flow temperatures.  
During the described process, a kinetic energy transfer and a turbulent heat exchange take place, 
in which elementary quantities of gas participate in the realisation of refrigeration cycles 
(compression-expansion) having the role of pumping energy from the central zone to the peripheral 
zone of the thermal tube. 
In terms of flow and temperature parameters, the phenomenon can also be described as follows: 
the less cold air, the colder, or the more cold air, the less cold. 
The flow rate of compressed gas supplied to the generator “ �̇�” is the sum of the air flows leaving 

the generator, namely cold air “�̇�𝑓" and hot air “ �̇�𝑐”. 

�̇� = �̇�𝑓 + �̇�𝑐   [𝑘𝑔/𝑠]   ;    [𝑚𝑁
3 /𝑚𝑖𝑛] 

 (2) 

The proportion of cold air exhausted from the generator “𝜇” 

𝜇 =
�̇�𝑓

�̇�
 

 (3) 

The proportion of hot air exhausted from the generator, the difference is: 

1 − 𝜇 =
�̇�𝑐

�̇�
 

 

(4) 
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The cold air proportion “µ” or the hot air proportion “1-µ” can be changed by operating the control 
valve. 
From the thermal equilibrium equation [6], the thermodynamic temperatures characterising the cold 
(cooling) air flow Tf and the hot air flow Tc, at the outlet evolve according to the relationship: 

 
𝜇∆𝑇𝑓 = (1 − 𝜇)∆𝑇𝑐  (5) 

where: 
∆𝑇𝑓 = 𝑇𝑖 − 𝑇𝑓, is the temperature drop of the cold flow Tf

 compared to the inlet temperature of the 

compressed air Ti. 
∆𝑇𝑐 = 𝑇𝑐 − 𝑇𝑖 , is the drop in temperature of the hot flow Tc

 compared to the temperature of the 
compressed air at the inlet of the unit.  
The operation of the pneumatic hot and cold air generator can also be expressed as follows: the 
less cold air (�̇�𝑓 ↓), the colder (𝑇𝑓 ↑), or the more cold air (�̇�𝑓 ↑), the less cold (𝑇𝑓 ↓). 

3. Experimental research 

The theoretical research presented is followed up and confirmed by experimental research in the 
laboratory, as follows: 

a. Compressed air cooling by free flow from the tube 

Figure 3a shows a schematic diagram of the circuit components and Figure 3d shows the physical 
components used during the experiment. 

 

Fig. 3a. Compressed air cooling circuit by free flow from the tube 
 

 

Fig. 3b. Compressed air cooling circuit by expansion in a centrifugal field 
 

 

Fig. 3c. Compressed air cooling and heating circuit with vortex tube / Ranque-Hilsch 
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Fig. 3d. Cooling circuit components overview 

 
Fig. 3. Experimental cooling circuits 

Caption:  
The equipment in the circuit represents: 
1. Electric air compressor AC 1300/Makita; pmax=10 bar; q= 240 l/min; P=1.5 kW/230 V 

2. Air-to-Air Cooler Type CSL 

3. Compressed air tank V=10 litres; pn=10 bar 

4. Pressure gauge pn=10 bar; G3/8” 

5. Digital thermometer with a solid metal probe with a G1/4” thread; T=-25o100oC 

6. Pass/no pass tap, G3/8” 

7. FR pressure reducer-filter unit with pressure gauge G3/8”/SMC 

8. Pneumatic throttle valve AS300/SMC; G3/8” 

9. Digital calorimetric flowmeter SD6500/ifm   Dn=15; pn=15 bar; q=0.2575 m3/h; Measures flow 

rate - pressure - temperature - total compressed air consumption 

10. Compressed air tube Dn; pn=10 bar; L=1.5 m 

11. Circular diffuser 

12. Digital thermometer with metal probe D3.5x120, FM10 Digi Mate; T=-50o150oC 

13. Pneumatic cooling device by expansion in a centrifugal field DPR-ICMET Craiova 

14. Cooling and Heating Vortex Tube, Model 3215 Exair Corporation 

The compressed air in the circuit is supplied from a standard AC 1300/Makita source. 
The pressure p1, flow rate q1 and temperature T1 in the compressed air circuit and the temperature 
T2 in free flow (p2 = patm) at the end of the pipe with a nominal diameter of Dn = 6 mm were 
measured with the instruments shown in Figure 3a. 
The working flow value was set by fine-tuning the AS 300/SMC throttle valve to the value set on 
the SD 6500/IFM digital flow meter. 

Table 1 

Cooling 
method 

At the circuit inlet At the circuit outlet 

p1 

[bar] 

T1 

[⁰C] 

q1 

[l/min] 

v1 

[m/s] 

p2=patm 

[bar] 

T2 

[⁰C] 

q2=q1 

[l/min] 

v2 

[m/s] 

Free flow of 
compressed 
air 

1.5 

2 

2.5 

3 

25.8 

25.8 

25.8 

25.8 

425 

425 

425 

425 

v11 

v12 

v13 

v14 

1  

1  

1  

1  

24.5 

24 

23.5 

23.1 

425 

425 

425 

425 

v21>v11 

v22>v12 

v23>v13 

v24>v14 
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By supplying the circuit with compressed air at moderate working pressures (p1=1.5  3 bar), an 

intense flow of air at a temperature slightly lower than the inlet temperature (T=T2-T1=1.32.7⁰C) 
is generated at the outlet, with high flow speeds and loud noises. 

b. Compressed air cooling with a device for cooling by expansion in a centrifugal field  

The structure of the circuit is shown schematically in Fig. 3b, where, in addition to the structure 
shown in Fig. 1a, there is the cooling device, item 11. 
The compressed air cooling device shown in Fig. 1 is a new and original solution developed by a 
team of specialists in our institute and protected by patent RO No. 131145/2022. The originality of 
the solution is that all the compressed air entering the unit is converted into cooling energy by 
expansion and centrifugation (swirling) and exits as cold air. 

 
Table 2 

Cooling 
method 

At the circuit inlet At the circuit outlet 

p1 

[bar] 

T1 

[⁰C] 

q1 

[l/min] 

p2=patm 

[bar] 

T2 

[⁰C] 

q2=q1 

[l/min] 

Expansion and 
centrifugation 
(swirling) 

1.5 

2 

2.5 

3 

 26.5 

26.5 

26.5 

26.5 

425 

425 

425 

425 

1 

1 

1 

1 

23 

21 

17.5 

14 

425 

425 

425 

425 

  
By supplying the circuit with compressed air at moderate working pressures (1.5  3 bar), an air 

flow at a temperature lower than the inlet temperature (T=T2-T1=3.512.5oC) is generated at the 
outlet, with moderate flow speeds and noise. The process converts the entire flow of compressed 
air supplied to the unit into cold air (q1=q2). 

c. Compressed air cooling and heating using a vortex tube/Ranque-Hilsch tube  

The structure of the circuit is shown schematically in Fig. 3c where, in addition to the structure 
shown in Fig. 1b, we have as control element item 14 - vortex tube for cooling and heating, instead 
of item 13 - pneumatic cooling device. 
The vortex tubes can be controlled by a dedicated valve to ensure that 20-80% of the supply flow 
to the compressed air device is converted to cold air and the 80-20% flow differential is 
simultaneously converted to hot air. With this type of Vortex Tube Model 3215, the maximum 
cooling capacity, i.e. the flow rate released at the cold end in conjunction with the temperature of 
the cooled air, is approximately 70% cold air. 
The maximum cooling capacity is obtained with a proportion of 70% cold air, i.e. the product of the 

cold air flow and its temperature gives the best cooling capacity (Pf=190290 W at inlet pressures 

p1=1.5  7 bar). 
 

Table 3 

Cooling 
method 

At the circuit inlet At the circuit outlet 

p1 

[bar] 

T1 

[⁰C] 

q1 

[l/min] 

pf=pc=patm 

[bar] 

T2-cold 

[⁰C] 

T3-hot 

[⁰C] 

q2=cold 

[l/min] 

q3=hot 
[l/min] 

Turbulent 
flow and 
energy 
separation 

1.5 31 425 1 +24 +48 297 128 

128 

128 

128 

2 31 425 1 +19 +54 297 

2.5 31 425 1 +11 +60 297 

3 31 425 1 +7 +67 297 
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By supplying the circuit with compressed air at moderate working pressures (1.5  3 bar), a cold air 

flow is generated at the outlet with a significant temperature drop (T=T1-T2=824oC) in relation to 

the compressed air inlet temperature, and a hot air flow with a significant temperature rise (T=T3-

T1=1736oC). At the same time, the processed cold air flow rate (q1) is approximately 2/3 and the 
processed hot air flow rate (q3) is 1/3 of the supply air flow rate (q1). 

4. Interpretations and conclusions 

The paper addresses a topical and globally important issue in terms of reducing emissions and 
finding new technologies and green agents to reduce global pollution. Thus, the use of 
compressed air as a working fluid in refrigeration and air conditioning systems and equipment can 
be a solution to replacing climate-changing freons/chlorofluorocarbons. 
In industry, pneumatic energy has become the fourth largest source of energy for technological 
processes, despite its high cost and environmental impact. 
In this context, this paper deals theoretically and experimentally with the phenomenon of obtaining 
moderate refrigeration from compressed air by thermodynamic methods. 
It has been shown both theoretically and experimentally that the method of free flow of 
compressed air from the tube achieves an insignificant reduction in outlet temperature and noise. 
The method of compressed air expansion in a pneumatic device (patented solution) by dividing the 
incoming compressed air flow into a number of jets and centrifuging them in a swirl chamber is an 

attractive solution for air conditioning in terms of moderate temperature drop (T=3.512.5oC) in 
relation to the ambient temperature.  
The method of expansion in a centrifugal field and energy separation in the Ranque-Hilsch tube, at 

moderate compressed air supply pressures (1.5  3 bar), produces cold and very cold air flows 

with temperature differences T=824oC and, at the same time, secondary hot air flows with 

T=1736oC. 
To summarise: 
- The method of compressed air free flow is of no interest either from an energy point of view or in 
terms of the noise pollution it produces. 
- The method of multi-jet expansion in a centrifugal field of compressed air, converting the entire 
flow of compressed air into moderately cold air, is of interest for environmentally friendly air 
conditioning. 
- The method of expansion in a centrifugal field and energy separation into hot and cold is already 
being used in industrial and laboratory applications. 
The further development of thermodynamic methods, multi-jet expansion and expansion and 
energy separation devices may also be of interest to the scientific and technical community and, 
not least, to applicants. 
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Abstract: Drying is one of the ways of long-term preservation of vegetables and fruits for industrialization or 
direct consumption without added preservatives. Throughout the year, there is a wide availability and 
diversity of fruits, vegetables, or medicinal plants that can be preserved by drying. To the costs of harvesting 
and drying one needs to add those of handling and transport, which are sometimes quite high; therefore, it is 
preferable to move the drying machines to the harvesting site of the products to be dried. Most of the time, 
these sites are isolated and do not have access to the electricity network; this raises the issue of energy 
independence of the drying facilities, i.e. the production of thermal and electrical energy from local resources 
around the harvesting points. The work presents an energy-independent drying machine that uses a Top-Lit-
Up-Draft (TLUD) type hot air generator fed with wood chips for the production of thermal energy, and for the 
automation system the power supply is made from a 12V DC battery charged from photovoltaic panels.  

Keywords: Energy-independent drying machine, solar PV panel, TLUD module, biomass, gasification 

1. Introduction   

Drying is one of the oldest forms of preserving fruits and vegetables. Drying reduces the water 
content of the product in order to preserve it, but also reduces their mass and volume, which leads 
to lower packaging, storage and transport costs.  
Convective drying is a high energy-consuming technology, which in many situations makes it 
dependent on cheap, local thermal energy sources. 
Because biomass can be stored and used when needed, it remains the most versatile energy 
source for agricultural farms in various production processes [1,2,3].   
By using the Top-Lit-Up-Draft (TLUD) type micro-gasification process, fuel gas and residual 
vegetable charcoal - commonly called biochar - are produced from biomass. Biochar is a sterile 
product that can be mixed with compost as an amendment in agricultural soils to increase their 
production capacity [4,5,6]. 
Due to the very long half-life of carbon residing in the soil, the incorporation of biochar resulting 
from the TLUD process achieves a sequestration of atmospheric carbon for very long periods of 
time and therefore leads to a negative CO2 balance [4,6]. 
Compared to the direct combustion or wood gasification processes, the TLUD gasification process 
is characterized by very low values of the superficial velocity of the gases passing through the 
pyrolytic front. The slow process maintains a superficial velocity of the produced gas at very low 
values, which ensures a reduction of free ash being dragged along, as fine particles (PM2.5 - 
particles less than 2.5 micrometers in diameter), to a maximum value of 5 mg/MJbm at the exit of 
the burner, value far below the norm imposed in the EU in 2015 for biomass burning processes, 
which is below 25 mg/MJ [6]. 
The working principle of the TLUD type gasifier is shown in figure 1. The gas generator consists of 
a gasifier with an upward gasification air stream, connected to a burner. The biomass is introduced 
into the reactor and rests on a grate through which the primary air for gasification passes, from 
bottom to top. The ignition and initiation of the pyrolytic front is done at the upper part of the gas 
generator, and it advances in the biomass layer. Pyrolysis results in gas, tar and coal. The tars 
pass through the layer of incandescent coal, are cracked and completely reduced due to the heat 
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radiated by the pyrolysis front and the flame in the upper part. The resulting gas is mixed with the 
secondary combustion air that is preheated by the reactor wall and is introduced into the 
combustion zone through the holes located at the top of the reactor. The highly turbulent mixture 
burns with a flame at temperatures up to 900ºC.  
 

 

Fig. 1. Functional diagram of the TLUD energy module [7] 

 
Removing excess water from the raw material is conditioned by heat transmission and the state 
and movement of water vapour. Heat transmission is based on the temperature difference between 
the material subjected to dehydration (fruits, vegetables, etc.) and the heat carrier (hot air). 
During the dehydration of fruits and vegetables in an air stream, the free water is carried away 
immediately by evaporation. This rapid evaporation depends on the total surface of the fruits (or 
vegetables), the speed of air circulation and the difference between the surface tension of the 
vapours on the surface of the material and the surface tension of the vapours in the air stream. 
During the drying of fruits and vegetables, the water from the cell juice diffuses to the surface, due 
to internal diffusion, and evaporates. It is important that only the water evaporates during the drying 
process, not the aromas that give the fruit its taste and flavour. 
The movement of water from inside the product to the outside is a result of the internal diffusion 
process and is the direct consequence of the difference in osmotic pressure determined by a 
different concentration in soluble substances of the liquid inside and at the periphery of the product 
particle. 
The movement of water takes place from points with a higher water content to those with a lower 
content, resulting from the evaporation of water through the phenomenon of external diffusion. 
Thanks to the internal diffusion, the humidity is finally equalized in all the layers of the product 
subjected to dehydration. 
The optimal development of the process (figure 2) occurs when the rate of water evaporation from 
the surface of fruits and vegetables is equal to the rate of moisture migration from the inside to 
their surface.  
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Fig. 2. Theoretical chart of the drying process  

2. Materials and methods 

2.1 Structure of the drying machine   

The fruit and vegetable drying machine has three major subassemblies: a drying chamber with 
trays, a hot air generator based on the TLUD principle, and a control module.  
 

 

 
 
 
 
1- Frame 
2- Drying trays 
3- Deflector 
4- Thermometer 
5- Solar PV panel 
6- Natural draft tubing 
7- Heat exchanger 
8- Hot air fan 
9- Smoke flap valve 
10- Cooling fan 
11- TLUD hot air generator  
12- Combustion air fan 
13- Gasification air fan  

Fig. 3. Energy-independent vegetable and fruit drying machine - components 

 
The drying machine shown in figure 3 consists of a frame (1) on which a drying chamber is placed, 
in which there is, next to the drying trays (2), a smoke-to-air heat exchanger (7) that is ventilated by 
the fan (8) and directs the hot air flow through a deflector (3) - that evens out the temperature and 
speed of the hot air in the chamber - towards the trays with material to be dried.  
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The temperature in the chamber is controlled by the thermocouple (4) which controls the flap valve 
(9) and directs the flow of hot smoke to the exchanger (7) in the chamber or to the atmosphere 
through the tubing (6) depending on the temperature requirements of the drying program. If the 
desired temperature is accidentally exceeded or the drying process requires the temperature in the 
chamber to decrease, the flap valve (9) closes the direction to the exchanger, and the fan (10) 
introduces cold air from the atmosphere into the exchanger, cooling it. The control signals for 
running the drying program (figure 4) are generated with the help of a PLC which is supplied with 
electricity from a battery pack charged from the photovoltaic panel (5). The power of the hot air 
generator (11) can be controlled by controlling the speed of the fans (12,13), keeping the optimal 
1/3 ratio of gasification air/combustion air. 

2.2 Sizing of the drying machine  

Energy characteristics of energy-independent drying machines [8] are listed in Table 1 below. 
 
                                         Table 1: Energy characteristics of energy-independent drying machines 

Parameter Unit Value 

Positioning surface on trays m2 5.00 

Specific thermal power kW/m2.cas 2.00 

Rated thermal power kW 10.00 

Specific drying agent flow rate (Nm3/h)/m2.cas 300.00 

Drying agent flow rate Nm3/h 1500.00 

Pressure drop across the drying machine Pa 80.00 

Minimum total fan efficiency  0.40 

Fan electric power W 83.33 

PLC supply electric power W 10.00 

Power consumed by a transducer W 5.00 

Power consumed by a servomotor W 5.00 

No. of transducers - 2.00 

No. of servomotors - 2.00 

Automation electric power W 30.00 

Required electric power  W 113.33 

Hours of daily use h 12.00 

Daily required electricity  kWh/day 1.36 

 
Parameters related to thermal energy supply to the drying machine [8] are presented in Table 2. 
 
                                                                      Table 2: Thermal energy supply - related parameters  

Parameter Unit Value 

Positioning surface on trays m2 5.00 

Specific thermal power kW/m2.cas 2.00 

Rated thermal power kW 10.00 

Shredded local biomass - dimensions mm 10...50 

Shredded local biomass - moisture % <20 

Shredded biomass layer medium density kg/m3 250 
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No. of TLUD energy modules   pcs 1 

Flue gas/air minimum efficiency  - 0.85 

Maximum required thermal power kW 11.76 

TLUD energy module rated power kW 15 

Shredded biomass PCI (Pouvoir Calorifique 
Inférieur) 

MJ/kg 15.00 

Share of biochar produced from biomass % 15 

Fully gasified biomass PCI MJ/kg 14.00 

Maximum hourly biomass consumption  kg/h 4.46 

Average hourly biomass consumption (75%) kg/h 3.34 

Average drying time/batch h 6.00 

Biomass consumption in one batch kg/batch 20.06 

No. of batches per day batch/day 2.00 

No. of biomass loads/batch  2.00 

Mass of fuel loaded into the reactor kg 10.03 

Reactor volume for shredded biomass dm3 40.12 

Daily biomass consumption kg/day 40.12 

Daily consumed volume of shredded biomass  dm3/day 160.50 

Daily produced biochar mass  kg.ch/day 6.02 

CO2 equivalent mass sequestered in biochar kg.CO2/day 22.07 

 
The photovoltaic panel for the production of electricity has a surface area of about 2 m² and is 
connected to a 50 Ah battery pack. This constrictive variant ensures total energy independence, 
which makes it possible to reside continuously in isolated locations for longer periods of time. 
The electricity requirement - related parameters [8] are shown in Table 3 below. 

 
                                                            Table 3: Electricity requirement - related parameters 

Parameter Unit Value 

Power supply only from a 12V DC battery 

Charging / discharging energy yield - 0.87 

Battery discharge limit % 20 

Minimum required battery capacity Ah 162.84 

Power supply with PV panel + battery 

Lighting hours in an average summer day h/day 9.00 

PV panel lighting level % 66 

Specific rated electric power W/m2 150 

Daily produced electricity   Wh 1469.20 

Minimum required PV panel area m2 1.649 

PV panel area m2 2 

Power supply safety factor  1.2 

Required battery capacity  Ah 48.85 
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The drying machines can be used in stationary mode at the farm premises; the electricity supply is 
made from the single-phase 220V AC electrical network with a 220V AC/12V DC power supply 
connected to the battery pack with which the continuity of the drying process can be ensured even 
during periods of network failure. 

2.3 Drying rules 

The drying process is considered to be carried out normally when the mass of the product dries 
uniformly and when, in a dry state, the vegetables meet the qualitative conditions required by the 
internal standards and norms in force. 
The hot air must enter the drying machine at a maximum temperature of 80°C - in principle, as 
much as the product can withstand -  and a relative humidity of about 25%, so that the product can 
be dried at a minimum of 8% humidity. This air leaves the drying machine at a temperature of 40-
45°C (rarely 50°C) with a relative humidity of 60-80% to avoid condensation. 
When the product heats up too much and dries unevenly, partial frying or softening occurs, 
acquiring a foreign smell. Such drying is considered defective. 
Drying vegetables and fruits at sub-optimal temperatures inevitably leads to longer drying times, 
which leads to transient softening of the raw material and a change in its colour. 
The softening of the product is also caused by the poor air circulation in the drying machine and is 
directly caused by the microbiological changes that can occur in this case, changes that consist in 
the appearance of sour taste, dark colour, loss of nutritional quality. 
In order to prevent partial frying or softening of the product, it is necessary to systematically 
monitor the air temperature variations in the drying machine during the drying process and to 
adjust in advance both the entry of fresh air and the exit of moist air. 
To accelerate the drying process, it is necessary that the relative humidity of the hot air be 
reduced, and its circulation speed be increased. The decrease in the relative humidity of the 
thermal agent is obtained by raising its temperature; this decrease translates into an increase in its 
absorption capacity.  
Excessively raising the air temperature above the established limit can adversely influence the 
process. For example, it is possible that a crust may form on the surface of the product, especially 
in the case of fruits, which prevents the evaporation of water from the deeper layers. 
In the first part of the drying, the air speed has an important influence, since in addition to the 
function of a heating agent, the air also has the function of taking over and conveying the water 
vapours resulting from evaporation. The faster the removal of water vapours will be, the better 
conditions will be created for other quantities of water to migrate to the surface of the products. In 
the second phase of drying, when vaporization occurs inside the product, the air speed has a much 
smaller influence on the drying speed. 

2.4 Operating principle 

To control the temperature of the hot air in the drying machine, a temperature sensor T1 (figure 4) 
is used, which is fixed in the place where the hot air passes to the products to be dried.  
The temperature control is done with a PLC that controls the C1 flap valve for hot air access to the 
exchanger or its evacuation into the atmosphere. If the temperature in the drying machine is too 
high, flap valve C1 closes the access of hot air to the exchanger, directing it to the atmosphere, 
and the cooling fan V5 turns on and introduces cold air from the atmosphere into the heat 
exchanger, reducing its temperature. The PLC also controls the speed of the V3 fan, obtaining the 
variation of hot air flow and the variation of the amount of heat extracted from the heat exchanger.    



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
131 

 

 

Fig. 4. Control module (wiring diagram) 

 
The power of the TLUD generator can be adjusted manually depending on the requirements of the 
drying process, from the flow of gasification air and combustion air supplied by the V1 and V2 fans. 
It should be noted that varying the temperature in the drying machine is done with a relatively large 
hysteresis, which requires a flexibility of the drying mode programmed in the PLC.  

3. Conclusions 

This article presents a solution for a convective drying installation with total energy independence 
intended for isolated areas which uses a mixed system for the production of the necessary energy: 
thermal energy - produced with a hot air generator based on the TLUD principle, in which shredded 
local biomass is used, and electricity - produced with photovoltaic panels connected to a battery 
pack.  
The hot air generator on the TLUD principle is characterized by high energy conversion efficiency, 
biochar production and very low CO and particulate matter (PM) pollutant emissions; it is easy to 
use and safe in operation; it is tolerant to variations in the properties of the biomass, both chemical 
and dimensional, which ensures great adaptability to the variety of local biomass resources. 
In order to carry out the dehydration process in optimal conditions, the maximum temperature that 
each product to be dried can withstand must be determined, as well as the temperature entering 
the drying machine and the temperature at which the moisture-laden air must exit, in order to avoid 
its condensation. 
The automation scheme meets the requirements for temperature control (increase and decrease) 
and the variation of air speed in the drying machine corresponding to the drying process of 
vegetables and fruits. 
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Abstract:  In this paper, the authors want to present some aspects related to the use of AI technology for 
continuous monitoring of technological processes in a construction site. The authors present preliminary 
experimental studies undertaken in the implementation of AI technology in the field of construction machinery 
through the realization of a low-cost hardware platform. The platform allows the development of preliminary 
tests on the optimization of construction equipment trajectories. The envisaged platform involves the use of 
affordable equipment such as the Arduino Nano 33 development platform and a small drone for aerial filming. 
The paper presents the preliminary tests carried out with in defining trajectories for construction equipment. 

Keywords: Construction equipment, drone, artificial intelligence, optimal trajectory 

1. Introduction  

The use of AI technology for continuous monitoring of technological processes on the construction 
site leads to improved working conditions and thus to higher levels of occupational safety and health 
on construction sites. At the same time, it increases the productivity of the entire construction 
process, reduces costs, improves supply chain management, reduces resource consumption and 
waste generation on construction sites. From a cultural point of view, the introduction of AI 
technologies on a construction site contributes decisively to raising the technical cultural level of 
human resources working in the construction sector. 
The integration of artificial intelligence (AI) technology into construction equipment management has 
the potential to significantly improve efficiency, safety, project outcomes. In the case of construction 
equipment, AI technology can be integrated, for:  

➢ Predictive maintenance: AI can analyze sensor data and equipment performance history to 
predict when construction equipment is likely to fail. This enables proactive maintenance, reducing 
downtime and avoiding costly repairs. 

➢ Condition monitoring: Real-time monitoring via AI allows the condition of construction 
equipment to be assessed. Sensors and data analytics can detect anomalies or the onset of wear, 
allowing timely intervention before major problems occur. 

➢ Optimized equipment management: AI technology can analyze the work sequences of the 
adopted construction technology project, check resource availability and equipment capabilities to 
optimize the layout of construction equipment. This ensures that equipment is used efficiently, 
reducing downtime and maximizing productivity. 

➢ Automated operation and control: Artificial intelligence can enable autonomous or semi-
autonomous operation of construction equipment. This includes technologies such as automated 
levelling systems, robotic construction equipment and autonomous systems that can increase 
accuracy, productivity and operational safety. 
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➢ Energy efficiency: Artificial intelligence algorithms can be used to optimise the energy 
consumption of construction equipment. This includes intelligent scheduling of equipment operation 
and energy efficient use, contributing to cost reduction and environmental sustainability.  

➢ Ensuring personnel safety: AI-driven cameras and sensors can monitor construction sites for 
safety compliance. This includes detecting potential hazards, ensuring the use of personal protective 
equipment and alerting operators to unsafe conditions.  

➢ Inventory management and resource management: AI can help manage construction 
equipment fleets, track equipment location, enforce maintenance schedules. This helps to allocate 
resources efficiently, reducing the costs associated with over- or under-use of construction 
equipment. 
As the construction industry continues to embrace digital transformation, the integration of AI in 
equipment management holds the potential to revolutionize how construction projects are planned, 
executed, and maintained. However, it's essential to address challenges such as data privacy, 
security, and workforce training when implementing AI technologies in construction [1,2]. 
According to reference [3] robotics, AI, and the Internet of Things can reduce building costs by up to 
20 percent. Companies are using AI to develop safety systems for worksites. AI is being used to 
track the real-time interactions of workers, machinery, and objects on the site and alert supervisors 
of potential safety issues, construction errors, and productivity issues. Despite the predictions of 
massive job losses, AI is unlikely to replace the human workforce. Instead, it will alter business 
models in the construction industry, reduce expensive errors, reduce worksite injuries, and make 
building operations more efficient. Leaders at construction companies should prioritize investment 
based on areas where AI can have the most impact on their company’s unique needs. Early movers 
will set the direction of the industry and benefit in the short and long term. 
The research aims to develop a hardware platform for implementing AI technology in the field of low-
cost construction machinery. This approach requires the use of low-cost and affordable equipment. 
Thus for aerial filming of work processes we will use a drone with a mass of less than 250 grams 
and for the interpretation of images in order to define trajectories we will use a specialized open-
source platform such as Arduino Nano 33 BLE. The paper presents how to define trajectories of 
construction equipment using this type of microcontroller. 
Microcontrollers implemented on Arduino development boards, are compact integrated circuits 
developed to perform a specific operation. They are basically small computers that consist of a 
processor, memory and input/output (I/O) peripherals, all on a single chip. 
Also called MCUs, they are embedded in billions of gadgets such as cars, robots, medical devices, 
home appliances, drones, 3D printers, toys, smart plugs. These miniature personal computers that 
have no operating system were developed to control larger entities. In addition, the current trend is 
to connect these devices, creating what is called the Internet of Things (IoT) [4,5]. 
Arduino is on the one hand an open-source platform, and on the other a community focused on 
making microcontroller application development accessible to everyone. There are several practical 
reasons for wanting to implement Machine Learning ML on microcontrollers. One of these would be 
that we want a smart device to be able to operate quickly regardless of whether the internet is present 
or not. Another reason is cost - these hardware devices are simple and low cost. We also want 
privacy, i.e. not to share all our data outside. Last but not least, these devices are energy efficient. 

2. Hardware and software resources used 

TinyML (Tiny Machine Learning) is a field of machine learning, dedicated integrated circuits, 
algorithms and software that have the ability to perform data analysis using sensors (video, audio, 
IMU, etc.) with extremely low power consumption. [6]. Arduino Nano 33 BLE Sense rev2 with 
connectors is a board used for Machine Learning from Arduino, having a small form factor and comes 
equipped with a set of sensors. 
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Fig. 1. Arduino Nano 33 BLE Sense Arduino Board [4] 

 
The main feature of this board, in addition to on-board sensors, is the ability to run Edge Computing 
(AI) applications using TinyML. The features are shown in the table 1. 
 

Table 1 

Microcontroller nRF52840 (Arm Cortex-M4) 

Operating voltage 3.3V 

Maximum input voltage 21 V 

DC current at I/O pins 15 mA 

Clock Speed 64MHz 

CPU flash memory 1MB (nRF52840) 

SRAM 256KB (nRF52840) 

Digital Input/Output Pines 14 

PWM pins 14 

UART 1 

SPI 1 

I2C 1 

Analogue input pines 8 (ADC 12 bit 200 k samples) 

Analogue output pines Only through PWM 
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Fig. 2. Arduino Nano 33 BLE Sense board schematic [6] 

 
Figure 2 shows the Arduino Nano 33 BLE, as follows: 
1 Temperature, humidity and pressure sensor; 
2 Colour, brightness, proximity and gesture sensor; 
3 Motion, vibration and orientation sensor; 
4 Digital microphone; 
5 Arm-Cortex-M4 microcontroller 

3. Implementation 

The productivity of a construction machine depends, among other things, on the path it takes during 
the working process. It is clear in this respect that a desideratum is to optimise the mechanisation 
scheme so that it tends towards a maximum possible value. 
For this purpose, we filmed a construction equipment aerial filming a job to move a landfill. The 
filming was done with a DJI MINI 3 drone which filmed the equipment from a fixed point about 7 
meters away during the work process. In fig. We present the drone used and a sequence of the 
working process of the equipment in an aerial filming. 

 

External Interrupts All digital pins 

LED_BUILTIN 13 

USB Native in nRF52840 CPU 

IMU BMI270 and BMM150 

Microphone MP34DT06JTR 

Motion, vibration and orientation sensor APDS9960 

Pressure sensor LPS22HB 

Temperature and humidity sensor HS3003 

1 

2 

3 

4 

5 
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Fig. 3. Drone used in aerial filming (left). Aerial filming with the equipment (right) 

 
To define the trajectories, we have approached Machine learning technology is a subset of artificial 
intelligence. Machine learning is an area of artificial intelligence that uses statistical techniques to 
provide computer systems with the ability to "learn" from previously collected data without being 
explicitly programmed. An ML becomes more efficient at understanding and providing information 
as it is exposed to more data-the better trained it is. This can be achieved through ML technology 
using an Arduino Nano 33 BLE Sense board installed on the shield for ease of use as shown in Fig. 
4. 

 

 
 

Fig. 4. Shield Arduino Arduino Nano 33 BLE Sense 

 
In order to implement the Ardunino Nano 33 BLE board for our application, there are several steps 
we plan to take. For example, for the generation of the trajectory we have: 

➢ Install the plate on a mechanized model (mock-up) to generate in the laboratory different 
trajectories that we will save on https://tinyml.seas.harvard.edu/magic_wand/ 

➢ Training the ML model 
➢ Carry out experiments on site 
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The first step was to generate trajectories via the Arduino Nano 33 BLE Sense board. For this we 
ran the Magic Wand code (default) from the Arduino IDE examples. After connecting the board via 
the Bluetooth button in the https://tinyml.seas.harvard.edu/magic_wand/ app, the trajectories were 
uploaded (an example is shown in Figure 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Recording made by moving the Arduino Nano 33 BLE Sense board 

 
4. Conclusions 
 
Following the aerial drone filming experiment and the tests carried out with the Arduino 33 BLE 
Sense development board, the possibility of realizing a low-cost hardware platform to be used for 
implementing AI in construction equipment management is assured. 
While early tests are encouraging, one challenge will be to see how the Arduino 33 BLE Sense board 
performs when generating large trajectories. However, the authors aim to move to the next steps by 
making multiple trajectories and training the ML model to obtain an optimal trajectory for construction 
equipment. 
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Abstract: Electrohydraulic driven machines are widely used due to the high-power density per volume unit as 
well as due to the high actuation forces and moments. The operation of these machines is managed by a 
Programmable Logic Controller (PLC). This paper proposes the processing of the operation of the 
electrohydraulic actuated machine in the operating program of the PLC using finite-state machine. Thus, a 
state machine developed for the reduction of hydraulic shocks induced by the switching of the electrohydraulic 
equipment will be presented. Also, the implementation of the movements performed by the hydraulic actuators, 
imposed by the operation of the machine, is carried out by another state machine. 

Keywords: Electrohydraulic, finite-state machine, PLC 

1. Introduction  

A finite-state machine (FSM) or finite-state automaton (FSA, plural: automata), finite automaton, or 
simply a state machine, is a mathematical model of computation. It is an abstract machine that can 
be in exactly one of a finite number of states at any given time. The FSM can change from one state 
to another in response to some inputs; the change from one state to another is called a transition.  
An FSM is defined by a list of its states, its initial state, and the inputs that trigger each transition [1]. 
In control applications, two types are distinguished: 
Moore machine 
The FSM uses only entry actions, i.e., output depends only on state. The advantage of the Moore 
model is a simplification of the behaviour. 
Mealy machine 
The FSM also uses input actions, i.e., output depends on input and state. The use of a Mealy FSM 
leads often to a reduction of the number of states. 
In this material, Mealy machine are used because they allow representing the process in a smaller 
number of states. The state diagrams used are of the type represented in fig. 1, the transition 
between State 1 and State 2 is triggered by the occurrence of an event followed by the execution of 
an actions list.  
 

 

Fig. 1. Finite-State Machine representation as a state diagram 
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2. State-machine for hydraulic shock reduction 

One can notice that if the activation of the valves that distribute the hydraulic fluid to drive is carried 
out at low pressure values, the hydraulic shock has low values. Taking into account this fact, it is 
proposed to activate the distribution valves for the hydraulic drive, followed by an adjustable delay 
of 25...500ms, and then the activation of the working pressure of the drive. When the hydraulic drive 
stops actuating, the hydraulic pressure to the drive is turned off, followed by an adjustable delay, 
and then the hydraulic fluid distribution valves to the drive are turned off. The values of these delays 
are determined experimentally, aiming to obtain the smallest possible shocks when starting and 
stopping the hydraulic drive. 
 

 

Fig. 2. State diagram for hydraulic shock reduction 

 

3. State-machine for machine operation 

State-machine for machine operation runs simultaneously with the state-machine for hydraulic shock 

reduction. When the operation of the machine requires hydraulic drive, the on or off command is 

sent, which is executed by the state-machine intended to reduce the hydraulic shocks of the drive. 

As an example, the state machine designed to control the hydraulic cylinder used to close the mold 

and extract the piece, component of a hydraulic press, will be presented in fig. 3. 

The following abbreviations have been used: 

  

- INIT → initialization state 

- WAIT → wait state 

- RETR → retracts state 

- INCR → close the mold in retract state 

- INCA → close the mold in extend state 

- EXTR → extract the piece state 

- LE → extract limit switch 

- LI → close the mold limit switch 

- LR → retract limit switch 

- RE → retract button 
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- IM → close the mold button 

- EP → extract the piece button 

- MRE → start retract command 

- MORE → stop retract command 

- MAE → start extend command 

- MOAE → stop extend command 

  

The commands MRE, MORE, MAE and MOAE are each implemented through a state machine, as 
in fig. 2.  
 

 

Fig. 3. State-machine for press actuator 

 

4. Implementation of state-machine on PLC 

A programmable logic controller (PLC) or programmable controller is an industrial computer that has 

been specifically designed to operate reliably in harsh usage environments and conditions, such as 

strong vibrations, extreme temperatures and wet or dusty conditions, and adapted for the control of 

manufacturing processes, such as assembly lines, machines, robotic devices, or any activity that 

requires high reliability, ease of programming, and process fault diagnosis. [2]  

Programmable logic controllers are intended to be used by engineers without a programming 

background. For this reason, a graphical programming language called Ladder Diagram (LD, LAD) 

was first developed. It resembles the schematic diagram of a system built with electromechanical 

relays and was adopted by many manufacturers and later standardized in the IEC 61131-3 control 

systems programming standard. As of 2015, it is still widely used, thanks to its simplicity. [3] 

A PLC works in a program scan cycle, where it executes its program repeatedly. The simplest scan 

cycle consists of 3 steps: read inputs, execute the program, write outputs. [4] 

The state machine is programmed similarly to the "CASE" or “SWITCH” statement, an instruction 

common to high-level programming languages such as C, Pascal, Java, etc. In computer 

programming languages, a switch statement is a type of selection control mechanism used to allow 

the value of a variable or expression to change the control flow of program execution via search and 

map. [5] 

Fig. 4 shown the ladder diagram implementation of the state-machine for hydraulic press actuator 
(see fig. 3). The variable used to control flow of program execution is the current state of the state-
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machine, “STARE”. The “IESIRE” bit is used to finish “CASE” statement after execution of 
instructions for current state. 
 

 

Fig. 4. Partial state-machine ladder diagram 

5. Conclusions  

The operation of electrohydraulic driven machines can be easily described using state-machines. 
On the other hand, the software implementation of a state machine to be executed on a PLC is also 
an easy task. The paper presents the solution of some practical applications, the reduction of 
hydraulic shocks and the implementation of specific movements for a hydraulic cylinder, using this 
type of process modelling. 
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Abstract: This article, by determining the mathematical relationship called the determinant of the WZ duty 
cycle variability and the procedure presented therein, gives an engineer who is not a specialist in the field of 
multi-source drives a tool to assess the impact of a possible modernization of a single-source system to any 
multi-source system (hydrostatic, electrical or mechanical). Knowing the value of the WZ determinant, the 
engineer can quickly estimate potential savings in any selected areas (energy or ecological). In this work, the 
author presented a method for estimating the potential benefits in the energy area resulting from the 
reduction of fuel consumption after replacing a single-source drive system with a multi-source system used 
for a selected load cycle. 

Keywords: Multisource drive system, hydrostatic transmission, modelling and simulation, load cycle, control 

1. Introduction  

Nowadays market of machines and devices is regulated by rigorous standards regarding energy 
consumption, environmental pollution, noise, safety, ergonomics, recycling, etc. The people 
responsible for implementing the provisions and rules contained in the standards are mainly 
engineers-designers and constructors. The multitude of regulations, new, more sophisticated 
technologies and a greater number of physical phenomena considered in machines mean that 
more is demanded from engineers. For designers and constructors, designing a machine or device 
with even greater efficiency, lower emissions of harmful or hazardous compounds, faster in 
operation, more reliable, safer, less noisy or easier to use without additional support in the form of 
a person (expert), procedure or expert support system them in areas in which they are not 
specialists is becoming increasingly difficult. 
Work is underway in many global research centers to increase the efficiency of drive systems used 
in machines operating in rapidly changing, repeatable work cycles. One of the reasons for this 
interest is the possibility of recovering part of the energy usually dissipated in the braking process, 
by collecting it and storing it in batteries, and then reusing it in the most energy-intensive phases of 
the machine's work cycle. The use of drive systems with energy accumulation, instead of classic 
drive systems, is therefore an interesting and promising way to increase the efficiency of the drive 
system - up to 30%. However, the wide scope of knowledge, the complexity of the issues and the 
costs associated with the design and construction of this type of drive systems mean that work on 
them is carried out only in a few, specialized research and development centers. 
The paper presents a method for determining the coefficient of variation (WZ) by means of which 
the designer-engineer, after determining only a few parameters that can be determined on the 
basis of the machine's operating cycle, can estimate the potential benefits associated with the use 
of a multi-source drive system instead of a single-source (classic) one to implement a given duty 
cycle. 

2. General information about multi-source drive systems (MDS) 

Seven important issues regarding the construction and design of multi-source drive systems is 
presented in Table 1.  
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Table 1: Seven important issues regarding the construction and design of multi-source drive systems 

No Description of the issue State 

1 How to assess the matching of energy and ecological 
characteristics in drive systems for spectral forms of 
loads (stochastic)? 

There are proposed assessment 
methods for selected types of drive 
systems. 

2 Ways to increase the efficiency of individual 
components and the entire drive system. 

Constant progress related to the 
development of technique and 
technology. The work is still ongoing. 

3 Appropriate, mutual adjustment of the operating areas 
of high-performance drive system components. 

The issue has been solved in many 
areas of technology. Work is ongoing 
on optimal solutions in multi-source 
systems. 

4 When to use multi-source (hybrid) drive systems, 
which enable limiting the operating characteristics of 
the primary energy source to the most favorable areas 
and recovering part of the kinetic or potential energy 
that is usually lost? 

Problem solved. There are many 
commonly used solutions 
(mechanical, electrical, hydraulic, 
etc.). 

5 Quantitative assessment of energy efficiency of 
various variants of drive system solutions operating 
under the same load conditions. 

There are many theories and 
assessment methods in this area. 

6 Answer the question: 
When is the expansion of a single-source propulsion 
system to a multi-source one justified? 

There are general considerations, but 
there is no method for estimating the 
potential benefits before deciding 
whether to expand the system. 

7 Solving control issues, in particular solving control 
system synthesis problems (on-line or off-line 
control). 

There are solutions in some areas. 
Work on autonomous systems (FL, 
NN, AI) is ongoing. 

 

2.1 Research subject 

During the analysis of the results of the research conducted by the author, it was found that it is 
possible to determine the potential benefits resulting from the use of a multi-source drive system 
instead of a single-source one at the initial stage of design work. But how to do it? The 
considerations will be presented on the example of the drive system below (fig. 1). 

 

Fig. 1. Schematic diagram of hydrostatic transmission (M: torque; ω: angular velocity; Q: flow ratio; : 

hydrostatic unit control; indexes: sp: IC engine; p: hydrostatic pump; sh: hydrostatic motor; 0: load; z: flow 
through overflow valve) [1]  
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2.2 Basic data analysis 

The basis for all analyzes of multi-source systems is the machine's work cycle (fig. 2), resulting 
mainly from the task for which it was built [2], [3], [4], [5]. 
 

 

Fig. 2. Variability of energy demand in cyclically operating drives: a) possibility of stabilizing the energy 
source, b) possibility of stabilization and energy recovery [6], [7] 

 

Most often, when describing the operation of a machine or drive system, the speed is measured 
and then, based on the energy balance of the working system, a cyclorama of force and power is 
developed (fig. 3) [8], [9], [10], [11]. 

 

Fig. 3. An example of a simple work cycle [8] 

 
In most working machines and vehicles, changes in the load state are a random process and can 
be presented in the form of a two-dimensional random variable moment Mo (force F) and angular 
velocity ωo (linear velocity v) (fig. 4) [12]. 
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Fig. 4. Examples of load density functions for a bus operating on a) urban and b) intercity routes [12], [13] 

3. Determinant of the variability of the load cycle of a multi-source hydrostatic drive system 
WZ 

Discussed in the monograph [14]: 
- kinetostatic method, 
- method of estimating fuel consumption in a single- and multi-source system (attachment), 
- simulation verification of the results obtained using the kinetostatic method, 
- proprietary software for determining the settings of drive system components, 
- and proprietary software for digitizing universal characteristics, 
were used to develop a tool (expert system) on the basis of which an engineer, even if he is not a 
specialist in the field of multi-source drives, will be able to estimate the difference in energy 
consumption by a drive system implementing a given duty cycle in the structure of a single-source 
drive system and its multi-source equivalent. With these estimates, the engineer's decision to 
upgrade a single-source propulsion system to an equivalent multi-source system will be faster and 
with less error. 
Research and analyzes of single- and multi-source drive systems operating in variable and 
repeatable work cycles, characteristic of work machines, buses, transport trolleys, etc., resulted in 
the development of a mathematical formula constituting the basis for the decision to expand the 
single-source drive system to its multi-source equivalent. Its final form was adopted in the form of 
relationship (1). It was called the determinant of duty cycle variability - WZ: 

                                                (1) 

wherein: 
WZ - determinant of work cycle variability [-], 

𝑁𝑠𝑟_𝑏𝑟 - average power in the work cycle without considering the energy that can be recovered in 

the recuperation process [W], 

𝑁𝑠𝑟_𝑟 - average power in the work cycle considering the energy that can be recovered in the 

recuperation process [W], 

td - time of energy supply to the drive system in the work cycle (No > 0) [s], 

tc - total duration of the work cycle [s], 

n - number of changes in the energy demand in the work cycle from energy supplied to the drive 
system No > 0 to energy recoverable in the recuperation process No < 0 [-]. 
The above formula considers only five characteristic parameters. It is the result of a compromise 
between the quality of the estimate of the potential reduction in fuel consumption Ge in a given 
work cycle and the time needed to perform this estimate. The WZ determinant in the proposed 
form will allow for a quick assessment of the potential benefits resulting from replacing a single-
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source drive system with a multi-source system, based on the characteristics of the machine's 
work cycle, presented in the form of the course of the effort variable Mo, current ωo and load power 
No. 

3.1 Procedure for determining the fuel consumption difference Ge  

To determine the difference in fuel consumption Ge between a single-source drive system and its 

multi-source equivalent operating in the same duty cycle, follow the procedure presented below 
(fig. 5) [15]: 
The most important elements of the method are: 

 Knowledge of the machine's work cycle - the highest priority. 

 Analysis and assessment of basic parameters of the machine's work cycle. 

 Concluding the continuation of the procedure based on the recuperation coefficient 20. 

 Calculation of the WZ variability determinant for a given work cycle. 

 Using the designated determinant function and determining potential benefits. 
 

 

Fig. 5. Scheme of the procedure for determining the WZ duty cycle variability determinant 
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A description of the procedure is provided below. 

 Presentation of the machine's work cycle in the form of waveforms of torque Mo, angular 

speed ωo and energy demand (power) No during the cycle. 

 Determining the parameters of the selected work cycle: 

a) 𝑁𝑠𝑟_𝑏𝑟 - average power in the work cycle without considering the energy that can be 

recovered in the recuperation process, 

b) 𝑁𝑠𝑟_𝑟 - average power in the work cycle, considering the energy that can be recovered in 

the recuperation process, 

c) tc - duration of the work cycle, 

d) td - time of energy supply to the drive system in the duty cycle (No>0), 

e) n - number of changes in energy demand in the work cycle from energy supplied (Ed) to the 

drive system to energy recoverable in the recuperation process (Eo). 

 Determination of the heat recovery efficiency factor 20 - eq. (6) 

 If the condition 20>0.05 is met, the next point is passed, otherwise the procedure is 

interrupted (this method cannot be used). 

 Introducing the parameters specified earlier into the relationship describing the coefficient 
of variation of the WZ duty cycle - eq. (1). 

 If the condition 0.1 ≤WZ≤0.85 is met, proceed to the next point of the procedure, i.e. 

determining the reduction in fuel consumption Ge, otherwise the procedure is interrupted 

(this method cannot be used). 

 Reading from the chart the estimated value of reducing fuel consumption Ge by an internal 

combustion engine performing a given duty cycle in the structure of a multi-source 
propulsion system in relation to a single-source propulsion system. 

3.2 Determinant of the variability of the load cycle of a multi-source hydrostatic drive 
system 

The WZ determinant. They are calculated using equations (2) to (6). Their graphical interpretations 

for load  are shown in Fig. 6. 

 

Fig. 6. Graphical interpretation of the parameters used to calculate the WZ determinant for load 
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Parameters: 𝑁𝑠𝑟_𝑏𝑟 - average power in the work cycle without taking into account the energy that 

can be recovered in the recuperation process, rN  - average power in the work cycle that can be 

recovered in the recuperation process and 𝑁𝑠𝑟_𝑟 - average power in the work cycle including the 

energy that can be recovered recovery in the recuperation process, were determined from 
equations (2) to (4): 
 

dttN
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N
ct

o

c

brsr 
0
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 dla No(t)≥0                                           (1) 
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   (3) 

where: 

 rbrsrrsr NNN  __     (4) 

The condition that initially verifies the possibility of using the WZ determinant is the heat recovery 
efficiency coefficient. Knowing the values of the parameters and, the coefficient can be determined 
from the following relationship (6): 

 
brsr

r

N

N

_

20                    (5) 

For duty cycles for which the indicator 20 reaches values below 0.05 ( 20 < 0.05), estimation of 

the difference in fuel consumption Ge is not possible using this method.  

The next parameter is the duration of the work cycle tc. This is the time from the start to the end of 
the cycle. Parameter td – this is the time of energy supply to the drive system in the work cycle 
(No>0). 
The last parameter to be determined in this step of the procedure is the n coefficient. This is a 
number that determines (for a given duty cycle) the number of transitions of the cyclorama from 
power No > 0 to power No < 0 - which can be recovered in the recuperation process. For load III 
shown in Figure 6, the number n is 1 (the location is marked with a circle in Figure 6). 
 
A graphical representation of the value of the WZ determinant as a function of the fuel 

consumption reduction Ge is shown in Figure 7. To determine the reduction in fuel consumption 

Ge for any duty cycle after replacing the single-source propulsion system with a multi-source one, 

the obtained value of the WZ determinant should be compared with the function determined on the 
basis of the approximation of the results obtained in Table 2. The formula of the function in the 
range of applicability of the method shows the relationship (7) [10]: 
 

 ∆Ge  =  4.05 ∙ WZ2 + 18.35 ∙ WZ + 16.57   dla   0.1 ≤ 𝑊𝑍 ≤ 0.85  (6) 

where: 

Ge - change in fuel consumption, 

WZ - coefficient of variation of the duty cycle. 
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                                                   Table 2: List of WZ parameters for the analyzed work cycles 

Load Nśr_br [kW] Nr [kW] Nśr_r[kW]  Ge[%] n td / tc [s]  WZ 

Load III 10.02 1.25 8.77 34.3 1 0.72 0.13 0.82 

Load IV 5.91 0.69 5.22 25.32 3 0.17 0.12 0.19 

Load V 11.05 0.75 10.30 16.19 4 0.12 0.07 0.13 

Load VI 3.15 0.76 2.39 22.09 2 0.27 0.24 0.35 

Load VII 5.01 0.90 4.11 19.56 4 0.18 0.18 0.21 

 
  

 

Fig. 7. Determinant of the variability of the WZ duty cycle as a function of the reduction in fuel consumption 

Ge, approximation with a second-order polynomial 

4. Conclusions  

The paper, by determining the mathematical relationship called the determinant of the WZ duty 
cycle variability and the procedure presented therein, gives an engineer who is not a specialist in 
the field of multi-source drives a tool to assess the impact of a possible modernization of a single-
source system to any multi-source system (hydrostatic, electrical or mechanical). Knowing the 
value of the WZ determinant, the engineer can quickly estimate potential savings in any selected 
areas (energy or ecological). In this work, the author presented a method for estimating the 
potential benefits in the energy area resulting from the reduction of fuel consumption after 
replacing a single-source drive system with a multi-source system used for a selected load cycle.  
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Abstract: Solar energy is an alternative source of green, free and widely available energy. It can meet all 
current and future needs of the world respecting the conditions of sustainable development. Heat pumps are 
devices that convert energy from external heat sources (air, water, etc.) into useful heat, which can then be 
used to heat premises and/or supply hot water in residential or commercial buildings. In this paper, a 
classification of heat pumps and several types of solar air heaters are presented. Also presented are some 
calculations for determining their energy performance to improve the heat transfer rate. 

Keywords: Heat pumps, solar panels, solar air heaters, renewable energy  

1. Introduction  

Heating is the largest final energy consumption, accounting for almost half of total energy 
consumption in most countries. 
Energy efficiency and renewable energy are of paramount importance in the European Union (EU) 
strategy for sustainable development. The ambitions for low-carbon economies and secure and 
competitive energy systems were endorsed in Directive (EU) 2018/2001 of the European Parliament 
[1]. 
Various factors are demotivating the growth of conventional fuels for power generation, such as 
limited availability of nuclear power and coal reserves and pollution threats, which harm flora and 
fauna. It is therefore necessary to meet the energy consumption target by using such energy 
resources that are abundantly available in nature and create less pollution [2]. 
Heat pumps are energy recovery systems that use some of the electricity to transfer heat at higher 
temperatures from external soil or air to a building's heating and hot water circuits. Aerothermal, 
geothermal and hydrothermal energy are considered renewable energy sources [3]. 
Heat pumps are becoming an increasingly popular choice for a home's heating and cooling needs. 
Flexibility, efficiency, long-term return on investment and low environmental impact are just some of 
the reasons homeowners are looking to replace older heating equipment with heat pumps that use 
renewable energy. The sun provides the most readily available source of energy available on earth 
as direct solar irradiation and indirect forms such as wind, agriculture, hydropower, and the sea [4]. 
The heat pump can be connected to radiators, underfloor heating, fan coils or domestic hot water, 
in a similar way to how the boiler is currently connected. What differentiates the heat pump from the 
boiler is how heat is generated, not how it is distributed. Thus, instead of burning fuel to generate 
heat, a heat pump uses a process of evaporation and condensation of the refrigerant. 
The principle of operation of heat pumps is based on the essential element in the process of 
capturing and yielding energy, on the refrigerant in the inner circuit of the heat pump.  
The refrigerant can go from liquid to cold vapor. The liquid refrigerant enters the evaporator, where 
heat transfer occurs through vaporization, from the energy source to the refrigerant. At the outlet of 
the evaporator, the refrigerant is in a state of cold vapor. 
Cold refrigerant vapors enter the compressor, where with the help of electricity, their pressure and 
temperature increase occurs. Hot refrigerant vapor enters the condenser, where heat transfer occurs 
(by condensation) to the thermal agent in the closed circuit of the heating system. At the exit of the 
condenser, following condensation, the refrigerant is in liquid state. The liquid refrigerant passes 
through the expansion valve, where its temperature and pressure decrease and from this moment 
the cycle resumes. 

https://www.sciencedirect.com/science/article/pii/S1364032120305621#b5
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Fig. 1. The principle of operation of heat pumps 

 
 

                                                                                                              Table 1: Types of heat pumps [2] 

1. Air-to-air heat 
pump 

Air-to-air heat pumps, commonly known as air conditioners, are an easy-to-
install option with little investment. The heat pump uses energy from the air to 
provide both heating and cooling capacities in an energy-efficient way. 
 

2. Air-to-water 
heat pump 

The air-to-water heat pump extracts heat from the outside air to heat the 
refrigerant (e.g. R32) which in turn passes it on to the water circulating through 
the heating systems in the home. This pump variant is considered to be the 
most economical in terms of investment and can operate efficiently up to an 
outside temperature of up to -28°C. 
 

3. Ground-to-
Water Heat 
Pump 

The ground-to-water heat pump uses ground energy, also known as 
geothermal energy, to produce heat and chilled water. It works on the basis of 
a closed circuit, consisting of the heat pump, geothermal drilling (vertical or 
horizontal collectors depending on the existing land surface and drilling 
possibilities) and the heating system in the house. By extracting energy from 
the ground, geothermal heat pumps are extremely reliable, even in the coldest 
climates. Soil temperatures remain stable throughout the year, making it an 
ideal renewable energy source. 
 

4. Ground-to-air 
heat pump 

A dual source heat pump is a solution that combines an air source heat pump 
and a geothermal heat pump. 

 

5. Water-Water 
Heat Pump 

It uses groundwater in the groundwater as a source for heat production. Water 
from lakes or rivers can also be used for heating. Water-to-water heat pump 
requires vertical well drilling. In order for it to be properly connected to the water 
source, the direction of groundwater flow must be taken into account. At the 
same time, it is a suitable solution for houses and dwellings close to a water 
source. 
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2. Solar Air Heaters 

A solar air heater is a device used to heat air as an energy transfer medium that has several 
advantages over liquid solutions. Various problems are associated with liquid solar heaters, 
corrosion problems, fluid leakage and fluid transfer power [5]. All these problems are eliminated by 
using air instead of liquid in solar heating devices. Solar air heaters collect cooled air from the bottom 
of the space and distribute it through solar heat exchangers (fig 2). Since these simple methods and 
direct transfers do not store heat, they are ineffective at night or in gloomy conditions [6]. 

 

 

Fig. 2. Air circuit in heating systems with solar air heaters 
 

Solar air heaters are classified according to their glass coatings, absorbent material, flow 
characteristics, flow types, absorbent surface texture, hybrid systems, and applications. 
 

     Table 2: Classifications of solar air heaters 

 1. Single-pass A single-pass solar air heater has air as 
its working medium. It has a glass cover, 
a single flow channel, an absorbent plate 
that has heat absorption capacity due to 
a dark paint or color, and insulation to 
cover the back of the channel to reduce 
thermal losses in the surrounding area. 
Generally, a blower is attached to the 
solar air heater to create a forced 
circulation of working fluid in the system 
[7]. 
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2. 

Double-pass The Double-Pass SAH (DPSAH) concept 
has been designed to limit heat loss in 
the surrounding area. Air passes along 
both sides of the motherboard, extracting 
heat from the motherboard, and then air 
blows in both directions of the 
motherboard in a double-pass 
configuration [8].  
 

 

2.1 Parallel 
flow 

In this type, air passes between the back 
insulating layer and the motherboard. 
The second air passage is positioned 
slightly above the motherboard and 
between the glass covers and the 
motherboard.   

2.2 Counter 
current 

The counter current model is attractive 
because it allows additional heat to be 
extracted, resulting in improved thermal 
performance.  

 
2.3 Recycling The mixture of air and the intensity of 

forced heat convection have recently 
been shown to play a critical role in 
increasing heat transfer. Part of the 
heated output air is redirected to the 
intake duct and mixed with new inlet air 
using a blower.  
 

 

3. Multi-pass The use of two or more glass coatings is 
a common practice when the solar air 
collector is operating at relatively high 
temperatures or is exposed to strong 
winds. This helps prevent convection and 
heat loss from the collector caused by 
radiation. Due to the absorption and 
reflection of sunstroke by the roofs, the 
amount of solar energy coming into 
contact with the heated surface is 
reduced when using many glass caps [9]. 
 

 

3. Calculation elements for solar air heaters [2] 

The thermal performance of a solar air heater refers to its ability to improve heat transmission. The 
effectiveness of a solar air heater is the energy balance, comprised of the solar-irradiation energy 
yield to the collectors, the useable energy gained by airflow, and the losses to the environment.  
The energy balance under controlled conditions for a collector is given as: 

Qu=[I(τα)-Ut(Tpm-Ta)]                                                            (1) 

Where 
Qu = useful heat again, W/m2; 
Ut = total loss coefficient, W/m2K; 
Tpm = average plate temperature, K; 
Ta = ambient temperature, K.  
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The effective transmittance 0 product (τα) is a factor that handles the dynamic interactions of the 
optical characteristics of the glass and the absorber surface. In reality, the configuration of the 
absorber, incident solar energy, fluid velocity, and fluid characteristics all influence the mean 
temperature of the base plate and can be calculated with the formula (2): 

Qu=F
'[I(τα)-Ul(Tfm-Ta)]                                                         (2) 

However, the mean absorber-plate temperature, Tpm, and average fluid temperature, Tfm, are 
generally unknown. The above equation can be modified for more practical use and is given as 
follows: 

Qu=Fr[I(τα)-Ul(Tfi-Ta)]                                                         (3) 

Where: the heat-removal factor (FR) can be calculated as formulas (4): 

Fr=
ṁCp

Ul
[1-exp (

-F
'(Ul)

ṁCp
)]                                                         (4) 

The thermal efficiency (ηth) of a solar air heater can be calculated as formulas (5): 

η
th

=
Qu

I
                                                                         (5) 

From Equations presents the following relationships can be obtained as formulas (6), (7),(8): 

η
th

= [τα-Ul
(Tpm-Ta)

I
]                                                         (6) 

η
th

=F
' [τα-Ul

(Tfm-Ta)

I
]                                                         (7) 

η
th

=FR [ατ-Ul
(Tfi-Ta)

I
]                                                         (8) 

The above Equations (6)–(8) are recognized as the Hottel–Whillier–Bliss equations. Bondi [10] 
provided the expression for solar air heater thermal efficiency (η𝑡ℎ) that applies to the air-outlet 

temperature to calculate the η𝑡ℎ of solar air heater when pulling air from the atmosphere: 

η
th

=FR [τα-Ul
(Tf0-Tfi)

I
]                                                         (9) 

Where: Fo is the heat-removal factor based on the temperature of the output air and is written as 
formula (10): 

F0=
ṁCp

Ul
[exp (

F
'
Ul

ṁCp
) -1]                                                       (10) 

4. Heat transfer performance of solar air heaters 

A solar air heater performance may be determined using this efficiency with the ratio of helpful 
energy gain to solar radiation during a limiting time. Mathematically, it can be expressed as formula 
(11): 
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η=
∫ Qudθ

θ

0

Ac ∫ Idθ
θ

0

                                                              (11) 

Where: 
η = average collector efficiency over a period of time; 
I = intensity of global incident radiation, W/m2; 
Qu = useful heat gains over a period of time; 
Ac = collector-plate area, m2; 
θ = time interval, seconds. 

For any short period, the η𝑡ℎ of a collector is simply the ratio of the rate of useable energy to the 
intensity of incoming radiation at that precise moment in time and may be expressed as (12): 

η
th

=
Qu

I
                                                                    (12) 

The thermal efficiency η𝑡ℎ can be expressed as (13): 

η
th

=
ṁCp(Tf0-Ta)

IAc
                                                                  (13) 

The η𝑡ℎ evaluations of the solar collector are required to obtain the fundamental design data utilized 
to develop collector systems. (a) The National Bureau of Standards (NBS) and (b) the American 
Society of Heating Refrigeration and Air Condition Engineering (ASHRAE) standards 93-77 are the 
two techniques for solar-collector standard testing. 
NBS recommends the following η𝑡ℎ equation (14): 

η
th

=F
' [τα-Ul

(Tfm-Ta)

I
]                                                          (14) 

It is recommended [11] the following equation for η𝑡ℎ: 

η
th

=FR [τα-Ul
(Tfi-Ta)

I
]                                                          (15) 

Where: FR = receiver heat-removal factor. 

Configuration for a solar collector of predefined specifications (η𝑡ℎ ) can be indicated in the following 
set of equations (16)-(20). 

Case A: with air recycling, i.e., (Tfi > Ta) 

η
th

=F
' [τα-Ul {

(Tf0-Ta)+(Tfi-Ta)

I
}]                                                         (16) 

η
th

=2ṁCp [Ul {
(Tf0-Ta)+(Tfi-Ta)

I
}]                                                         (17) 

Case B: without air recycling, i.e., (Tfi = Ta) 

η
th

=F
' [τα-Ul {

(Tf0-Ta)

2I
}]                                                        (18) 

η
th

=F
' [τα-Ul {

(Tf0-Ta)+(Tfi-Ta)

2I
}]                                                         (19) 

η
th

=2ṁCp [{
(Tf0-Ta)

2I
}]                                                         (20) 
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These characteristics are shown in Fig. 3, known as design curves [12].  
 

 

 

 
Fig. 3. Design curves (a) with air recycling and (b) without air recycling. 

5. Conclusions  

The performance of solar air heaters is greatly influenced by solar irradiance, atmospheric and air 
temperatures and air velocity, and energy from heated air cannot be stored yet. 
Further research into solar air heaters could lead to new, efficient and low-cost hot air generating 
equipment solutions alone or in combination with other heating systems resulting in simpler, high-
efficiency, environmentally friendly heating equipment that contributes to long-term sustainability. 

 

https://www.mdpi.com/2071-1050/14/19/12149#fig_body_display_sustainability-14-12149-f014
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Abstract: Cold Spraying (CS) is a thermal spray process investigated and presented by many authors as an 
alternative to producing AM freeform parts. It has severe differences from the laser, welding, and other thermal 
spray processes since CS does not change the properties of the feedstock powder by heating or melting during 
the AM part fabrication because the powder is kept below its recrystallization temperature during the spraying 
time. However, CSAM produces parts with a very high density, >99%, due to the very high velocity imposed 
on the particles, reaching supersonic velocity values. Therefore, the correct selection of feedstock powder, 
deposition parameters, and strategy are fundamental for achieving high Deposition Efficiency (DE) and good 
CSAM performance. CS also prevents materials oxidizing during the deposition due to the relatively low 
temperature that the material absorbs at the spraying time. In addition, CS avoids other harmful effects seen 
in other AM or thermal spray processes, such as evaporation, melting, recrystallization, tensile residual 
stresses, debonding, and gas releasing, besides the ability to deposit high-reflective metals such as Cu and 
Al. A great CSAM advantage is the possibility of the deposition of dissimilar materials, e.g., a sandwich-like 
structure of Cu and Al or composite components, which is not feasible by welding. The performed statistical 
analysis of the components determined the complexity of the layered composite structure. And the developed 
model of the weakest micro-volume presented in this work was the basis for describing not only the predictable 
strength of the laminate, but also the character of failure, taking into account the stresses in the reinforcement 
and the distribution of final deformations in the structure of the composite under consideration. 

Keywords: Cold sprayed, the cross-linking process, component of composite, strength  

1. Introduction 

The process of depositing metal coatings on polymers or more complex engineering materials such 
as plastics to obtain good strength properties at the expense of less weight (in many industries) is a 
topical subject. The process is valuable for depositing materials that are extremely sensitive to the 
presence of oxygen and readily oxidize at moderately elevated temperatures. Examples of oxygen-
sensitive coatings that are typically produced by cold spraying: composites of aluminum, copper, 
titanium and carbides (e.g., tungsten carbide), as well as coatings made from amorphous alloys. 
The wide assortment of composite components (especially those with a polymer matrix) appearing 
on the market, forces us to develop new models and procedures for molding the strength properties 
and resin systems, respectively, in the manufacture of laminate.  
During the crosslinking of chemically curable compounds such as epoxy resins (with the structure of 
polar epoxy rings) having the nature of polyaddition (or ionic polymerization), the curing process 
proceeds without volatile by-products (low-molecular-weight precipitates), based on bisphenol A 
glycidyl ether (DGBEA - diglycidyl ether of bisphenol A [1-3]. That's why the curing process is so 
important, determining the quality of the laminate and its adhesion with other materials. And non-
uniform curing as a result of failure to meet the reaction parameters (non-linear increase in internal 
temperature due to exothermic chemical reaction of epoxy), leads to exceeding the so-called "life of 
the resin system" and may cause incomplete curing or entrapment of volatiles or voids, respectively, 
and thus degradation of the matrix. 
Among other things, cold spraying can be used to repair machine parts to (metal particles, nickel 
alloys or titanium alloys move in a mixture of nitrogen and helium and are gradually applied to the 
damaged part) restore the desired surface. That is, in this process, metal powder with relatively small 
particles (1÷50 µm in diameter) is applied to the coating. Additional heating of the batch powder does 
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not occur, unlike other thermal spraying processes. Particles of powder carried from powder feeder 
by separate gas stream are injected into a high velocity stream of the gas (300÷1200 m/s) and 
accelerated towards substrate. The stream of the pressurised and preheated gas achieves high 
velocity by flowing through a converging-diverging nozzle. In the diverging part of the nozzle gas is 
expanded to supersonic velocity with simultaneous fall of pressure and temperature. The particles 
are first injected in front of the nozzle throat or downstream and after exiting the nozzle impact onto 
substrate at a very high speed (Fig. 1). Upon impact, the particles in the solid state (opposite to the 
others thermal spray processes where particles after heating are plastic or molten) deform to the 
form of the splat and create a bond with the substrate. Subsequent new particles impact onto the 
substrate and form bonds with previously sprayed and deformed particles. Because of very high 
speed of powder particles, despite the lack of heating, the degree of particles deformation is very 
high. As a result, a uniform coating with small number of pores and a very high adhesion and 
cohesion are formed. The definition “cold spray” has come into being to describe this process due 
to low temperatures ( -100 ÷ 100 oC) of the gas stream at the exit of the nozzle. 
 

 

Fig. 1. Schematic of cold spray [4] 

 
The basic characteristic feature of cold spray process is the temperature of the gas stream which is 
always below the melting point of the sprayed material. As a result, the coating is formed in a solid 
state. All phenomena accompanying creating of the coating as adhesion to the substrate or cohesion 
are accomplished in a solid state too, so cold sprayed coatings present unique properties. Firstly, 
low temperature of the process lets to avoid any phase changes in the feedstock powder, so the 
sprayed coating presents the same phase composition. Next, as other deleterious phenomena as 
particle oxidation, evaporation, melting, recrystallisation or gas release are avoided, the obtained 
coatings are more durable with a better bond strength. Additionally, a very strong adhesion of the 
coatings to the substrate occurs as result of low temperature of coating deposition. 
The objective of the presented studies was to analyze the microstructure and mechanical properties 
of a cold sprayed Ti-6Al-4V structure for the structure of a composite (laminate) for application in 
additive manufacturing on hydraulic components.  

2. Experimental Data Processing  

2.1 Component selection and composite manufacturing technology 

In order to carry out the task at hand, that is, spraying a layer of Ti-6Al-4V onto a 4-layer composite 
molded by the Vacuum Bagging Method at the laboratory of Kielce University of Technology. The 
flexible vacuum bagging method [5, 6] involves extracting excess resin system and air from a 
package of percolated composite reinforcement between the mold and the vacuum bag. 
In the composite molded by vacuum methods, a 200g/m3 carbon fabric reinforcement [7] and LH 288 
epoxy resin (with H 505 hardener) were selected. The bisphenol A-based epoxy matrix is 
characterized by very low viscosity, excellent mechanical and chemical properties and thermal 
strength. 
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2.2 Vacuum forming process of layered composite 

It should be mentioned that at the initial stage of layered composite manufacturing, the mold was 
degreased by applying a thin layer of a separator (such as Spacewax 300). After the acetone 
evaporated from the separator (after about 15 - 20min), the surface of the mold was polished (in 
order to achieve a better quality of the mold surface). After which, double-sided adhesive tape was 
applied to the edges of the mold, thus defining the field of the prepared mold.  
Then, after the appropriate number of layers of carbon cloth were applied and seeped, auxiliary 
materials were applied (Table 1) and the flexible bag was fixed with clamps on the edges of the mold. 
An attached spigot (with a vent and optional vacuum reading connector installed), extracted air and 
possibly excess resin system from the laminate using a vacuum pump. 
 

                                              Table 1: Results of tests of static strength component composites [8] 

No Supporting material Functions 

1 Delamination (peel ply) acting as a separator of the final product, after tearing off 
provides a matt laminate surface 

 

2 suction mat 
(breathable) 

which extracts excess resin system 

 

3 perforated foil which is stuck to the edge of the mould with double-sided 
tape (Fig. 4), thus creating a vacuum (closed system) 

 

 

The process of introducing the resin system (injection molding) in a liquid state is carried out through 
the feed channels into the mold, which were closed after 13 minutes. The technological parameters 
of the molded laminate with a percentage of 50/50 components are shown in Table 2. 

      Table 2: Technological parameters of layered composite obtained using vacuum bagging method 

Pressure, bar Hardener Molding time,h Gelation time, h Additional heating, oC(h) 

- 0.6 
overpressure 

27%  H 
505 

ca. 24 1.5 (T=21-23°C) 50 (10 

 
Then, samples according to PN-EN 10002-1+ACI were cut out of the carbon-epoxy laminate with an 
average thickness of 1.8 2.0 mm, with dimensions (250 x 25mm) and a 200mm measuring base. 
The cut specimens were then subjected to a static tensile test on a SHIMADZU AGX-V 20kN 
machine at a speed of 2 mm/min. 
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To determine the effect of post-curing, the rest of the specimens were then exposed to UV lamps at 
60°C (with 0.76W-m-2 ×nm-1 light at 340nm wavelength) and an additional annealing at 50°C for 4h 
in accordance with ISO 4892-3 and the manufacturer's recommendations. 

2.3 Methodology 

The coatings were sprayed using the Impact Innovations 5/8 system with the robot Fanuc M-20iA at 
Kielce University of Technology [9]. The feedstock used for this study was commercial Ti-6Al-4V 
powder with a "coral-like" morphology (Fig. 2). The working gases used in this process were nitrogen 
and helium in equal proportions. The coatings sprayed onto the titanium mandrel had a thickness of 
15 mm. The microstructure and chemical composition of the powder and the coating were analyzed 
by means of SEM Jeol JSM-7100. The micromechanical testing of coatings was carried out with the 
use of the nanoindentation technique (Nanovea) with a Berkovitz indenter (the Olivier and Pharr 
methodology).  
 

 

Fig. 2. Morphology of Ti-6Al-4V powder 
 

The high kinetic energy of feedstock particles and their morphology caused significant deformation, 
and particular splats strongly adhered to the substrate and to each other. Throughout the cross-
section, the coating was homogenous and exhibited negligible porosity (Fig. 3). 
 

 

Fig. 3. Microstructure of cold sprayed Ti-6Al-4V coating 
 

On the other hand, histograms and probability distributions of the hardness and Young's modulus 
of cold sprayed coating showed significant differences (Fig. 4).  
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a)                                                         

 

b) 

 

c) 

 

                                                                                
d)                                         
 

 

Fig. 4. Distribution of the mechanical properties for a Ti-6Al-4V cold spray coating: (a) hardness map, (b) 
hardness histogram, (c) elastic modulus map, (d) elastic modulus histogram 

2.3.1 Statistical analysis of laminate (sandwich composite) components 

The processing of experimental data was based on the assumption that the strength of samples of 
fibers, bundles of fibers, respectively, decreases as the complexity of the structure increases (which 
takes into account the strength properties of the components). 

 fibres  >  bundels of fibres  >  sandwich composite (laminate)                            (1)     

To this end, the distribution function of the glass composite components [10] was investigated as a 
result of static tensile testing for 12 and 64 samples (Fig. 5) of fibres and an elementary fibre bundle 
(so-called strands consisting of 10 fibres), respectively. When analysing the experimental data, it is 
quite important to determine the magnitude of the scatter and to adopt a hypothesis regarding the 
statistical distributions of the static strength (Sstatic) of the components of the analysed composite 
structure. Then, the hypothesis of log.-normal strength distribution [19] was adopted for the tested 
samples through the function: 

))/))((log(1()( 100 −−= xxxy                                                           (2) 

where  )(0  - is the standard normal distribution function. 

The complexity of the structure of the composite material (from the fibre to the fibre-strand bundle, 
and then to the laminate itself) causes a deterioration of the average strength and a change in the 
parameters of the strength probability distribution function (showing a reduction in the value of the 
statistical parameter which is the standard deviation). Fig. 5 shows classical probability plots of the 
static strength of the composite components as well as of the composite itself. It can also be seen 
that the strength range of the fibre bundle specimens is much larger than the strength range for the 
epoxy composite. This is because no two identical active fibres can ever be obtained, as each bundle 
has a different number of broken fibres that do not carry the load. Assuming in the model (the main 
idea of the Daniels model) that the distribution of tensile loads S between n parallel, uninterrupted 
composite components (strands or fibres) is uniform with the expected fraction of failed strands Sb 
(the average nominal breaking strength) will be equal to F(s), where F(.) is a function of the 
cumulative strength distribution of the n strand bundle. 
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( )F(s)sns
s

b −= 1max                                                             (3) 

 

 

Fig. 5. The normal plot for static strength of  а – specimens, b – 10 strands [11] 

 
Making the above assumptions in accordance with the idea of the Daniels model, it can be formulated 
that: "all fibres have the same load-stress curve and b(S) is the probability of failure of one fibre 
under load S and (1-b(S)) converges to 0 faster than 1/S, then the strength of a strand S with a 
sufficiently large number of fibres has a normal distribution with an expectation value, whose 
parameters are shown in Table 3.  

                     Table 3: Parameters of the probability distribution function of the composite strength 

No. Parameters Correlations 

1 Normal distribution with expected 
value 

)](1[ rrr sbsnS −=                         (4) 

2 Standard deviation (OS) )](1[)( rrr sbsbns −=                    (5) 

where: sr corresponds to the maximum )](1[ sbs − , 

which is the average force )](1[ rrr sbsS −= then OS 

has the form: 

nsbsbs rrr /)](1[)( −=                        (6) 

3. A strength model of a fibrous composite with statistical analysis of the properties  
of polymer matrix components sprayed with Ti-6Al-4V  

Assuming a composite consisting of n-fibres embedded in a matrix and the assumptions in Table 4, 
we observe damage to components within elementary micro-volumes as a result of the development 
of micro-destruction (elementary volume through the destruction of individual fibres, fibre bundles, 
matrix cracks up to the avalanche development of macro-cracking). 
 

Table 4: Results of tests of static strength component composites [8] 

No Model objectives 

1 The composite consists of fibres (processed into fibre bundles) and matrix, as monolithic joints (Fig. 
6). 
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Fig. 6. Fiber bundles immersed in a matrix: 1 -  fibers,  2 - matrix,   3 - bundles of fibers 

2 The fibres (fibre bundles) have random physical-mechanical properties with randomly distributed 
defects. 

3 The deformation in the cross-section is the same in all elements (i.e. the stress in the matrix is less 
than that in the fibre bundles and the shear deformation in the bundles is negligible compared with 
the shear deformation in the matrix). 

4 When a fibre or a bundle of fibres in a layer (or sandwich composite) breaks, it is transferred to the 
adjacent fibres (bundles) as a result of shear forces in the matrix (Fig. 7). 

 

Fig. 7. Composite: 1 - bundles, 2 -  matrix, 3 - crack bundles, 4 - elementary destruction volume,  
5 – destroyed 

5 The accumulation of damage cracks in the material structure leads to the appearance of a sufficient 
number of non-functioning fibre segments (bundles) in the whole volume and the formation of weak 
segments, which leads to the destruction of the layer (and the laminate) through a critical elementary 
volume Lkr (Fig. 8). 
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where: Lkp - critical ineffective length; j  -  is the relative loading level at which the fiber is considered 
included in the work (0.97);  df - is the fiber diameter; Ef  - is the elastic modulus of the fiber; Gm - 
matrix shift modulus;   Vf - is the filling factor. 

 

Fig. 8. Elementary volume with broken fibre at ineffective length (lkr) at tension (, ) 

6 The destruction process takes place in the same way in both the resin bond and the sandwich 
composite (laminate). 

4. Analysis of the results 

The obtained values of strength () of the 4-layer composite (from static tensile testing), highlight a 

slight deviation from the average  = 126.20MPa (Table 5), related to the plasticization of the matrix. 
The source of this behavior is their complex microstructure, which makes polymers at the molecular 
level (i.e. chains, network rings and their crystalline, amorphous and mixed combinations) sensitive 
to the effects of temperature, visible and ultraviolet light, as well as water (moisture), atmospheric 
and chemical pollutants. 
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Table 5: Mechanical properties of the layered composite obtained by the vacuum bagging after accelerated 
postconditioning of the laminate with fluorescent light in parts of the UVA, UVB and UVC spectrum 

Sample No. , mm σmax, MPa E, GPa 

A–1 1.60 110.47 6.56 

A–2 1.84 121.96 6.65 

A–3 2.14 146.17 6.76 

average 1.85 126.20 6.65 

 
Assuming that the given arrangement of reinforcements works to a greater extent in shear, the glass 
reinforcement will be destroyed earlier as a result of shearing of the interfacial boundary and the 
resin layer between the layers, causing significant changes in material constants depending not only 
on the strength of components (fibres and matrix), but also on the course of the technological process 
(uneven fibre arrangement in the whole volume, local discontinuities of fibres, lack of adhesion at 
the fibre - matrix boundary, as well as voids, micro-cracks or gaps) and additional matrix 
plasticisation. With a view to a uniform stress distribution in the volume. 

 
(8) 

 
where: ni - number of fibers, (i = 1, 2, 3,..., n); Fi  - cross-sectional surface area pole of the fibre;   
            P - force (load); Φ - the load level at which the fibre effectively works with the matrix. 
The destruction of components (fibres and fibre bundles with individual physical-mechanical 
properties [12, 13] was based on the critical micro volume. 
The location of torn components as fibres, (or bundles of fibres) is random causing an increase of 
loads between them. At the destruction of the reinforcement in the composite structure the 
mechanism of stress distribution between the adjacent components (fibers, or fiber bundles) on Lkr 
is activated (under the influence of tangential stresses τ, regroups the stresses on the adjacent fibers 
- Fig. 3). 
 

(9) 

where    β – const. (
B

1
= );  ε –  fibre elongation of the i-th component of the composite;  

  r –  fibre radius, l – fibre length (critical length).  
Where: 
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ee

ee
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−
=)tanh(      (10) 

The failure process continues, as the load on the fibre is increased by the amount of the redistributed 
portion of the stress from the broken fibre (or fibre bundle). If the ultimate strength of the laminate 
(fibre bundle) is exceeded, the redistribution of local stresses (between adjacent components) is not 
possible. 
In such a case the failure of the n-th volume (Vn) with already significant de-lamination takes place in 
the weakest micro-volume, which is the strength criterion of the whole laminate (Table 6). 

 = 2/r                                                                 (11) 

Table 6: Parameters of the model taking into account the crosslinking process (post-curing) of the laminate 

Cross-referencing Lkr, mm lok, MPa max.,  MPa 

After curing 1.006 1.3025 104.62 

 
The process of destruction of the composite structure components as well as the composite itself 
should be complemented by the analysis of the influence not only of the load, but also of the 
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atmospheric (operational) factors, which complement the sequential accumulation of damage. 
Having a well-crosslinked (hardened) laminate we can determine the influence [14] of aggressive 
factors (such as sulphur di- and trioxide SO2 and SO3, nitrogen oxides and carbon oxides), which in 
combination with moisture are inorganic acids.  
Also, during aging (which is a process of structural changes that occur in the polymer under the 
influence of long-term external factors) under natural climatic conditions, it is most often difficult to 
distinguish which factor has the dominant influence, as they act simultaneously. All the above-
mentioned chemical transformations are very complex and often proceed simultaneously. 

5. Conclusions 

This paper presents the microstructure and mechanical properties of a cold sprayed Ti-6Al-4V 
structure for the structure of a composite (laminate) for application in additive manufacturing on 
hydraulic components. A model for estimating the strength of a fibrous composite based on the 
critical micro-volume, taking into account the distribution of strength properties and the degree of 
hardening during the laminate curing process using the vacuum bag method is described. The model 
has been validated with literature examples and experimental data. The non-linear internal heat 
source and heat transfer process cause non-uniformity in temperature and cure inside the epoxy 
part. This work is therefore an introduction and at the same time an innovative method that allows 
further insight into the epoxy resin curing process, which can improve the mechanical and 
operational properties of the finished element by reducing deformations and residual stresses during 
the curing process. 
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Abstract: By following the expression of the binding force of the molecules (resistance of fluid to flow) under 
controlled pressure and temperature conditions and the influence of the characteristics on the efficiency of the 
components of the hydraulic mechanism, one can evaluate the compatibility and optimize the potential of the 
lubricating fluid (subjected to physical-chemical stress) and its impact (toxicity and loading) on the environment 
after the cycle of use. Phenomena inside the lubricant layer have a great influence on lubrication, as a result 
of the association of molecules under the action of existing polar substances, but also through intra-molecular 
friction. The phenomena occurring at the friction surface, at the micro level of the peaks in contact, where the 
temperature and pressure are significantly increased, can be studied and diminished to reduce energy losses, 
by creating a protective layer, thus providing better resistance and elasticity of the molecular contact surface. 
Starting from the aspect of element interactions and the study of chemical transformations between friction 
surfaces and reaction media, the action of (tribological and rheological) phenomena on the durability of 
mechanical systems can be analysed and developed. This action can be carried out through mathematical 
modeling and parameter calculation methods, which define the phenomena that take place at the collision, for 
the extension and improvement of the experiments at the prototype level. The cumulative influence of the 
phenomena inside the lubricant layer with those occurring at the lubricant-metal interface is determined by the 
surface properties of the lubricant but also by the attraction forces from the surface of the metals with which 
the lubricant is in contact. 

Keywords: Tribology, durability, lubricant, viscosity, hydraulic systems  

1. Introduction  

The development of applications involving friction, wear and lubrication processes at the level of 
interactions of surfaces in relative motion requires interdisciplinary connections of mechanics, 
mathematics, physics and chemistry, materials science, biology and engineering sciences. This type 
of movement between two surfaces highlights specific basic tribological phenomena (lubrication, 
friction and wear). The methods used for the synthesis of lubricant composite materials aim to ensure 
certain performance characteristics of the resulting product. Thus, the lubricating oil is recommended 
for one or more essential properties of a given application: thermal properties, very good chemical 
resistance, ordered texture on a micro or nanometric scale.  
The main aspects of molecular interactions are aimed at: 
- geometry, kinematics and dynamics of interactions; 
- friction phenomena in the absence and/or presence of the lubricant; 
- wear phenomena at the level of interactions between fluid layers; 
- lubrication phenomena in limit, mixed, hydrodynamic (HD), elastohydrodynamic (EHD) regime, etc. 
The quality of a hydraulic fluid is strongly influenced by the characteristics provided by the finished 
product. In order to meet the quality criteria of hydraulic oils, lubricating oil compositions have been 
developed which, among other things, ensure: 
- energy transmission and saving;  
- provides superior protection against fluid losses (through leaky seals, contaminants, pump wear 
and irregular operation); 
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- lubrication, friction protection (between metal components, anti-wear);  
- anti-corrosion protection of lubricating circuits; 
- increasing both thermal and oxidation stability;  
- neutralization of acid products and maintenance of oil characteristics even under conditions of 
exposure to moisture and extreme temperatures;  
- demulsifying properties (for rapid water separation) and good filterability, with high anti-wear and 
EP characteristics;  
- decreasing tendency foaming agents (containing antifoam agents to control the release of entrained 
air);  
- compatibility with non-ferrous metals;  
- increasing machine reliability/operating time between lubricant changes; 
- maintaining and extending machine lifespan;  
- preventing rust and corrosion, etc. 
The lubrication and flow characteristics of the oils are represented by: 
 - unctuousness, a property that depends on the polarity and the length of the molecules in the 
lubricant, 
- fluid viscosity, a property that is strongly influenced by the molecular orientation in the fluid layers 
and the temperature of the flow. This property can affect power losses in hydraulic systems, 
hydraulic-mechanical losses (friction losses in pipes) and volumetric losses (leakage losses). These 
two properties have an influence on the wear of the hydraulic system, namely: the operation of the 
system in a wide range of temperatures, lower oil consumption, better sealing between the piston, 
segments and cylinder.  
Accidental oil leaks and spills from various hydraulic devices are a medium and long-term 
environmental polluter. These residual oils have a content of toxic, dangerous particles (metallic and 
hydrocarbons) with a high migration potential (in soil and groundwater) and complex volatile, 
hydrophobic, biodegradable, etc. mixtures, which produce damage with a major impact on the soil, 
with effect on the ecosystem such as:  
- the disappearance of some species; 
- danger to health and food safety (weaker harvests); 
- threatens the well-being of ecosystems and the environment; 
- climate change (release of CO2); 
- desertification (arid regions); 
- population dislocations (emigration), but also economic (local, zonal, regional) impact. 
The pollution aspects as much they are known, they are as much debated, this topic being of real 
interest also for the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 
Services (IPBES), which dealt with this topic in a Report on soil degradation. Soil pollution is a global 
threat, extremely serious especially in regions such as Europe, Asia and North Africa, according to 
the Food and Agriculture Organization of the United Nations (FAO) [1]. Phenomena such as erosion, 
loss of organic carbon, high salt content, compaction, acidification and chemical pollution are the 
main causes of current soil degradation. FAO shows that both intense and moderate degradation 
already affects a third of the planet's soil, and recovery is slow, practically 1000 years would be 
needed to create a layer of 1 centimeter of arable soil. Therefore, choosing the lubricant for fixed or 
mobile equipment with hydraulic systems is an extremely important issue, which requires knowledge 
of the existing working conditions and environment, the required physical-chemical properties, the 
degree of loading, the special requirements and the compositional content of these hydraulic oils. 
 
2. Analysis methods and hydraulic oils characterization mechanisms 
 
The main characteristics of these oils can be grouped as follows: 
- to ensure superior lubrication qualities (viscosity, viscosity index, unctuousness); 
- to determine the field of use (viscosity variation with temperature and pressure, volatility); 
- to determine the stability under conditions of use (resistant to oxidation, to the formation of 
deposits); 
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- for purity and anticorrosiveness (content of mechanical impurities, water, anticorrosive properties), 
- various, for oils depending on their field of use. 
Therefore, it is very important that the hydraulic oil has the best and long-lasting stability with 
temperature variation. The specialized literature confirms that the addition of additives with combined 
effects leads to an increase in the viscosity index [2, 3]. Additives are chemical substances, organic 
compounds, based on metals or polymers, in a proportion of 25-15%, whose chemical composition 
must be compatible with the sealing system and which confer the anti-wear, anti-corrosion and 
maintaining functions of lubricant viscosity. 
From the point of view of the type and nature of the additives introduced into the base oil, they can 
be: 
✓ viscosity modifiers 
✓ anticorrosive and antirust 
✓ defoamers 
✓ pour point depressants 

These additives are used to prevent the formation of crystal networks or to inhibit the growth and 
solvation of nascent paraffin crystals by adsorption. 
✓ dispersants (detergents) 

Due to the super basic nature of these additives, low operating temperatures, solid impurities are 
kept in suspension and thus corrosion can be combated. 
The action of these additives can be explained by three types of mechanisms: 
⚫  adsorption, mechanism by which agglutination is prevented; 
⚫  solubilisation, a mechanism leading to the formation of water-in-oil micelles that encapsulate 

oil-insoluble particles;  
⚫  chemical neutralization, a mechanism that can stop the phenomenon of polycondensation. 
✓ antioxidants (inhibitors of radicals and hydroperoxides) 

This type of additives can interfere with the propagation mechanism at different stages of the process 
through free radicals. These are the most used additives, being practically added in the formulation 
of all lubricating oils.  
✓ extreme pressure and anti-wear 

These adhesives have as their first role the formation of a protective pellicle layer as a result of the 
orientation and adsorption of the polar functional groups on the polymer chain.  During lubrication, 
physical or chemical adsorption phenomena occur and the orientation of surfactant molecules from 
the lubricant at the metal surface takes place. The molecules orientation in the first layer is much 
more stable than that of the other layers, so the disorder gradually increases in the volume of the 
lubricant. 
The following transformations can occur in the lubricating mechanism system: 

- plastic deformations in the metal, without it being destroyed, as a result of the adsorption 
mechanism at the level of the first layer; 

- increasing the contact surface with the formation of compounds with lower mechanical resistance 
(surfactants with groups of sulfur, chlorine, phosphorus, etc.) as a result of some chemical reactions 
taking place; 

 - arching of the chain of oriented molecules as a function of speed, which is stronger the longer its 
length and stability, but above a certain speed, breakage of hydrocarbon molecules or pairs of 
molecules in the oriented boundary layer may occur, as a result of the fact that in the hydrocarbon 
planes the bond energy is lower than in the surfactant planes. 
The tendency to break increases with increasing chain length, therefore with the thickness of the 
lubricant film.  
One can expect different phenomena developed by contaminants, especially secondary products 
resulting from thermal decomposition or oxidation reactions. Numerous compounds (alcohols, 
aldehydes, ketones, lactones, esters, acids, condensation products - resins) with characteristic 
effects were identified in the used oils. Thus, acid radicals attack metals, oil-soluble salts favour the 
formation of emulsions, oxygen compounds lead to colloidal deposits, so through oxidization the 
volume of molecules increases and blocks the filter and hydraulic valve, water generates emulsions, 
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causes foaming (aeration increases the compressibility of oils, the cavitation effect appears) and 
accelerates oil oxidation, suspended solid particles contribute to premature wear of hydraulic oil, the 
presence of sulfur in oils leads to the appearance of corrosive compounds during use, the increase 
in hydrogen content leads to a decrease in relative density, oil vaporization leads to the formation of 
insoluble condensation products, condensation products settle, increase viscosity, form corrosive 
acidic substances and impede transmission. 
To combat phenomena induced by various contaminants, manufacturers resort to specific additives 
with various effects for the protection of hydraulic drive systems. The best known of these specific 
additives are: 
⚫  Ashless dispersant type additives 

From this category, the most commonly used additives contain polyisobutene, where the polar part 
is an amine and the linking group is maleic anhydride or the phenolic nucleus. 
⚫  Additive with depressant effect 

From this category, the most frequently used additives are based on polyalkyl acrylates and polyalkyl 
methacrylates, substances with functional groups that occupy an important place in the production 
of additives of this type.  
⚫  Ameliorating type additives 

This type of additives contains copolymers of fumaric esters with vinyl acetate, copolymers of alpha 
olefins, styrene-butadiene or styrene-isoprene copolymer and polyalkyl-styrenes, as well as 
naphthalene and phenol derivatives, the best known being a polyalkyl-naphthalene and ditetra alkyl-
phenol phthalate or polymers of these copolymeric derivatives. However, too high a content of 
ameliorate additives is not recommended for closed systems because they reduce the rate of water-
oil separation. 
Other types of specific additives are also: 
⚫  Viscosity index modifiers 

These additives have in their composition organic polymers, soluble in oil, such as polyisobutylenes, 
polymethacrylates, copolymers of methacrylates with alkyl radicals of different lengths, ethylene 
propylene copolymers, hydrogenated block copolymers of isoprene and styrene as well as 
polyacrylates, from the range of acrylic copolymers with alkyl radicals of different lengths. Polymer 
additives are made up of macromolecules with different degree of polymerization; they can be 
characterized by chromatographic analysis, the most used being the gel permeation method. At high 
temperatures or at friction between lubricated parts, at high pressures and speeds, macromolecules 
break. For this reason, shear strength becomes an important characteristic of polymers. 
⚫  Antioxidant additives 

Like the ameliorate additives, these additives contain phenol derivatives but also aromatic amines 
such as: di-tert-butyl-paracresol, also known as Topanol, with an antioxidant effect up to 180oC, 
octyl-diphenyl-amine, alkyl phenyl-beta - naphthylamine. Among the most widely used peroxide 
removers there is the zinc alkyl dithiophosphate compound that acts as an anti-wear additive, but 
there are also compounds with sulfur, with selenium, or their combinations, for example compounds 
with sulfur and nitrogen, with sulfur and phosphorus, etc. 
⚫  Additives for extreme pressure and anti-wear 

This type of additives forms a film protective, a coating layer that contains several types of polar 
organic compounds such as: alcohols, esters, amines, fatty acids, sulfur compounds as disulfides, 
sulfurized olefins, esters of sulfurized unsaturated fatty acids of the dialkyl polysulfide type, 
dithiophosphate of zinc, and above all, additives with sulfur and phosphorus or sulfur, phosphorus 
and nitrogen which give appropriate anti-deposition qualities to hydraulic oils.  
Filterability is an important characteristic for the good operation of hydraulic equipment. Mixed oils 
contain constituents of different origins, each type of oil has specific properties in certain amounts 
and provides a certain contribution, resulting in a beneficial and balanced oil for the hydraulic system. 
Their composition contains an ideal percentage of polyunsaturated fatty acids such as linoleic and 
linolenic acids, monounsaturated fatty acids and other constituents. Vegetable oils contain a mixture 
of technological plants, seeds (sunflower, soybean, corn germ, rapeseed, cotton, sesame) or fruits 
(walnuts, hazelnuts, coconuts), according to special technologies, the unsaturated fatty acids being 
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in the form of cis-cis (of the same side of the unsaturated bond). However, a large intake of 
polyunsaturated fatty acids has negative effects, the most common of which is the peroxidation 
effect, which favours the accumulation of toluidine and aniline. It is known that the basic effect of 
aniline is a precursor for obtaining polyurethanes and that it leads to the formation of mineral 
accumulations (stones), and in extreme cases, through certain peroxidising compounds, it can favour 
the aging of hydraulic oil.  
Hydraulic fluids, depending on their composition and properties, as one can see in the diagram in 
Figure 1, have an important role in industry.  

 

Fig. 1. Classification and properties of hydraulic fluids [4] 

 
Therefore, their demand and the type of use led to their diversification and improvement in the 
context of the sustainable concept for increasing efficiency. 
The German norm DIN 51524 notes them with HL, HLP, HVLP. HL, HLP, HVLP. 
- HL: contains active ingredients to reduce aging and protect against corrosion; 
- HLP: other active ingredients are added compared to HL to reduce wear, additives that improve 
particle transport and water dispersibility; it has the largest field of applicability in practice. 
As such, the major manufacturers of such products have also developed environmentally friendly 
hydraulic fluids, so-called biofluids, which must meet the technical requirements of DIN ISO 15380 
as environmentally acceptable hydraulic fluids and the classification of fluids used in hydraulic 
applications defined in ISO 6743-4 [5, 6]. These ecologically acceptable biofluids with a minimum 
base fluid content for each product group of at least 70% (m/m) are grouped into several categories, 
namely: 
- vegetable oils HETG (Hydraulic Oil Environmental TriGlyceride) whose composition is based on 
triglycerides, is technically limited by lower resistance to oxidation and temperature stability, as a 
result of their "double bonds". 
- Synthetic Esters - HEES (Hydraulic Oil Environmental Ester Synthetic). Group HEES further splits 
into 2 sub-categories with different levels of performance properties: 
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a) Unsaturated (or partially saturated) synthetic esters are products based on vegetable resources 
or their mixtures. Their technical applicability in high demanding applications individually depends 
on composition of the mixture; 
b) Saturated synthetic esters currently provide the most sophisticated, environmentally acceptable 
solution for hydraulic systems. Technical advantages of saturated synthetic esters are performance 
benefits, extreme stability, wide temperature range, compatibility, high levels of biodegradation and 
renewable resources. 
- HEPR (Hydraulic Oil Environmental PAO (polyalphaolefins) and Related products) (and other 
synthetic hydrocarbons). HEPRs are produced in very low viscosities, limiting their primary 
applicability. Viscosity modifiers are required to improve their usability in common hydraulic 
applications. However, their environmental acceptance is often compromised (similar to HEPG). 
- HEPG (Hydraulic Oil Environmental PolyGlycol) - in their composition, the majority of compounds 
are of the polyglycol type. Performance-wise HEPGs are highly sophisticated products. However, 
their severely limiting factors are incompatibility with sealing materials, hoses, and virtually any other 
type of hydraulic oil. HEPGs are also questioned for poor biodegradation and not meeting criteria for 
renewable resources, e.g., unable to obtain Ecolabels. HEPG oils are used only on a small scale. 
Environmental compatibility means minimal toxicity, easy biodegradability and no bioaccumulation.  
Biodegradable hydraulic oils have favourable rheological properties compared to mineral oils, they 
have a reduced tendency to degrade, they are coatings materials, carbonation products or resins 
with good adhesion capacity, which leads to the increase in the efficiency of hydraulic oils, they do 
not undergo changes in viscosity for large temperature ranges during operation, etc. 

                           Table 1: Classification of Biodegradable Hydraulic Fluids and typical characteristics [7] 

 

The most important characteristic features of these biofluids are:   
✓ great lubrication performances 
✓ outstanding thermal oxidation stability 
✓ wide operating temperature range, very low pour point 
✓ very long oil-change interval 
✓ neutral to seal materials and elastomers 
✓ readily biodegradable; non-toxic, with non-foaming additives, CO2 emissions reduction 
✓ EU Ecolabel Certificate of Environmental Excellence. 
These types of oils are high performance hydraulic fluids, some have a mixed composition with 
partial content of saturated and unsaturated synthetic products, some without zinc, easily 
biodegradable. A special additive package provides excellent extreme pressure properties, thermal 
oxidation resistance, anti-wear control and non-foaming.  
Another characteristic of these hydraulic oils with an important value is the iodine number. This 
number is a value for the amount of unsaturated organic esters in grease and oil. The value is 
determined by adding iodine to the grease or oil until the ability of the grease or oil to chemically bind 
is stopped; essentially, the iodine number is how many grams of iodine were added per 100 grams 
of substance tested.  
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A higher iodine number defines the level of unsaturated esters in the liquid, which could combine 
with other substances to produce a chemical bond. In unfavourable circumstances such as 
contaminated oil, high temperature or extended drain intervals, high levels of unsaturated organic 
esters, as found in plant-based industrial oils (e.g., rapeseed), they will react and bind with other 
substances, e.g., oxygen, and can cause gumming and residues.   

                         Table 2: Typical data for three readily biodegradable fluids in comparison with mineral oil [8] 

  
 
The types of fluid available are many and varied; it is therefore essential to evaluate the criteria of a 
particular environmentally sound hydraulic fluid (ESHF) before use. Table 3 highlights the various 
properties of the typical fluids available. 

                                                                                                      Table 3: Properties of typical fluids [8] 

  

Oxidation, or ageing, of a fluid is caused when a fluid reacts with oxygen.  
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The result is extreme thickening and gumming of the fluid, producing varnish deposits which can 
lead to catastrophic system failures. Chemically speaking, vegetable-based and unsaturated ester-
based fluids have many open bonds that react with oxygen when exposed to thermal load causing 
the fluid to age more rapidly. Saturated esters, on the other hand, have significantly fewer open 
bonds so they do not oxidise rapidly and will last much longer when subjected to high temperatures. 
Most fluids will have adequate anti-corrosion properties although the chemical structure may differ 
across the number of functional groups and degree of unsaturation of the polymer chain. The 
compatibility of the hydraulic fluid with the materials of the cylinder/equipment sealing components 
is mainly influenced by the chemistry of the respective fluid, parameters such as viscosity or product 
formulations differ between lubricant manufacturers. It is therefore essential to know detailed seal 
compatibility data from the supplier for the fluid to be used. Table 4 shows an example in this sense. 

   Table 4: Detailed data on sealing compatibility according to different viscosity classes of hydraulic oils [8] 

  

Consideration should be given to the relationship between the viscosity, temperature and pressure 
of a fluid. Viscosity index (VI) is an arbitrary measure for the change of viscosity with temperature. 
Knowledge of the chemistry involved is important in order to ensure the correct choice of fluid. Most 
fluids will thicken as the pressure exerted on them is increased. Table 4 gives an indication of typical 
changes of viscosity with pressure. More detailed information can be obtained from the supplier of 
the product used. The temperature of the oil varies in a wide temperature range (from -40oC to 
120oC), so for bio-hydraulic oil the viscosity index is in the range of 150-220, and for mineral oil the 
viscosity index is around 100. Oil concentrations in test solutions are inherently unstable and 
sensitive to experimental methods affecting the amount, bioavailability and estimated toxicity of 
dissolved hydrocarbons. ATIEL (Technical Association of the European Lubricants Industry), 
together with ATC (Additive Technical Committee) and ACEA (European Automobile Manufacturers' 
Association), define the limits of the tests and monitor compliance with the declared qualities. One 
of the most important problems is to establish the chemical nature, structure and composition of the 
additives and the quantitative ratio in which these additives must be introduced into the oil, so that 
the resulting lubricating oil composition has specific physical-chemical characteristics.   
Mainly these characteristics are: preservation of the viscosity index in operation, dispersing capacity 
against solid impurities, reduced wear of the device parts by friction, antioxidant properties, 
prevention of the formation of liquid residues, etc. These aspects must be followed and maintained 
within the appropriate parameters to ensure the fulfilment of quality norms in the operation of the 
hydraulic device. 
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3. The influence of chemical composition on the toxicity of hydraulic oils 

The composition of the lubricating oil consists mainly of components such as: 
- carboxylic acid derivative, preferably ethylene polyamine, and a substituted succinic acylating agent 
consisting of a polyalkylene group, preferably polyisobutylene, of medium molecular weight; 
- succinic groups with a polydispersity index, preferably in the range of 2...4 [9]; 
- alkali metal salt of a carboxylic or sulfonic acid, preferably sodium or potassium alkyl benzene 
sulfonates, with increased basicity; 
- dithiophosphate dihydrocarbons, preferably of zinc, calcium, magnesium, or copper, dihydro-
dithiophosphoric acid being prepared by the reaction of phosphorus pentasulphide with a mixture of 
isopropyl or isooctyl alcohol with primary alcohols, containing at least 20% molecules of isopropyl 
alcohol or sec- butyl, preferably with a mixture of isopropyl and isooctyl alcohol; 
- carboxylic acid ester derivative, which is a product of the reaction between a substituted succinic 
derivative and a polyol, with a polyamine compound, preferably ethylene polyamines, the 
components being introduced into the oil as such or in the form of a concentrate; 
- polymerized hydrocarbons such as polypropylenes, polybutenes, copolymers of propylene and 
isobutylene; 
- alkylbenzene derivatives, such as dodecylbenzene, tetradecylbenzene, dinonylbenzene, di(2-
ethylhexyl)-benzene but also products of chemical synthesis;                          
- polymerized hydrocarbons such as polypropylenes, polybutenes, propylene and isobutylene 
copolymers; 
- their halogenated derivatives, poly(l-hexene), poly(l-octene), poly(l-decene), as well as their 
mixtures; 
- alkylbenzene derivatives, such as dodecylbenzene, tetradecylbenzene, dinonylbenzene, di(2-
ethylhexyl)-benzene, etc.; 
- polyphenyl compounds, such as diphenyl, terphenyl, alkylated polyphenyl compounds, etc.; 
- alkylated diphenyl ethers and alkylated diphenyl sulfides and other synthetic compounds with 
similar structures and properties, in the form of their derivatives and homologues; 
- polymers and copolymers of oxyalkylenes, in which the terminal hydroxyl groups have been 
etherified or esterified, with alcohols, phenols and respective acids such as polyoxyethylenes or 
polyoxypropylenes, dimethyl ether of polypropylene glycol, diphenyl ether of polyethylene glycol, 
diethyl ether of polypropylene glycol; 
- esters with monocarboxylic acids with polyols or polyol ethers, such as trimethylolpropane, 
pentaerythritol, dipentaerythritol, tripentaerythritol, etc. 
- esters with monocarboxylic acids or esters of polycarboxylic acids etherified or esterified at the 
terminal groups such as esters with acetic acid, mixtures of esters with fatty acids, or the diester 
tetraethylene glycol with an oxoacid with a large number of carbon atoms; 
- esters of some dicarboxylic acids (phthalic acid, succinic acid, alkyl succinic acids, maleic acid, 
fumaric acid, adipic acid, linoleic acid dimer, malonic acid, alkylmalonic acids, alkenylmalonic acids, 
etc.) with different alcohols (such as butyl alcohol, hexyl alcohol, dodecyl alcohol, 2-ethylhexyl 
alcohol, ethylene glycol, diethylene glycol monoether, propylene glycol, etc.), such as dioctyl 
phthalate, dodecyl phthalate, linoleic acid dimer 2-ethylhexyl ester (tetraethylene glycol and 2-
ethylhexanoic acid); 
- some organic silicon compounds, examples: polyalkylsiloxanes, polyarylsiloxanes, 
polyalkoxysiloxanes, polyaryloxysiloxanes or organic silicates, such as tetraethylsilicate, 
tetraisopropylsilicate, tetra(2-ethylhexyl) silicate, tetra(4-methylhexyl) silicate, hexyl (4-methyl-2- 
pentoxy)disiloxane, polymethylsiloxanes, poly(methylphenyl)siloxanes, etc.; 
- some liquid phosphoric acid esters, such as tricresyl phosphate, trioctyl phosphate, or 
decanephosphonic acid diethyl ester, as well as polymeric tetrahydrofurans can also be used as 
synthetic oils. 
The olefinic monomers from which the polyalkylenes are derived from copolymers having double 
terminal bonds. They can rarely form polymers due to spherical hindrance [9]. Aliphatic 
polyalkylenes, those without aromatic or cycloaliphatic substituents, are preferred.  
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Polyalkylenes with relatively low molecular weights are preferred; they can be obtained starting from 
the corresponding polymers with high molecular weights by known destruction processes, such as 
thermal, mechanical, oxidative destruction. Known polymerization and copolymerization techniques 
include, among others, ways to adjust the molecular parameters by controlling the polymerization 
temperature, adjusting the concentration and nature of the initiator or catalyst, or introducing chain 
transfer agents [10]. Obtaining substituted succinic acylating agents is carried out by processes, 
which usually consist in the direct reaction of one or more polyalkylenes with a maleic or fumaric 
reactant (maleic acid, fumaric acid, maleic anhydride, fumaric anhydride, as well as mixtures of two 
or more of these reactants). Acylation reagents are in fact only an intermediate in the process of 
obtaining carboxylic acid derivatives and consist in the reaction of one or more such substituted 
succinic acylation reagents (agents) with one or more amino compounds. Amines (alkylene 
polyamines and polyalkylene polyamines) with primary amino groups (-NH2 type) and polyamines 
(two -NH- groups) such as aliphatic, cycloaliphatic, aromatic or heterocyclic amines are preferred. 
Compositions derived from polyamines have characteristic dispersing properties, superior qualities 
in terms of the viscosity index of the lubricating oil composition. The compositions of carboxylic acid 
derivatives resulting from the reaction with amino compounds are complex mixtures containing 
acylation products of amines, namely amine salts, amides, imines and imides. The ratio between the 
acylation reactant and the amine one highlights the fact that with the increase in the functionality of 
polyamines, there is the possibility of using larger amounts of amine, obtaining an additive product 
with appropriate properties [11]. These compounds can be carboxylic acids, from which alkali metal 
salts can be derived, usable as an additive agent with the role of dispersant in the compositions of 
different types of hydraulic oils. As a rule, these compounds are aliphatic, cycloaliphatic or aromatic, 
without alkylenic unsaturation, mono or polybasic, or naphthenic acids, cyclohexanoic acids, 
cyclopentanoic acids, alkyl or alkenyl substituted aromatic carboxylic acids [12-14]. Dispersing 
agents, based on acylated nitrogen, soluble in oil, are characterized by the presence in their structure 
of a polar group substituted with hydrocarbons selected from the acyl type class, acylimidoyl and 
acyloxy radicals in which the hydrocarbon substituent contains a large number of carbon atoms 
aliphatic. In the case of acylated nitrogen compounds with two or more polar groups in one molecule, 
the hydrocarbon substituent must contain at least half the number of aliphatic carbon atoms per polar 
functional group. Radicals must be substantially saturated, with saturated carbon-carbon covalent 
bonds. An excessive percentage of unsaturated bonds makes the molecule susceptible to oxidation, 
degradation and polymerization resulting in hydrocarbon-based decomposition products that can 
influence the degree of flammability of hydraulic oils, according to the scheme in Figure 2. 
 

 

Fig. 2. Scheme of hardly flammable fluids [15] 

 
Reports of toxicity testing methods for different types of hydraulic oil have shown the influence of 
this characteristic on the composition and stability of oil solutions.  
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Toxicity tests are essential components of ecological risk and impact assessments of hydraulic oil 
on the contaminated / affected area (leaks, spills, mishandling, etc.) [16 - 18]. Measured toxicity 
varies with test methods [19]. The benchmarks are based on the hydrocarbon concentrations 
measured in the test solutions [20, 21]. 
 

4. Conclusions 

By measuring toxicity under standard conditions, one can gain insight into the relative hazard of each 
type of oil. The Organization for Economic Co-operation and Development (OECD, Report 2018) 
has provided practical strategies to test “difficult substances and mixtures” and to systematically 
mitigate the effect of test conditions on the stability and toxicity of test solutions before conducting 
definitive tests.  
Standard oil toxicity tests performed in parallel with tests under site-specific conditions can provide 
an understanding of how test methods and conditions affect measured oil toxicity. The toxicity 
analyses carried out help to characterize the rapid and varied changes in the concentrations and 
composition of the oil during the tests, which determines the most accurate estimate of toxicity.  
Repeating the test under site-specific conditions enables a systematic evaluation of the influence of 
each condition on the measured toxicity. Improved approaches are needed to generate reliable 
benchmarks and to understand how site-specific experimental conditions affect oil toxicity. Improved 
protocols are needed to support reliable and repeatable toxicity estimates and comparisons between 
oils and test conditions; toxicity is determined by the concentration and composition of dissolved 
hydrocarbons, which in turn depend on the composition of the test oils and the methods of 
preparation of the oil solutions [18]. Thus, new combined toxicity testing methods will reduce 
uncertainty in measured toxicity, calculated reference values and estimated ecological risks.  
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Abstract: In this work, the experimental and theoretical results of the apparent viscosity for three hydraulic 
oils are presented. The experimental determinations were made in the laboratory using the Brookfield 
CAP2000+ experimental equipment. The determination of the apparent viscosity with temperature was made 
in the temperature range 20...75 oC, and the theoretical determinations were made with the help of three 
proposed thermal models, namely, Jarchov and Theissen, Cameron, and Reynolds, using numerical 
regression. 

Keywords: Apparent viscosity, hydraulic fluids, temperature, thermal model 

1. Introduction 

Rheological characteristics has an important role in understanding heat transfer and in planning, 
evaluating and modeling continuous treatment processes [1]. 
It is well recognized that the rheological characteristics of oils depend on a multitude of factors, 
including temperature, cutting speed, concentration, time, pressure, chemical properties, additives 
and catalysts. With the maturation of the petrochemical industry, petroleum oils emerged as the 
preferred choice, supplanting vegetable oils on account of their superior lubricity, stability, and 
economic feasability [2]. 
Viscosity is the measure of internal resistance within a fluid. This resistance becomes apparent 
when layers of fluid move in relation to each other, and the greater the resistance, the more force 
is needed to initiate this movement, known as shear. One of the most significant factors influencing 
the rheological behavior of a material is temperature [3]. Apparent viscosity can be described as a 
macroscopic property that reflects a fluids resistance to high shear rates. It corresponds to the 
viscosity measured in the experimental setup [4]. Increasing temperature tends to increase 
molecular interaction, while decreasing the attractive forces between molecules [2]. 
The purpose of this study is to assess the effects of shear rate and temperature on the apparent 
viscosity of three hydraulic oils, using three thermal models that will be analyzed through numerical 
regression. Subsequently, these apparent viscosity results will be compared with the viscosity 
measured on the experimental stand. 

2. Theory 

To determine the rheological behavior of the three hydraulic oils, we proposed the Newtonian 
model, equation (1). 

𝜏 = 𝜂 ∙ γ̇ 
(1) 

Where 𝜏 is shear stress, 𝜂 is viscosity, and γ̇ is shear rate. 
From the thermal point of view, three thermal models are proposed with the help of which we 
determine the variation of the rheological parameters. 

• Modelul Jarchov and Theissen 

𝜂 = 𝜂50 ∙ 𝑒
𝐵
50−𝑡
95+𝑡 

(2) 
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Where 𝜂 is lubricant viscosity, 𝜂50 is lubricant viscosity at 50 oC, 𝐵 is non-dimensional parameter, 

and 𝑡 is temperature. 

• Modelul Cameron 

𝜂 = 𝐾 ∙ 𝑒
𝑏

95+𝑡 
(3) 

Where 𝜂 is lubricant viscosity, 𝐾 is viscosity parameter, 𝑏 is temperature parameter and 𝑡 is temperature. 

• Modelul Reynolds 

𝜂 = 𝜂50 ∙ 𝑒
−𝑚(𝑡−50) (4) 

Where 𝜂 is lubricant viscosity, 𝜂50 is lubricant viscosity at 50 oC, 𝑚 is coefficient of variation of 
viscosity with temperature, 𝑡 is temperature and 50 is reference temperature. 
The experimental data were numerically processed using the numerical regression method to 
obtain the main values of the specific characteristic parameters of the Newtonian model, equation 
(1) and of the three thermal models, equations (2, 3 and 4). 

3. Experimental equipment 

The experimental test stand is a Brookfield CAP 2000+ cone and plate rotary viscometer, shown in 
Fig. 1. This device is ideal for evaluating the rheological behavior of fluids, whether Newtonian or 
non-Newtonian, and allows the identification of yield strength and thixotropy. It uses as working 
geometry the cone and plate coupling, shown in Fig. 2. The relevant data is presented on the 
device screen and the CAPCALC32 software can be used to generate the flow/viscosity graphs [5].  
 

 

Fig. 1. Viscometer Brookfield CAP2000+ [5] 

 

 

Fig. 2. Work geometries [5] 
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                                                                           Tabel 1: Geometry and viscosity range of testing cones 

Cone number Cone radius,  

[mm] 

Cone angle,  

[°] 

Viscosity range, 
[Pa·s] 

3 9.53 0.45 0.083...1.87 

5 9.53 1.8 0.333...7.50 

6 7.02 1.8 0.833...18.7 

8 15.11 3 0.312...3.12 

In this work, three hydraulic oils were tested, namely: H46- mineral oil, HETG46-biodegradable oil 
and HF-E46- non-flammable biodegradable oil. Table 2 shows their properties. 

                                                        Tabel 2: Physico-chemical properties of tested hydraulic oils [6]-[8] 

Oil 
Properties 

H46 HETG46 HF-E46 

ISO viscosity class 46 46 46 

Density 15 oC, max 0.876 918 921 

Viscosity index, min. 98 210 188 

Kinematic viscosity at 40°C, cSt 44 - 47.2 

Kinematic viscosity at 100°C, cSt 6.6 10 9.41 

Flash point, °C, min. 226 >270 320 

Pour point, °C, max. -24 -30 -42 

Part of renewable raw materials, % - 95 76 

4. Results 

Fig. 3. shows the rheogram of mineral hydraulic oil H46 and the biodegradable ones HETG46 and 
HF-E46 at a temperature of 20 °C. From this graph it can be seen that the H46 oil has a 
pronounced thixotropy and a high viscosity, but its thermal stability is low, compared to the other 
two biodegradable hydraulic oils, where the thixotropy is not so pronounced (thermal stability is 
high) [9]. 
 

 

Fig. 3. Rheogram of the three hydraulic oils at a temperature of 20°C [9] 
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Fig. 4. present the variation of the apparent viscosity with the temperature of the H46 hydraulic oil at 
four different shear rates (250 s-1, 500 s-1, 750 s-1, 1000 s-1) in the temperature range of 20 oC...70 oC, 
where we can see that the viscosity decrease with the increase of temperature. 
 

 

Fig. 4. Variation of the apparent viscosity as a function of the temperature of the H46 mineral hydraulic oil 

Fig. 5. and Fig. 6.  shows the variation of the apparent viscosity with the temperature of the 
biodegradable hydraulic oils at four different shear rates. Also, in this graph we can observe the 
same behavior of biodegradable oils as that of mineral oil, namely decreasing viscosity while the 
temperature increases. An observation for the biodegradable hydraulic oil HF-E46, is that the 
viscosity at shear rate of 750 s-1 and 1000 s-1 tend to have the same shape. 

 

 

Fig. 5. Variation of apparent viscosity with temperature of HETG46 biodegradable oil 
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Fig. 6. Variation of apparent viscosity with temperature of HF-E46 biodegradable oil 

Table 3, Table 4, and Table 5 shows the results of the thermal rheological parameters of the 
hydraulic lubricants, according to the Jarchov and Theissen, Cameron and Reynolds thermal 
models. 

Tabel 3: Characteristic parameters of H46 hydraulic oil using the three thermal models 

     Parameter 
 
 
Shear  
rate, s-1 

Jarchov and Theissen 
model 

Cameron model Reynolds model 

50, 

[Pas
] 

B 
Corr. 
Coef 
[%] 

K,  

[Pas] 

b,  
[°C] 

Corr. 
Coef 
[%] 

50, 

[Pas] 

m,  
[°C-1] 

Corr. 
Coef 
[%] 

250 0.030 4.745 99.17 3.038·10-4 688.21 99.17 0.030 0.039 96.71 

500 0.025 5.549 99.80 1.061·10-4 804.74 99.80 0.025 0.045 98.41 

750 0.027 6.245 99.30 0.479·10-4 905.55 99.30 0.027 0.048 99.51 

1000 0.020 7.319 98.21 0.480·10-4 905.53 99.31 0.020 0.057 99.89 
 

Tabel 4: Characteristic parameters of HETG46 hydraulic oil using the three thermal models 

      Parameter 

 

 

Shear  

rate, s-1 

Jarchov and Theissen 
model 

Cameron model Reynolds model 

50, 

[Pas
] 

B 
Corr. 
Coef 
[%] 

K,  

[Pas] 

b,  
[°C] 

Corr. 
Coef 
[%] 

50, 

[Pas] 

m,  
[°C-1] 

Corr. 
Coef 
[%] 

250 0.030 3.832 99.49 6.808·10-4 555.64 99.49 0.030 0.031 97.62 

500 0.025 4.403 99.70 3.418·10-4 638.38 99.70 0.025 0.036 98.96 

750 0.020 5.037 99.65 1.538·10-4 730.31 99.65 0.020 0.042 99.52 

1000 0.015 7.076 96.28 0.130·10-4 1026.10 96.28 0.015 0.058 99.36 
 

Tabel 5: Characteristic parameters of HF-E46 hydraulic oil using the three thermal models 

  Parameter  
 
 
 
Shear  
rate, s-1 

Jarchov and Theissen 
model 

Cameron model Reynolds model 

50, 

[Pas] 
B 

Corr. 
Coef 
[%] 

K,  

[Pas] 

b,  
[°C] 

Corr. 
Coef 
[%] 

50, 

[Pas] 

m,  
[°C-1] 

Corr. 
Coef 
[%] 

250 0.030 4.219 99.17 4.950·10-4 611.72 99.19 0.030 0.035 98.18 

500 0.020 4.710 99.72 2.464·10-4 682.96 99.72 0.025 0.041 99.00 

750 0.017 6.001 98.99 0.491·10-4 870.07 99.89  0.017 0.050 99.89 

1000 0.018 6.404 98.00 0.299·10-4 1135.30 99.89 0.018 0.052 99.84 
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Analyzing the results from the tables, we can observe that all three proposed models are effective 
in approximating the variation of apparent viscosity as a function of temperature, showing 
correlation coefficients of over 96%. 
Fig. 7. present the comparative results between the viscosity determined experimentally and the 
theoretical one according to the three thermal models. For this oil, we can observe that there are 
no noticeable differences between the experimentally determined viscosity and the theoretical 
ones. 
 

 

Fig. 7. Comparative results between the theoretical viscosity curves and the experimental ones for H46 
mineral hydraulic oil 

Fig. 8. and Fig. 9. present the comparative results between the viscosity determined experimentally 
and the theoretical one according to the three thermal models. For these biodegradable oils, we 
can observe that there are small differences between the experimentally determined viscosity and 
the theoretical one, considering the Cameron and Jarchov and Theissen thermal models. 
Another observation is that the viscosity determined using the Reynolds thermal model has the 
same shape as the experimentally determined viscosity. 
 

 

Fig. 8. Comparative results between the theoretical viscosity curves and the experimental ones for the 
biodegradable hydraulic oil HETG46 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
189 

 

 

Fig. 9. Comparative results between the theoretical viscosity curves and the experimental ones for the 
biodegradable hydraulic oil HF-E46 

Fig. 10., Fig. 11., Fig. 12. and Fig. 13. show the rheological parameters of the thermal models 
Reynolds (Fig. 10.), Jarchov and Theissen (Fig. 11.) and Cameron (Fig. 12. and Fig. 13) according 
to the shear rates at which they were tested hydraulic oils, obtained with the help of numerical 
regression. 
For the Reynolds thermal model, the rheological parameter is "m", for the Jarchov and Theissen 
thermal model, the rheological parameter is "B", and for the Cameron model the rheological 
parameter is "b". These are the temperature parameters that indicate us the increase in 
temperature with the increase in shear rate.  
Also, for the Cameron thermal model, we have another rheological parameter noted by "K" and 
which is a viscosity parameter. As can be observe from Fig. 13., this parameter decreases with the 
increase of the shear rate. 

 

 

Fig. 10. Variation of the rheological parameter of the Reynolds thermal model depending on the shear rate 
for the three hydraulic oils 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
190 

 

 

Fig. 11. Variation of the rheological parameter of the Jarchov and Theissen thermal model depending on the 
shear rate for the three hydraulic oils 

 

 

Fig. 12. Variation of the rheological viscosity parameter of the Cameron thermal model as a function of shear 
rate for the three hydraulic oils 

 

Fig. 13. Variation of the temperature rheological parameter of the Cameron thermal model as a function of 
shear rate for the three hydraulic oils 
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5. Conclusion 

From a rheological point of view, it was found that: 

• Biodegradable oils HF-E46 and HETG46 demonstrate significantly reduced thixotropy when 
compare with hydraulic oil H46, which exhibits exceptionally high thixotropy. 

• The apparent viscosity of the biodegradable oil HF-E46 is higher than that of the 
biodegradable oil HETG46, and lower than the hydraulic oil H46, where its slope is higher, 
indicating a higher viscosity; 
Analyzing the experimental data presented in table 1, table 2, and table 3 reveals a decrease in the 
apparent viscosity of hydraulic lubricants concerning the shear rates. For all three lubricants tested, 
the oil viscosity decreases with the increase of the shear rate, which means that they have a 
normal behavior. 
Regarding the variability of apparent viscosity with temperature, three theoretical models have 
been proposed to model the experimental results. All these models fit in approximating the 
viscosity variation, as they have correlation coefficients exceeding the 96% threshold. However, 
among the three proposed thermal models, the Cameron relation shows correlation coefficients 
above 99%. 
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Abstract: This paper delves into the development and implementation of a neural network controller devised 
for the purpose of fault detection and monitoring within a compact closed-loop direct-drive hydraulic 
servomechanism. The primary function of this servomechanism is to swiftly and precisely adjust the force 
produced by a single-rod double-acting hydraulic cylinder. The monitoring system, integrated with neural 
networks, is configured to oversee three pressure transducers, the system's command input, and the 
resultant force output. This configuration enables the generation of continuous error values, specifically 
adapted to prevalent faults often encountered within such servomechanisms. One notable aspect of this 
research lies in the ability to generate variable error values that serve as predictive indicators, forecasting 
potential future system malfunctions in accordance with the principles of predictive maintenance aligned with 
the paradigm of Industry 4.0. The research and development presented in this paper offer a significant 
advancement in the field of fault detection and predictive maintenance for hydraulic servomechanisms, 
catering to the demands of Industry 4.0. By leveraging neural networks to analyze and interpret continuous 
error values, this approach enables the pre-emptive identification of potential faults, ensuring proactive 
maintenance interventions. The system's capability to predict potential failures in advance is a pivotal step 
toward ensuring increased operational efficiency, reduced downtime, and improved reliability within industrial 
settings adopting compact closed-loop direct-drive hydraulic servomechanisms. 

Keywords: Neural network, fault detection and monitoring, predictive maintenance, closed-loop, hydraulic 
direct drive servomechanism, Industry 4.0. 

1. Introduction 

Industry 4.0 and predictive maintenance. The spectacular increase in the scientific and 
technological level of production led to a new form of known development named Industry 4.0, 
which is the fourth Industrial Revolution (see fig. 1), and was introduced in 2011 by a group of 
German scientists [1]. 
 

 

Fig. 1. The 4 major Industrial Revolutions [2] 
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This industrial revolution also started from the finding that, for several decades, manufacturing was 
transferred to Asia, so that today the question arises of the reindustrialization of Europe, for a 
sustainable development. The problem of the technical-economic development of countries is not 
only in Europe, but is felt in many countries of the world where it has acquired all kinds of names, 
among which one can mention IIC in the USA, Industrial Value-Chain Initiative in Japan, Industry of 
the Future in France, but also a similar initiative in China [3]. 
The main pillars of the Industry 4.0 are (see fig. 2): 

- Advance human-machine interface 
- Big data 
- Internet of things (IoT) 
- Data analysis 
- Augmented Reality (AR)  
- Digital to real life 
- Smart sensor 

 

 

Fig. 2. Main pillars of Industry 4.0 [4] 

 

This concept introduces for the first time the principle of Smart Factory (see fig. 3), where all 
systems are interconnected with the help of network, and can provide data for all the department in 
the factory, which reduces time and it is cost efficient. The data provided in the Intelligent Factory 
can be about a certain process carried out by a system, or about the state of the system itself, and 
this type of factory comes with a lot of changes compared to the traditional factories. 
One of the aspects that changes in the Smart Factory is that of maintenance [5]. In general, the 
maintenance is calculated for a certain number of operating hours of the equipment and to be able 
to achieve it, it is necessary to stop work on the equipment in question for the entire maintenance 
period; even if at the time scheduled for the maintenance the factory urgently needs that 
equipment to work, it cannot do that. 
Therefore, together with this concept of Industry 4.0, the concept of predictive maintenance [6] is 
also introduced. Predictive maintenance [7] is carried out by introducing into the system some 
sensors placed on different equipment that can ‘tell’ the maintenance teams at any time the state 
of the system and which of the components monitored by the sensors show signs of fatigue or 
failure, so that the competent department can know in advance when they need to intervene. 
Even more, thanks to the continuous harsh surveillance of the system made by the sensors, one 
can work with the equipment in question until the moment when they are almost at the upper limit 
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of the optimal functioning range before the appearance of a major fault. Of course, this type of 
operation is only recommended in case of emergencies, when the factory really needs for that 
equipment to work, otherwise it is recommended that the maintenance be done in advance. 
 

 

Fig. 3. Smart Factory - Graphic illustration of the concept [8] 

 
A decade after its introduction, the concept of Industry 4.0 has gained global scope and is the 
dominant concept in the digital transformation of the industry. By combining results-based research 
and practical industry experience, progress has been made in implementing the concept and new 
areas of action have been identified from a technological and application-oriented perspective. 
Industry 4.0 is human-centered and is the basis for innovative business models and agile forms of 
organization. 
At this moment, in industry IoT and cyberphysical production are a reality in newly built factories 
and the connectivity of machines has been improved in existing factories.  
Currently, there are six new megatrends (see fig. 4) that will influence the development of the next 
10 years: industrial AI, edge computing up to edge cloud, 5G in the factory, teams of robots, 
autonomous intralogistics systems and trustworthy data.  
These things allow the creation of an innovative digital ecosystem that allows long-term 
adaptability in a volatile economic and geopolitical environment. 

 

Fig. 4. Megatrends for the next level of Industry 4.0 [8] 
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Neural network in Industry 4.0. In today's era of Industry 4.0, where automation and smart 
manufacturing processes are revolutionizing industrial operations, the need for efficient fault 
detection and predictive maintenance systems has become paramount. The integration of 
advanced technologies and intelligent systems is no longer a luxury but a necessity to ensure 
seamless, reliable, and cost-effective industrial processes. In this context, this scientific paper 
delves into a groundbreaking development that interlaces the power of neural networks [9] with the 
intricacies of a closed-loop compact hydraulic direct drive servomechanism to create a novel 
approach for fault detection and monitoring.  
This paper paves the path to reshaping the way industries approach maintenance and efficiency in 
the Smart Factory defined by the Industry 4.0 concept.  
The servomechanism at the heart of this research plays a pivotal role in swiftly and precisely 
adjusting the force generated by a single-rod double-acting hydraulic cylinder, making it 
indispensable in a variety of industrial applications. However, the very complexity of these systems 
also renders them susceptible to various faults and malfunctions, leading to reduced operational 
efficiency and increased downtime. 
To address these challenges, the paper introduces an innovative monitoring system that 
harnesses the capabilities of neural networks [10]. This system is meticulously designed to 
oversee critical components of the hydraulic servomechanism such as the pump, cylinder or the 
system filter by including three pressure transducers. The system's command inputs, and the 
resultant force output, are also collected by the neural network. By continuously monitoring and 
analyzing data from these components, the neural network-based controller can generate error 
values that are specifically designed to prevalent faults that often afflict hydraulic 
servomechanisms. What sets this research apart is its ability to generate variable error values, 
transforming them into powerful predictive indicators. These indicators, in line with the principles of 
predictive maintenance, have the potential to forecast future system malfunctions. This proactive 
approach holds significant promise for industrial settings, as it empowers maintenance teams to 
address issues before they escalate into critical failures. Consequently, the integration of neural 
networks into this context paves the way for more efficient, cost-effective, and reliable industrial 
processes. This research is a clear manifestation of how the interlacing of advanced technology 
and engineering ingenuity can transform the industrial landscape. 
This paper unfolds at the intersection of multiple critical domains. It combines the intricate 
engineering of a compact hydraulic direct drive servomechanism with the cutting-edge power of 
neural networks. Furthermore, it aligns itself with the overarching principles of Industry 4.0, where 
the digitalization of industry is ushering in a new era of intelligent, interconnected manufacturing 
processes. As we progress further into this digital age, the significance of such research cannot be 
overstated, as it holds the potential to drive progress and innovation in the industrial sector. 
In the following pages, the authors delve deeper into the specific components of the neural network 
controller, its integration with the servomechanism, the methodologies used for fault detection, and 
the generation of predictive indicators. This paper represents a significant advancement in the 
realm of fault detection and predictive maintenance for hydraulic servomechanisms, ultimately 
catering to the demands and expectations of Industry 4.0. By leveraging the capabilities of neural 
networks to analyze and interpret continuous error values, this approach not only identifies 
potential faults but also enables pre-emptive maintenance interventions, a pivotal step toward 
ensuring increased operational efficiency, reduced downtime, and improved reliability within 
industrial settings that rely on compact closed-loop direct-drive hydraulic servomechanisms. Below, 
the authors reveal the intricate details of this groundbreaking research, offering insights that have 
the potential to reshape the future of industrial maintenance and operation. The utilization of neural 
networks in Industry 4.0 exemplifies the intersection of cutting-edge technology and the demands 
of modern industrial processes. This integration not only facilitates efficient fault detection but also 
aligns with the overarching principles of the fourth industrial revolution, promoting intelligent, 
interconnected, and agile manufacturing systems. As industries continue to evolve in this digital 
age, the role of neural networks in optimizing processes and ensuring reliability becomes 
increasingly indispensable. 
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2. Material and Method 

The present section unveils the foundation of the neural network controller's development for fault 
detection in a hydraulic servomechanism. Fig. 5 provides a snapshot of training data in both 
tabular and graphical formats, crucial for the network's learning.  

 

 

Fig. 5. Sample of data used for training and validation of neural network - tabular and graphical form 

 
Fig. 6 reveals the data headers governing training and validation, offering transparency into the 
parameters guiding the network's adaptation. These visuals not only anchor the discussion but 
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also emphasize the meticulous approach to training and validation processes, crucial in achieving 
precision in fault detection within the complexities of Industry 4.0 context. 
 

 

Fig. 6. Data headers of training and validation data 
 

Fig. 7 and Fig. 8 serve as visual representations of the neural network builder, displaying the 
training and validation data for the newly developed neural network. These figures offer a clear 
depiction of the two distinct datasets employed in the training process and highlight the 12 
variables crucial to the neural network's configuration. The visuals provide a tangible glimpse into 
the intricacies of the data sets, enabling the identification of key components essential for the 
network's learning and subsequent application in fault detection within the closed-loop compact 
hydraulic direct drive servomechanism. 

 

 

Fig. 7. Input of training data in neural network builder 
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Fig. 8. Input of validation data in neural network builder 
 

Fig. 9 shows the training of the neural network, the training parameters and the variables of the 
network. 

 

 

Fig. 9. Neural network training, training parameters and network variables 
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According to Fig. 10, after the 100000 training epochs the mean square error has a value of 0.007. 
 

 

Fig. 10. Training mean square error 
 

The results of the neural network training can be seen in Fig. 11, which shows 4 of the 6 outputs of 
the neural network. 

 

 

Fig. 11. Results of neural network training 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
200 

 

In Fig. 12, the model manager of the neural network discloses, revealing essential parameters and 
training outcomes. Noteworthy metrics include a training fidelity of 88.4% and a matching validation 
fidelity. The training process, spanning 5661 seconds, demonstrates the model's robustness. The 
neural network configuration comprises six deep layers, each containing 100 neurons, using the 
rectified linear unit (ReLU) type activation. These parameters summarize the neural network's 
structure and its ability in learning from the provided datasets, crucial for effective fault detection in 
the closed-loop compact hydraulic direct drive servomechanism. 
 

 

Fig. 12. Model manager of the neural network 
 

At the end of the neural network training and validation process, the network model was saved as 
a submodel (see Fig. 13) to be used later. 
 

 

Fig. 13. The neural network submodel 
 

The neural network was integrated into the simulation model shown in Fig. 14, which is composed 
of a closed-loop compact hydraulic direct drive servomechanism and neural network controller for 
fault detection and monitoring. The parameters of the components are also presented in the same 
figure. 
System operation: The chirp command signal is sent to the PID controller that continuously adjusts 
the flow rate of the servopump so that the force generated by the hydraulic cylinder is always as 
close as possible to the commanded one. The values of the 3 pressure transducers (one of which 
is differential) and one force transducer are monitored by the neural network that processes them 
and signals if a malfunction occurs in the system. 
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Fig. 14. The simulation network of a closed-loop compact hydraulic direct drive servomechanism 

3. Results 

In this section, the results of the numerical simulation are presented in three sets (Figs. 15 - 17); 
the simulation was conducted in the scope of the developing a neural network controller for fault 
detection and monitoring in the closed-loop compact hydraulic direct drive servomechanism. 
 

 

Fig. 15. Results set 1 
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In Fig. 15, the upper left corner illustrates the control setpoint curve (desired force) alongside the 

plant value (achieved force). This graphical representation provides a visual comparison between 

the intended force output and the actual force achieved by the system. On the right side of this 

graph, the instantaneous variation of the control error is presented, offering insights into how the 

control error evolves in real-time. Moving to the lower left graph, the instantaneous adjustment 

control error versus frequency of the control signal is depicted. This section of the figure provides a 

detailed examination of how quickly and accurately the system responds to changes in the control 

signal frequency and system limits. The dynamic variation of the servopump flow rate is then 

showcased on the right side of this graph, shedding light on the real-time adjustments made to the 

flow rate of the servopump in response to the dynamic requirements of the system; the value of the 

generated force decreases with the increase of the command frequency.  

 

 

Fig. 16. Results set 2 
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Fig. 16, the top row of graphs presents an overview of the pressures within the two branches of the 

transmission. The detailed left-center graph provides a closer view, revealing a drop in pressure 

below atmospheric pressure specifically on branch B of the transmission; this phenomenon is 

further corroborated by the neural network's indication, represented by the blue curve, aligning with 

the observed drop in pressure. The right-center graph in the same row focuses on volumetric 

losses of the servopump and the resulting pressure drop attributed to these losses on the oil filter. 

The lower left graph captures the neural network response to this pressure drop (on the oil filter), 

and an average of these values is also included for a clearer representation. Finally, the graph in 

the lower right corner shows the movement of the actuator whose movement amplitude decreases 

with the increase of the command frequency. 

 

 

Fig. 17. Results set 3 
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In Fig. 17, the upper left column features a graph illustrating the time variation of the velocity of the 

hydraulic actuator. To the right of this graph, the force generated by the hydraulic actuator is 

presented in red. Additionally, the overload is signaled by the neural network and is represented by 

a blue curve, indicating a value of 12% of the nominal force, which is 80000 N. The graphs in the 

center and bottom left further delve into the response of the neural network to small volumetric 

losses. On the other hand, the graphs in the center and bottom right depict the neural network's 

response to large volumetric losses, simulated through the use of a throttle that short-circuits the 

hydraulic cylinder ports. 

In summary, the current chapter underscores the effectiveness of the neural network controller in 

fault detection and monitoring for a closed-loop compact hydraulic direct drive servomechanism. 

Through meticulous development and numerical simulations, the research demonstrates the 

controller's robust performance across various scenarios. The ability to generate continuous 

variable error values, serving as predictive indicators, stands out as a proactive tool for preemptive 

maintenance interventions. These findings not only present the functioning of hydraulic 

servomechanisms but also exemplify the integration of cutting-edge technology (neural networks) 

in addressing the complexities of modern industrial processes within the context of Industry 4.0, 

setting the stage for further discussion and implications in subsequent research. 

4. Conclusions  

• The integration of a neural network controller in a closed-loop compact hydraulic direct drive 
servomechanism marks a substantial advancement in the realm of fault detection and predictive 
maintenance. This approach addresses the inherent complexities of industrial processes, providing 
a proactive solution to potential faults. 
• The research showcases the meticulous development and training of the neural network 
controller, with a focus on achieving precision in fault detection within the context of Industry 4.0. 
The presented results demonstrate the effectiveness of the neural network in monitoring critical 
components and generating predictive indicators, aligning with the demands of smart 
manufacturing. 
• The ability to generate continuous variable error values and transform them into predictive 
indicators sets this research apart, offering a valuable tool for preemptive maintenance 
interventions. The neural network's capacity to forecast future system malfunctions contributes 
significantly to increased operational efficiency, reduced downtime, and improved reliability in 
industrial settings. 
• The numerical simulations presented in the results section provide a comprehensive overview of 
the neural network controller's performance in different scenarios, including variations in control 
error, pressure drops, volumetric losses, and actuator movements. These simulations validate the 
practical applicability and robustness of the developed neural network. 
• As industries continue to evolve in the digital age, the role of neural networks in optimizing 
processes and ensuring reliability becomes increasingly indispensable. The research not only 
contributes to the specific domain of hydraulic servomechanisms but also exemplifies the broader 
intersection of cutting-edge technology and the demands of modern industrial processes, in line 
with the principles of Industry 4.0. 

Acknowledgments 

The research in this paper was financially supported by a project funded by the Romanian Ministry of 
Research, Innovation and Digitalization (MCID) through Programme 1- Development of the national research 
& development system, Sub-programme 1.2 - Institutional performance - Projects financing the R&D&I 
excellence, Financial Agreement no. 18PFE/30.12.2021.  

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
205 

 

References  

[1] Gomez, C., A. Guardia, J. L. Mantari, A. M. Coronado, and J. N. Reddy. "A contemporary approach to the 
MSE paradigm powered by Artificial Intelligence from a review focused on Polymer Matrix Composites." 
Mechanics of Advanced Materials and Structures 29, no. 21 (2022): 3076-3096. 

[2] Winter, Jeff. " What Is Industry 4.0?" International Society of Automation (ISA) blog. Accessed October 
10, 2023. https://blog.isa.org/what-is-industry-40. 

[3] Drumea, Petrin, Ana-Maria Popescu, and Cătălin Dumitrescu. "Fluid Power, Industry 4.0 and Circular 
Economy." Paper presented at the 25th International Conference on Hydraulics and Pneumatics – 
HERVEX, Baile Govora, Romania, November 13-15, 2019. 

[4] Rahman, Arvi. “Introducing ‘Industry 4.0’ to Bangladesh.” Textile Today Bangladesh. An Innovation Hub, 
June 25, 2019. Accessed October 10, 2023. https://www.textiletoday.com.bd/introducing-industry-4-0-
bangladesh.  

[5] Drumea, Petrin, Ionas Catalin Dumitrescu, Alexandru Hristea, and Constantin Chirita. "Methods of 
diagnosing malfunctions in hydraulic actuations." Paper presented at the 22th International Conference 
on Hydraulics and Pneumatics – HERVEX, Baile Govora, Romania, November 9-11, 2016. 

[6] Selcuk, S. "Predictive maintenance, its implementation and latest trends." Proceedings of the Institution of 
Mechanical Engineers, Part B: Journal of Engineering Manufacture 231, no. 9 (2017): 1670-1679.  

[7] Wang, Lintao, Yuchong Liu, Hang Yin, and Wei Sun. "Fault diagnosis and predictive maintenance for 
hydraulic system based on digital twin model." AIP Advances 12, no. 6 (June 2022): 065213.  

[8] Kagermann, Henning, and Wolfgang Wahlster. "Ten Years of Industrie 4.0." Sci 4, no. 3 (June 2022): 26.  
[9] Islam, Mohaiminul, Guorong Chen, and Shangzhu Jin. "An Overview of Neural Network." American 

Journal of Neural Networks and Applications 5, no. 1 (June 2019): 7-11.  
[10] Abiodun, Oludare Isaac, Aman Jantan, Abiodun Esther Omolara, Kemi Victoria Dada, Nachaat AbdElatif 

Mohamed, and Humaira Arshad. "State-of-the-art in artificial neural network applications: A survey." 
Heliyon 4, no. 11 (November 2018): e00938.  

   
 
 
  

 
 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
206 

 

INVOLVING FLUID POWER IN ART – A POSSIBILITY TO MATERIALIZE 
THE ARTISTIC VISION 

Adrian CIOCĂNEA1, Cătălin DUMITRESCU1,*, Teodor FROLU2, Dan VEZENTAN3,  
Valentin BARBU1 

1 National Institute of Research & Development for Optoelectronics INOE 2000 – Subsidiary Hydraulics and 
      Pneumatics Research Institute, Bucharest, Romania; * dumitrescu.ihp@fluidas.ro 

2 Ivan Patzaichin - Mila 23 Association, Bucharest, Romania   

3 Malmaison Studios, Bucharest, Romania 

 

Abstract: The article presents the materialization of an artistic vision with the help of mechanical 
engineering, involving the fields of fluid power, mechanics, electricity, and others. In order to create a 
component of the Ivan Patzaichin Memorial Ensemble from Tulcea, a collaboration was established between 
an artistic team (artists, architects, etc.) and a design team; the object of the collaboration was the creation of 
a feasible project for the physical realization of a ‘water wheel’, inspired by Asian technical achievements in 
the field of irrigation, but with a symbolism adapted to the purpose of the artistic creation. The final physical 
realization was very close to the artistic vision.  

Keywords: Fluid Power, artwork, Ivan Patzaichin Memorial Ensemble, water wheel, hydraulic drive system  

1. Introduction 

Most works of art in history or today are static creations; very few add movement to the images or 
shapes, mainly because this would imply some technical knowledge of the artist or association of 
the artist with people in the field of exact sciences, such as engineering, mathematics, physics, etc. 
However, the impact of an artwork with moving elements is much greater, compared to a static one 
[1]; and when nature is associated with the artistic vision and contributes to the realization of an 
object in motion, the result is a superior one [2]. 
 

 

Fig. 1. Kinetic Sculpture by Anthony Howe  

 
Waterwheels belong to the category of human achievements that have gone from useful objects to 
artistic achievements; while in the past they harnessed the energy of running water for the 
production of energy used for multiple purposes (grain mills, sawmills, pumps for irrigating fields, 
various small factories, etc.), today they retain their utility only in less developed countries, and in 
many cases their maintenance is done for tourist purposes. 
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One such example is the water wheels for irrigation in Vietnam [3]; in some regions, water wheels 
were adapted for "pumping" water due to the artificially created level difference; the water is raised 
by means of vessels into a trough at a height, whence it is distributed to the fields to be irrigated by 
means of bamboo pipes. In addition to their practical utility, they are an attraction for visitors. 
 

 

a. 

 

b. 

Fig. 2. Irrigation water wheel in Vietnam. a. – overview; b. – water collection reservoir 

 
In Romania, at the initiative of the Ivan Patzaichin – Mila 23 Association, a water wheel was 
created, which is part of the Ivan Patzaichin Memorial Ensemble located on the Ivan Patzaichin 
seafront in Tulcea. As is well known, Ivan Patzaichin was a famous Romanian sportsman, with a 
competitive activity of 43 years, of which 18 years as a canoeist and 25 years as a canoe racing 
coach. Ivan Patzaichin was born in the village of Mila 23 in the commune of Crișan, Tulcea county, 
and spent his entire career at the Dinamo club in Bucharest. In 2010, together with the architect 
Teodor Frolu, he founded the Ivan Patzaichin - Mila 23 Association, which aims to promote the 
nature and traditions of the Danube Delta and the development of this region, but also of other 
areas in Romania. After the disappearance of Ivan Patzaichin, the association made efforts to 
create a memorial to remember his activity; this memorial comprises 6 works that highlight his 
native area and sports activity. Among these works, the one titled “Water Collector” (or “Water 
Wheel”) is the only dynamic work, and the one with the deepest meanings. 

 2. The objective of the work. Requirements and possibilities of achievement 

2.1 Artistic requirements 

Being a work carried out with public funding, the proposal participated in a selection contest; the 
author of the work, the artist Dan Vezentan, describes it as follows in his proposal: 
Kinetic floating installation, attached to a floating pontoon, which will collect and transform water 
from the Danube into drinking water. Its shape starts from the mill wheel (+ inspirations from Asia – 
Vietnam) and consists of 24 radially arranged arms (the 24 hours of the day), which have 
enamelled metal buckets at the end, paddles for movement/rotation and on the outside 480 of 
decorative "wings". Inside we will have a stainless steel double-walled collection basin to 
keep the water at a decent temperature + discharge through the inside. It will take the water 
collected through pipes inside the axle and filter it through an approved system. The principle of 
operation of the wheel is similar to that of the bicycle fork: the wheel rotates, the fork and the axle 
are fixed. 
To this fixed axis we attached the basin, which will take the water between the movements of the 
buckets in the interval 10...14 - if we visualize the wheel as a clock. 
The author of the proposal has also made various simulations of the object, both in electronic 
format (artistic drawings or simulations), as well as a 1:5 scale model. 
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a. 

 

b. 

Fig. 3. The water collector in artistic vision. a. – artistic sketch; b. – numerical simulation  
 
The biggest challenge for this work was the materialization of the artist's vision in a dynamic object, 
but which also has utility (provides drinking water), in a structure as close as possible to the artistic 
one. 
In order to obtain the best results, the promoters of the project turned to the Hydraulics and 
Pneumatics Research Institute from Bucharest, for the development of the layout, and for the 
actual embodiment a company specialized in metal works was chosen. Since in the artist's vision, 
the wheel had to be driven in rotation by the Danube, the first stage of the project was to make a 
dimensioning calculation, to see to what extent it is possible to implement this solution. 

2.2 Checking the working condition of the water wheel when driven by the Danube 

The water wheel proposed in the project is of the type with lower intake, suitable for floating 
constructive solutions, with simple construction but which have the lowest efficiency compared to 
the other types of water wheels [4, 5, 6]. Figure 4 shows a simplified diagram of the water wheel, 
for which the dimensions necessary for the operation verification calculation are highlighted, and 
figure 5 shows the proposed site, for which the functional parameters - depth and water speed - 
have been determined. 
 

  

Fig. 4. The dimensions of the water wheel Fig. 5. Location of Ivan Patzaichin Seafront 

 
The calculation scheme for the water wheel consists in checking the power that it can supply to the 
shaft so that two conditions are met: that of starting at a low level of water, respectively of the 
speed of the water current, and the water supply of a water tank coupled to a filter device for 
providing drinking water.  
The water wheel has 24 straight vanes at the end of the arms and works through the effect of 
hydraulic shock, thus neglecting the relative flow between the blades and therefore the connection 
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between the absolute velocity "v" of water flow, the peripheral velocity "u" and the relative velocity 
"w". Under these conditions, the efficiency of the wheel has values between 0.3 – 0.4. 
The impulse force will be: 

           𝐹 =
𝛾𝑄

𝑔
(𝑣 − 𝑢)                                                                   (1) 

where the flow rate Q is calculated taking into account the width B of the wheel and the data 
according to figure 4. 

𝑄 = 𝐵 ∙ 𝑎 ∙ 𝑣                                                                            (2) 

The wheel power under the above conditions is: 

      𝑃 =
𝐹𝑢

75
=

𝛾𝑄

75𝑔
(𝑣𝑢 − 𝑢2)                                                                  (3) 

By deriving relation (3) in relation to the peripheral speed u, the optimal peripheral speed of the 
wheel is obtained which is: u = 0.5 v, or for practical reasons u = 0.45 v. Under these conditions, 
the maximum hydraulic power will be: 

      𝑃ℎ =
𝛾𝑄

75𝑔
(0.45𝑣2 − 0.452𝑣2) = 0.336 𝑄𝑣2 (CP)                                            (4) 

If the theoretical power of the river is: 

      𝑃𝑡 =
𝛾𝑄

75𝑔
∙

𝛾𝑄𝑣2

2𝑔
= 0.68𝑄𝑣2                                                              (5) 

it follows that the theoretical hydraulic efficiency of the water wheel will be: 

      𝜂ℎ =
𝑃ℎ

𝑃𝑡
= 0.495                                                               (6) 

If it is considered that the mechanical efficiency of the rotating assembly would be ɳm = 0.8, the 
effective power at the turbine shaft can be calculated: 

𝑃 = 0.336 𝑄𝑣2𝜂𝑚 = 0.27 𝐵𝑎𝑣2 =  0.27 𝑆𝑣2                                     (7) 

where S is the surface of the blade immersed in water, having the shape of a rectangle with sides 
B and a. 
The geometric data imposed by the proposed water wheel and the hydraulic parameters of the site 
are: maximum speed of the water current v = 1 m/s; blade width B = 0.6 m; blade length a = De – 
Di = 0.55 m. For these data, the power at the turbine shaft will be P = 66 W, resulting in a rotation 
speed n = 3 rev/min. Considering that the actual speed of the water in the site will be lower for the 
period of the warm season, when the demonstration water wheel will be in the public's attention, 
the average speed of the current was evaluated at the value of 0.4 m/s. Under these conditions the 
total power available at the shaft will be P = 11 W, which shows that, in fact, the water wheel will 
not be able to be turned by the Danube. 
After placement, it was found that a number of 3...4 blades are simultaneously in the water, which 
recommends doubling the power obtained above for a single blade; however, even in the situation 
of doubling the power, there is not enough energy for the Danube to turn the wheel. 

2.3 Presentation of the implemented solution 

Because of the insufficient energy that flowing water can provide, the wheel will have to be driven 
into rotational motion by an external source; the solution to this requirement was to drive the wheel 
with a hydraulic system (whose diagram is shown in figure 6), hidden inside the support 
subassembly. It ensures a rotation speed of 1 rpm, as well as safe operation, taking into account 
that it is located on the Danube. 
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The power source is a compact pumping unit 
(1), which generates a flow transmitted through 
the directional control valve (3) to the low speed 
orbital motor (4). This motor offers high torque 
and low rpm, but still too high for the application; 
for this reason, a planetary reducer was placed 
after the motor which reduces the revolution in a 
ratio of 21.6:1, so that the final revolution of the 
wheel is 1 rpm. In order for the water wheel not 
to increase its speed due to the increase in 
water speed, a double overcenter valve (2) was 
installed in the system. For the maintenance of 
the wheel - free rotation - a valve (6) was 
mounted that can link the two connections of the 
hydraulic motor together, allowing it to rotate 
freely.  

Fig. 6. Hydraulic diagram of the drive system 
 

2.4 Realization of the components 

For the mechanical and water circulation parts, solutions were found in time that meet the following 
requirements: 
- to have the artist's consent 
- can be manufactured by a company specialized in metal constructions (TEHNOMET SA Buzau) 
- to allow the obtaining of drinking water, which can be safely consumed by tourists; this task was 
assumed and completed by the company Toma Treatment Group SRL [7]. 
Constructive particularities, taking into account that the artistic work is located on the Danube: 
- the spokes of the wheel were galvanized; removable assemblies were made with screws 
protected against oxidation 
- the decorative fins were made of stainless steel 
- the tank was made of stainless steel 
- the buckets are enamelled and painted in a colour representative of the Danube Delta area 
(Lipovan blue)  
- in the cold season, the assembly is taken out of the water and stored in a special place, so as not 
to be damaged by ice. 
Below are some images (figure 7 and figure 8) of the designed and built components. 
 

 

a. 

 

b. 
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c. 

 

d. 

Fig. 7. Components designed and built 
a. supporting structure; b. arm plus wheel blade; c. blade; d. wheel shaft 

 

 

Fig. 8. Overview of the water wheel 
 
The whole assembly is placed on a floating pontoon, so that the blades and buckets enter the 
water partially. The water collector was made in a form very close to the one proposed by the 
artist, as one can see in figure 9 below. 
 

 

Fig. 9. Waterwheel located on site 
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3. Conclusions 

Starting from the artistic vision, the work was carried out in such a way as to meet all the 
requirements of design, functionality and security in operation. The chosen solutions took into 
account the operation in the specific environment of the location area, the Tulcea seafront. For 
turning the wheel, it was determined in the design phase that the energy provided by the Danube is 
insufficient; therefore, a solution was implemented for the drive with a rotary hydraulic motor and a 
speed reducer, which are located in the area of the wheel support structure and are not visible to 
the public. The rotation speed is 1 rotation/min. The filtration system has also been made to the 
expected parameters and can provide high quality drinking water.  
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Abstract: Living organism’s metabolism can respond to environmental stress through their antioxidant 
system. The catalase enzyme regulates the H2O2 levels protecting the cells against oxidative damage 
caused by abiotic stress. Lemna minor are ideal test plants for the detection of metal pollution. Therefore, in 
the present study Lemna minor plant tissue exposed to various lithium concentrations (CLi = 0, 1, 3, 5 mg/L) 
was used to assess the changes in the catalase enzyme activity. Moreover, a quantification method for 
Catalase antioxidant activity using a nano UV-Vis spectrophotometer determination was developed. It was 
observed that high lithium concentrations (5 mg/L) can negatively affect the catalase enzyme activity, 
decreasing the activity by 71% compared with the control plants (CLi = 0 mg/L). It has been shown that 
quantification of the catalase enzyme activity can be successfully used as an important signalling biomarker 
to the induced lithium stress. 

Keywords: Catalase enzyme, Lemna minor, lithium, enzyme extraction, defense mechanism 

1. Introduction  

Catalase (CAT, EC 1.11.1.6) is an antioxidant enzyme found in all living organisms in the cellular 
peroxisome compartment [1]. Living cells developed several antioxidant mechanisms to regulate 
the reactive oxygen species (ROS) during various oxidative stress, such as heat, cold, inorganic 
and organic pollutants [2]. The CAT enzyme plays an essential role in the dissociation of hydrogen 
peroxide (H2O2) into molecular oxygen (O2) and water (H2O) [2]. CAT is linked to peroxidases and 
helps to protect cells from oxidative damage caused by free radicals. Under stress conditions, 
plants trigger de novo synthesis of H2O2 through xanthine and NADPH dependent oxidase, which 
has been identified as a signalling molecule involved in essential and complex mechanisms of 
redox homeostasis [3]. Generally, plants, such as peas, beans, rice, and cabbage, show a reduced 
CAT activity following exposure to Zn, Cr, Cd, As or other metals [1]. 
The most common CAT activity quantification method is based on the UV-Vis spectrophotometric 
technique which involves tracking the H2O2 consumption in time by measuring the absorbance at 
240 nm [4]. The absorbance differences per unit of time define the CAT activity [5]. 
The nano spectrophotometers are ideal for small volume samples and have capillary-type or 
sample plate containers to measure low or microvolume samples ranging from 0.5 to 5 µl, as well 
as the possibility to measure using a quartz cuvette and measure absorbance with a high degree 
of accuracy and reproductivity 
Aquatic plants are emerging biorenewable energy sources due to their aggressive growing and 
regeneration characteristics, are considered sustainable, have high clean energy potentials, can 
generate sugar and starch contents can be generated, and the biomass is easily convertible into 
renewable energy [6]. Duckweed, also known as Lemna minor from the Lemnaceae family, is a 
freshwater aquatic plant highly used for monitoring and toxicity test procedures due to its 
morphological characteristics and high adaptation capacity to various environmental conditions [7]. 
Duckweed has a high rate of growth and biomass production, as well as high amino acids and 
protein content [7, 8]. Similarly, to other aquatic plants, Lemna minor have also applications in 
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phytoremediation (bioaccumulation and biodegradation) of toxic organic and inorganic pollutants, 
biomass feedstock for biogas, biofuels, biorefineries, and as animal feed [6, 9]. 
 Lithium (Li) is a naturally occurring trace element which can be found in water, soil, rocks and 
certain minerals (such as amblygonite, petalite, lepidolite, spodumene) [10]. Furthermore, the Li 
concertation is highly dependent on a region’s geology, topography, and hydrogeology. It can be 
easily washed out after a rainfall and it can be detected in ground water as a result of mineral 
weathering. Generally, the drinking water Li concentrations can range from <1 to 219 µg/L [10]. 
 Different plant species can absorb a high amount of Li and positively affect growth and 
development [11]. However, plant species have Li uptake capacities with specific toxicity 
symptoms [12]. Several studies are focused on the investigation of the role of Li, modifications, and 
toxicity signalling in the living organism in contact with various Li concentrations. A low level of Li 
can improve plant productivity by increasing the growth yield, hastening maturation, or increasing 
disease resistance [13]. This research aimed to optimize and develop a quantification method for 
CAT antioxidant activity using a nano spectrophotometer in order to assess the changes in the 
CAT enzyme activity following exposure of Lemna minor to various lithium concentrations (Li, CLi = 
0, 1, 3, 5 mg/L). 

2. Material and methods 

2.1 Plant Material and Growth Conditions 

Lemna minor aquatic plants were grown in Hoagland’s nutrient solution containing 1.25 mM KNO3, 
1.25 mM Ca(NO3)2, 0.5 mM MgSO4, 0.25 mM KH2PO4, 10 μM FeEDTA, 11.6 μM H3BO3, 4.5 μM 
MnCl2 ·4H2O, 0.19 μM ZnSO4 ·7H2O, 0.12 μM Na2MoO4· 2H2O, and 0.08 μM CuSO4·5H2O, the pH 
of the medium was adjusted to 5.5 (±0.05) with 0.01 M KOH. A ten-hour photoperiod and a 
day/night temperature of 20 ±2°C was used during the experiments. After a growth period of 30 
days the plants were transplanted in smaller pots. After two days of adaptation, the nutrient 
medium was enriched with Li at final concentrations of 0, 1, 3 and 5 mg/L Li (m = 4 g plant, v = 400 
mL) prepared from Li2SO4. After 7 days of exposure to Li, the plants were harvested and frozen for 
further analysis.  
 

 

Fig. 1. Lemna minor aquatic plant exposed to 0, 1, 3, 5 mg/L Li  

 

2.2 Antioxidant enzyme extraction 

The frozen plant tissues were ground, then 0.5 g of ground tissues were homogenized in 5 mL of 
100 mM potassium phosphate buffer (pH 7.5), containing 1 mM EDTA. The extract was mixed well, 
centrifuged for 30 min at 10,000 x g at 4°C, then the supernatant was used as a source of crude 
enzyme for the assay of CAT activities. The supernatant was stored at -20 °C until the CAT activity 
assays were performed. 

2.3 Antioxidant enzyme activity assay 

The plant extracts CAT activity was determined using the Nanodrop One Analyzer (Thermo Fisher 
Scientific, Waltham, MA, USA) UV-Vis spectrophotometer, at a wavelength of 240 nm by 
monitoring the variation in H2O2 absorption, according to the suggestions of Aebi (1984) [5], Sarker 
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et al. (2018) [14] Barbosa et al. (2019) [15] and Senthilkumar et al. (2021) [16]. A volume of 0.5 mL 
of 75 mH H2O2 with 1.5 ml of 100 mM phosphate buffer (pH 7.00) were used as reaction mixtures 
for each plant extracts. The reaction mixtures were without the plant extract was used as blank 
sample. A volume of 1 ml of plant enzyme extract was added to the reaction mixture to obtain a 3 
mL final volume. The reaction started after adding the plant extracts to the reaction mixtures, and 
the absorbance change was monitored for 2 min. The total CAT activities were expressed as 
μmol min−1 mg−1 protein, calculated by the following formula Eq (1); where A0 and A180 is the initial 
and final absorbance, Vt is the final volume of the reaction mixture (3 mL), ɛ240 is the molar 

extinction coefficient for H2O2 (34.9 mol-1 cm-1), and d is the optical path of the cuvette (1 cm), Vs is 
the volume of the sample (1 mL), Ct is the total protein concentration in the samples, and 0.01 is 
the absorbance change that caused by 1 U (one unit) of enzyme per min at 240 nm. 

𝑈/𝑚𝑔 = (𝐴0 − 𝐴180) × 𝑉𝑡/ɛ240 × 𝑑 × 𝑉𝑠 × 𝐶𝑡 × 0.001

                      
(1) 

 

Fig. 2. Nanodrop One Analyzer (Thermo Fisher Scientific, Waltham, MA, USA), UV-Vis Spectrophotometer 

3. Results and discussion 

In general, the CAT enzyme activity quantification is a low-cost and rapid method used to evaluate 
the effect of oxidative stress on metal-exposed plants. In the first step, the plant tissues are 
homogenized in an ice-cold buffer devoid of other antioxidants [17]. The CAT enzyme activity 
quantification was performed at 20°C in the current study, however, it can be determined between 
0-37°C, as the temperature differences in this range do not affect the assay [16]. In the present 
study, the CAT enzyme assay was optimized for the quantification with a spectrophotometer for 
aquatic plant tissues. The extraction method was performed with a high repeatability and accuracy 
rate.  
The Li exposure (0, 3, 5 mg/L) induced the decrease of CAT antioxidants (Fig. 1). In the present 
study, the highest CAT activity was observed in the case of the control plants (0 mg/L Li). By 
increasing the Li concentrations in the Hoagland’s nutrient solution, the exposed plants showed 
lower CAT activity with 44% in the case of 1 mg/L Li, 61% at 3 mg/L Li and 71% at 5 mg/L Li. In 
contrast with our results, Zn acts as a biostimulator and activates the CAT enzyme activity as the 
Zn levels are increased to a maximum 1.5 mg/L concentration [18]. Moreover, Parlack et al. (2012) 
found that L. gibba, L. minor and S. polyrrhiza plant can adapt to Zn toxicity through the antioxidant 
defence system [18]. 
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Fig. 3. Catalase enzyme activity of the Lemna minor aquatic plants exposed to 0, 1, 3 and 5 mg/L Li 

4. Conclusions  

Lemna minor aquatic plant tissue was utilized for the catalase enzyme extraction to assess the 
impact of lithium exposure. The catalase activity was measured after seven days of exposure to 
concentrations of 0, 1, 3 and 5 mg/L Li. The catalase activity of the plant extracts was measured by 
a nano UV-Vis spectrophotometer at a wavelength of 240 nm by determining the variation in H2O2 
absorption. Lithium had a negatively affected the antioxidant defence mechanism of Lemna minor. 

Acknowledgments  

This research was funded by the Ministry of Research, Innovation and Digitization through Program 1—
Development of the national research & development system, Subprogram 1.2—Institutional Performance—
Projects that finance RDI excellence, Contract No. 18PFE/30.12.2021 and Core Program within the National 
Research Development and Innovation Plan 2022–2027, carried out with the support of MCID, project No. 
PN 23 05. 

References 

[1] Gangwar, Savita, Vijay Pratap Singh, Durgesh Kumar Tripathi, Devendra Kumar Chauhan, Sheo Mohan 
Prasad, and Jagat Narayan Maurya. "Chapter 10 - Plant Responses to Metal Stress: The Emerging Role 
of Plant Growth Hormones in Toxicity Alleviation." In Emerging Technologies and Management of Crop 
Stress Tolerance, edited by Parvaiz Ahmad and Saiema Rasool, 215-48. San Diego, Academic Press, 
2014. 

[2] Olson, K. R., Y. Gao, E. R. DeLeon, M. Arif, F. Arif, N. Arora, and K. D. Straub. "Catalase as a Sulfide-
Sulfur Oxido-Reductase: An Ancient (and Modern?) Regulator of Reactive Sulfur Species (Rss)." Redox 
Biol 12 (August 2017): 325-39. 

[3] Montavon, P., K. R. Kukic, and K. Bortlik. "A Simple Method to Measure Effective Catalase Activities: 
Optimization, Validation, and Application in Green Coffee." Anal Biochem 360, no. 2 (January 2007): 207-
15. 

[4] Hadwan, Mahmoud Hussein. "Simple Spectrophotometric Assay for Measuring Catalase Activity in 
Biological Tissues." BMC Biochemistry 19, no. 1 (August 2018): 7. 

[5] Aebi, H. "Catalase in Vitro." Methods Enzymol 105 (1984): 121-6. 
[6] Arefin, Md Arman, Fazlur Rashid, and Amirul Islam. "A Review of Biofuel Production from Floating 

Aquatic Plants: An Emerging Source of Bio‐Renewable Energy." Biofuels, Bioproducts and Biorefining 15, 
no. 2 (2021): 574-91. 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
217 

 

[7] Pagliuso, Débora, Adriana Grandis, Janaina S. Fortirer, Plinio Camargo, Eny I. Floh, and Marcos S. 
Buckeridge. "Duckweeds as Promising Food Feedstocks Globally." Agronomy 12, 4 (2022): 796. 

[8] Mohedano, Rodrigo A., Rejane H. R. Costa, Flávia A. Tavares, and Paulo Belli Filho. "High Nutrient 
Removal Rate from Swine Wastes and Protein Biomass Production by Full-Scale Duckweed Ponds." 
Bioresource Technology 112 (May 2012): 98-104. 

[9] Krzywonos, Małgorzata, Zdzisława Romanowska-Duda, Przemysław Seruga, Beata Messyasz, and 
Stanisław Mec. "The Use of Plants from the Lemnaceae Family for Biofuel Production—a Bibliometric and 
in-Depth Content Analysis." Energies 16, no. 4 (2023): 2058. 

[10] Barjasteh-Askari, F., M. Davoudi, H. Amini, M. Ghorbani, M. Yaseri, M. Yunesian, A. H. Mahvi, and D. 
Lester. "Relationship between Suicide Mortality and Lithium in Drinking Water: A Systematic Review 
and Meta-Analysis." J Affect Disord 264 (March 2020): 234-41. 

[11] Shahzad, B., M. Tanveer, W. Hassan, A. N. Shah, S. A. Anjum, S. A. Cheema, and I. Ali. "Lithium 
Toxicity in Plants: Reasons, Mechanisms and Remediation Possibilities - a Review." Plant Physiol 
Biochem 107 (October 2016): 104-15. 

[12] Kuloğlu, Selin Sipahi, Emine Yalçin, Kültiğin Çavuşoğlu, and Ali Acar. "Dose-Dependent Toxicity Profile 
and Genotoxicity Mechanism of Lithium Carbonate." Sci Rep 12, no. 1 (August 2022): 13504. 

[13] Shahzad, Babar, Mohsin Tanveer, Waseem Hassan, Adnan Noor Shah, Shakeel Ahmad Anjum, Sardar 
Alam Cheema, and Iftikhar Ali. "Lithium Toxicity in Plants: Reasons, Mechanisms and Remediation 
Possibilities – a Review." Plant Physiology and Biochemistry 107 (October 2016): 104-15. 

[14] Sarker, U., and S. Oba. "Catalase, Superoxide Dismutase and Ascorbate-Glutathione Cycle Enzymes 
Confer Drought Tolerance of Amaranthus Tricolor." Sci Rep 8, no. 1 (November 2018): 16496. 

[15] Barbosa Neto, A. G., M. B. Morais, E. D. Dutra, and T. Calsa Junior. "Biological Diversity of Lemna 
Aequinoctialis Welw. Isolates Influences Biomass Production and Wastewater Phytoremediation." 
Bioresource Technology Reports 6 (June 2019): 251-59. 

[16] Senthilkumar, M., N. Amaresan, and A. Sankaranarayanan. "Estimation of Catalase." In Plant-Microbe 
Interactions: Laboratory Techniques, edited by M. Senthilkumar, N. Amaresan, and A. 
Sankaranarayanan, 113-15. New York, Springer US, 2021. 

[17] Gagné, François. "Chapter 6 - Oxidative Stress." In Biochemical Ecotoxicology, edited by François 
Gagné, 103-15. Oxford: Academic Press, 2014. 

[18] Uruç Parlak, Kadiriye, and Dilek Demirezen Yilmaz. "Response of Antioxidant Defences to Zn Stress in 
Three Duckweed Species." Ecotoxicology and Environmental Safety 85 (November 2012): 52-58. 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
218 

 

ELECTRIFICATION AND DIGITAL TRANSFORMATION - CHANCES AND 
CHALLENGES FOR FLUID POWER TECHNOLOGY 

Univ.-Prof. Dr.-Ing. Katharina SCHMITZ1 

1 Institute for Fluid Power Drives and Systems IFAS, Aachen, Germany 

sc@ifas.rwth-aachen.de 

 

 

 
 

 

 

 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
219 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
220 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
221 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
222 

 

 

 

 

 

 

 

 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
223 

 

 

 

 

 

 

 

 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
224 

 

 

 

 

 

 

 

 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
225 

 

 

 

 

 

 

 

 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
226 

 

 

 

 

 

 

 

 

 

 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 8-10, Băile Govora, Romania 

 

 
227 

 

 

 



http://hervex.ro


	coperta1 proceedings_2023
	Page 1

	1_3_primele pagini_pp.III-V~2023
	Page 1
	Page 2
	Page 3

	COMMITTEES_pp.VI-VIII
	coperta4 proceedings_2023
	Page 1

	Binder1.pdf
	_001-005
	_006-019
	_020-030
	_031-036
	_037-043
	_044-052
	_053-066
	_067-076
	_077-086
	_087-096
	_097-115
	_116-124
	_125-132
	_133-139
	_140-144
	_145-153
	_154-161
	_162-170
	_171-182
	_183-191
	_192-205
	_206-212
	_213-217
	_218-227


