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Abstract. 
 
This paper aims to describe the influence of synthetic fluids from Group 5 on various system 
boundaries and components of hydraulic systems, and to compare them with conventional 
hydraulic mineral oil. The focus is on evaluating the fluid mechanical properties. For this 
purpose, losses in pumps and pipes, as well as in valves, are analysed. Initially, these 
components are investigated and modelled mathematically to obtain a fundamental 
understanding. Experimental tests were conducted on a real hydraulic system of a mobile 
working machine using two different types of hydraulic fluids. These fluids include a 
mineral oil-based HLP (Group 2), a synthetic ester HEES (Group 5). The fluids are 
compared based on system boundaries losses in hydraulic systems components. The 
influence of their different chemical and physical properties is discussed. 
The paper concludes with an analysis of the influence of the different losses when using 
alternative hydraulic fluids compared to mineral oils in hydraulic systems and potential 
future research activities in this field. 
 

Keywords. Alternative hydraulic fluids, loss mechanism, energy efficiency, mobile 
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1. INTRODUCTION 
In addition to the mechanical components of a hydraulic system, the hydraulic fluid is a key 
component that plays a crucial role in the efficiency and operating behavior of hydraulic 
machines. Hydraulic fluids consist mainly of a base oil and a small proportion of additives. 
Different base oils can result in varying chemical and physical properties. Base oils are 
classified according to the American Petroleum Institute (API). The API classifies base oils 
into five groups. Groups 1 to 3 include mineral oils of varying purity. Groups 4 and 5 
comprise fully synthetic base oils. Most lubricants are based on mineral oils from Groups 1 
to 3. Their market share is approximately 85%, with synthetic base oils accounting for 15 % 
[1]. Synthetic base oils, such as esters or polyalphaolefins, offer, for example, the advantage 
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of adapting physical properties, including viscosity-temperature behavior, to the respective 
conditions of the hydraulic system during operation. Due to higher acquisition costs and the 
lack of suitable application tools for designing hydraulic systems tailored to a specific 
system, market sales are low compared to conventional mineral oils.  

However, the use of hydraulic fluids based on API group 4 to 5 base oils has increased 
significantly in recent years [2]. These synthetic base oils provide physical and chemical 
properties that differ significantly, in some cases, from those of conventional mineral oils 
(Group 2). Using these oils in hydraulic systems results in distinct fluid mechanical and 
thermodynamic properties during their operation. 

Previous research focused on the performance characteristics of synthetic hydraulic fluids 
in hydraulic displacement units [3, 4], which showed that the use of synthetic hydraulic 
fluids results in different efficiency levels than those achieved with conventional mineral 
oils. The tribological behaviour of synthetic esters was investigated in greater depth in 
comparison with mineral oils by [5, 6]. It was found that friction losses and wear are higher 
when synthetic esters are used. Jakobs [7] demonstrated in his work that the use of synthetic 
esters results in differentiated switching behaviour compared to mineral oils. 

Previous work by us [8] showed high deviations in the overall efficiency of a mobile 
machine when using water-based hydraulic fluids instead of mineral oils.  

This paper aims to expand on this work by identifying the causes of efficiency differences 
and balancing energy losses in the components of the hydraulic system. Unlike previous 
work, the focus here is on comparing mineral oils and synthetic esters. 

The work is structured as follows: First, the fluid properties of the hydraulic fluid under 
investigation, mineral oil and synthetic esters, are presented in a comparative manner. This 
is followed by a presentation of the mathematical principles relating to the loss mechanisms 
that occur during the operation of a mobile machine. Particular attention is paid to the 
influence of different physical properties between mineral oils and synthetic esters. This is 
followed by validation of the mathematical assumptions using experimental data from a test 
excavator. The system is divided into different boundaries. Furthermore, the total losses 
during a dig and dump cycle of the machine, operating with different hydraulic fluids, are 
presented. Finally, a summary is provided in which the question should be answered: Which 
losses in the system are responsible for the different energy requirements associated with 
the use of different fluids in a mobile working machine?  

2. FLUID PROPERTIES 
The use of alternative lubricants results in variations in physical properties, which affect 
their operating behaviour when used in components and machines. Compared to 
conventional hydraulic fluids based on mineral oils, it is primarily the chemical structure of 
the base fluids that is responsible for differences in physical properties such as viscosity 
behaviour or density. Additives for hydraulic applications are used in nearly all base oil 
groups, featuring similar chemical components. These correlations can only be used 
qualitatively in the development of lubricants in the form of predictions and cannot be 
applied in a targeted manner by now. 
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The hydraulic fluids considered for the experimental investigations in this work differ 
fundamentally in their base fluid structure. This chapter examines the chemical structure of 
various base oils and explains the resulting physical properties.  

2.1. Rheology and chemical structure 

Viscosity generally describes the thickness of a fluid. It is used as a measure of a liquid's 
internal friction. This internal friction arises between the molecules of a flowing medium 
[9]. Physically, viscosity can be derived using the relationships shown in Figure 2.1. A fluid 
element located between a wall and a plate parallel to it is displaced by a force 𝐹𝐹 applied on 
the plate. This creates a velocity gradient 𝑑𝑑𝑥̇𝑥 to the fluid between the moving plate and the 
stationary wall. The resulting shear stress 𝜏𝜏 depends on the area 𝐴𝐴 of the moving plate. 

The dynamic viscosity 𝜂𝜂 is defined for Newtonian fluids as the proportionality constant 
between the shear rate 𝛾̇𝛾 and the shear stress 𝜏𝜏 acting on the fluid. 

Figure 2.1 b) shows the atomic relationships for the graphical representation of the viscosity 
of lubricants in general. Molecular chains of hydrocarbons slide over each other due to an 
initiating force. The positively charged nuclei of the molecules repel each other due to their 
identical charge. For molecules to move from a given location to a vacant space, they must 
overcome a potential barrier. This requires activation energy. The potential barrier described 
defines the viscosity of the fluid. Additionally, mechanical resistance is caused by the 
branching of molecular chains and by branching structures within the chains. [10] 

 
Figure 2.1. (a) Derivation of dynamic viscosity and (b) Intermolecular interactions 
between hydrocarbon chains in lubricants to illustrate viscosity at the atomic level 

The base oils of the hydraulic fluids considered in this paper differ in their chemical 
structure. The differences in structure between mineral oils and esters primarily lie in the 
extent of branching and side chains. The chain length of the hydrocarbon chains, on the other 
hand, is similar for both types. Esters usually have long linear aliphatic molecular chains, 
whereas mineral oils have inflexible structural elements in the form of side chains. This 
difference in chemical structure influences the viscosity behavior of hydraulic fluids 
depending on temperature and pressure. Furthermore, this means that the carbon chains in 
ester oils are located nearer to each other, resulting in a higher packing capacity and thus a 
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higher density of ester oils compared to mineral oils. These relationships will be examined 
in more detail in the following chapters. 

2.2. Temperature-viscosity behaviour 

The viscosity of hydraulic fluids is highly dependent on temperature. As the temperature 
rises, the viscosity of the fluid decreases. At the microscopic level, this behavior can be 
explained as follows: Temperature affects the vibration and changing speeds of the atoms 
and molecules in the lubricant. The resulting vibration-energy reduces the activation energy 
required to overcome the potential barrier (see Figure 2.1). Corresponding mathematical 
descriptions of this behavior take the form of the Arrhenius equation [10]. Viscosity-
temperature behavior depends on the chemical structure of the base fluid. Flexible, long 
linear molecular chains, such as esters, exhibit the lowest temperature dependence of 
viscosity. Inflexible structural elements, such as branches or sidechains, like in mineral oils, 
increase the dependence of viscosity on temperature accordingly [11]. Branching causes the 
hydrocarbon chains to separate further apart spatially, thereby reducing their influence 
compared to closely linked chains. The degree of dependence of viscosity on temperature is 
described using the viscosity index. As the viscosity index (VI) increases, the dependence 
of viscosity on temperature decreases. The calculation basis for determining the VI is 
described in DIN ISO 2909 [12]. While the VI of mineral oils is typically around 100, ester-
based oils achieve values exceeding 180 [13]. 

2.3. Pressure-viscosity behaviour 

The pressure-viscosity behavior is a fluid-specific characteristic that depends mainly on the 
composition of the base fluid. The addition of additives has a negligible influence. The 
pressure-viscosity behavior generally increases with the degree of branching, the number of 
cyclic structures, the presence of aromatic compounds, and the length of the side chains of 
the base oil (see Fehler! Verweisquelle konnte nicht gefunden werden.). Both naphthenic 
and paraffinic-based mineral oils have pronounced branched chain structures. These 
structures intertwine under increasing pressure, which in turn increases the internal friction 
within the fluid. Ester molecules have a significantly flatter structure with few side 
structures. This results in a lower pressure dependence on the viscosity. [14] 

There are several approaches to calculating viscosity-pressure behavior. The first and still 
current approach is that, according to Barus (Eq. 2.1) [15]. Here, the dynamic viscosity 𝜂𝜂0 
at a specific pair of values for temperature and atmospheric pressure is the initial value. For 
a pressure 𝑝𝑝, the pressure-dependent dynamic viscosity 𝜂𝜂(𝑝𝑝) is determined. 𝛼𝛼𝜂𝜂 is the 
pressure-viscosity coefficient, which is determined experimentally. The pressure-viscosity 
coefficient depends on the fluid and as described above, is largely determined by the 
chemical structure of the base oil. The coefficient for ester-based oils is therefore lower than 
for naphthenic mineral oils. 

A0 = μ0ωI0
4π = 10-7ωI0𝜼𝜼𝟎𝟎 ∙ 𝒆𝒆(𝜶𝜶𝜼𝜼∙𝒑𝒑) (2.1) 

Due to the exponential relationship, the pressure-viscosity coefficient (pV-Coefficient) and, 
thus, the use of different base oils have a significant influence on the viscosity of the 
lubricant in highly loaded tribological contacts. Studies in [16] show that the influence of 
the pressure-viscosity behavior is decisive for the formation of a load-bearing lubricating 
film and is only influenced to a small extent by the temperature-viscosity behavior. 
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2.4. Fluids investigated 

The hydraulic fluids used in this study are a naphthenic mineral oil (HLP 46) and a synthetic 
ester (HEES 46) with a minimum content of 25 % renewable raw materials. It is a biobased 
lubricant in accordance with DIN 16807 [17]. Both fluids are commercially available 
hydraulic fluids containing additives. Table 2.1 shows the most important physical 
properties of the hydraulic fluids considered in this paper. 

Table 2.1. Physical properties of the investigated hydraulic fluids 

Fluid Viscosity 
index 

Density 
(15 °C) 
[kg/m³] 

Spec. heat 
capacity 
[kJ/(kg∙K)] 

Therm. 
conductivity 
[W/(m∙K)] 

pV-
coefficient 
[10-3bar-1] 

HLP 46 113 858 2.0 0.135 2.0 

HEES 46 184 944 2.3 0.14 1.5 

3. MATHEMATICAL FUNDAMENTALS OF LOSS MECHANISMS IN 
HYDRAULIC SYSTEMS 
This section presents a mathematical analysis of various common hydraulic components in 
terms of their losses resulting from fluid properties, which are eventually utilized for the 
examination of the experimental investigations.  

3.1. Flow Friction 
The hydrostatic and hydrodynamic pressure drops of the pipe and the orifice, as well as the 
tribological contacts in a pump, are investigated. Regarding the pipe, an advanced 
description of the relationship between laminar volumetric flow rate and pressure drop is 
provided by computing both steady-state and transient relations. The steady relation is 
determined by the Hagen-Poiseuille law: 

A0 = μ0ωI0
4π = 10-7ωI0

𝝅𝝅𝑹𝑹𝟒𝟒

𝟖𝟖𝜼𝜼𝜼𝜼 ∆𝒑𝒑 = ∆𝒑𝒑
𝑹𝑹𝑯𝑯

, (3.1) 

with the dynamic viscosity 𝜂𝜂, the pipe radius R, the pipe length L, and the hydraulic 
resistance 𝑅𝑅𝐻𝐻. The transient phenomena can be determined by incorporating the frequency-
dependent wall shear stress as a convolutional integral: 

A0 = μ0ωI0
4π = 10-7ωI0 ∫ 𝑊𝑊(𝜏𝜏)𝑡𝑡𝑛𝑛

0
∆𝑝𝑝(𝑡𝑡𝑛𝑛−𝜏𝜏𝑛𝑛)

𝑅𝑅𝐻𝐻
𝑑𝑑𝜏𝜏𝑛𝑛, (3.2) 

with 𝑊𝑊(𝜏𝜏) being a weight function in the form of ∑ 𝑚𝑚𝑘𝑘𝑒𝑒−𝑛𝑛𝑘𝑘𝑡𝑡𝑛𝑛𝑘𝑘
0 , 𝑚𝑚𝑘𝑘 ∈

[5.53,1.05,0.427,0.23,0.143], 𝑛𝑛𝑘𝑘 ∈ [5.78,30.74,74.9,139,222], the normalized time 𝑡𝑡𝑛𝑛 =
𝑣𝑣
𝑅𝑅2 𝑡𝑡 with the kinematic viscosity v and the time t and the normalized integral dummy variable 
𝜏𝜏𝑛𝑛 [18]. Extending this mathematical formula to consider fluid compressibility would 
introduce the dissipation number 𝐷𝐷𝑛𝑛 = 𝑣𝑣𝑣𝑣

𝑅𝑅2𝑎𝑎, which describes the relation of the time span of 
the axial propagation of pressure waves to the radial diffusion of axial momentum [19]. 
Regarding these compressibility phenomena, the effect on hydraulic loss is minor compared 
to the incompressible effects and is therefore not further examined. Investigating these 
equations reveals that the steady volumetric flow rate is inversely proportional to 𝜂𝜂, thus 
resulting in a decreased pressure drop for a lower dynamic viscosity while maintaining a 
constant flow rate. This translates to a lower hydraulic loss, which is determined by the 
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product of pressure and flow rate. Investigating the Reynolds number Re = 𝜌𝜌𝜌𝜌𝜌𝜌𝜂𝜂𝜂𝜂 , with the 
pipe diameter D and the pipe area A, which relates inertial and viscous forces, reveals that 
𝑅𝑅𝑅𝑅 increases for a lower viscosity, thus resulting in a flow that is more dominated by inertial 
forces than viscous forces. Until the tipping point of 𝑅𝑅𝑅𝑅 < 2300, the pipe flow remains 
laminar; however, for higher Re due to a further decrease of the viscosity, the flow reaches 
the non-laminar regime, which is characterized by eddies, vortices, and flow instabilities and 
results in a higher hydraulic loss, specifically a square-root dependency of the pressure with 
regard to the flow rate. Regarding the transient flow rate, the normalized time 𝑡𝑡𝑛𝑛 increases 
with a higher kinematic viscosity, which results in a faster steady state and thus a higher 
value for the hydraulic loss for a given dynamic flow rate.  

3.2. Orifice Losses 

Another commonly installed component in hydraulic systems is the orifice, which 
determines the following pressure-volumetric flow rate relation: 

A0 = μ0ωI0
4π = 10-7ωI0𝜟𝜟𝜟𝜟 = 𝑳𝑳 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 + 𝝆𝝆

𝟐𝟐𝜶𝜶𝑫𝑫𝟐𝟐𝑨𝑨𝟐𝟐
 |𝑸𝑸|𝑸𝑸,  (3.3) 

with the hydraulic inertance 𝐿𝐿 = 𝑙𝑙𝑒𝑒𝑒𝑒𝜌𝜌
𝐴𝐴2  and the discharge coefficient 𝛼𝛼𝐷𝐷 [20]. The hydraulic 

inertance accounts for fluid inertia and thus incorporates dynamic phenomena occurring in 
orifice flows. The second term of the equation represents the stationary flow rate.  

In the case of dig and dump, a defined trajectory of the excavator bucket is followed. To do 
this, the piston length of the cylinders is controlled. To provide the required volume flow 
𝑄𝑄(𝑡𝑡), a pressure difference ∆𝑝𝑝 at the orifice is necessary. For a defined movement this 
pressure difference is called ∆𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 . By changing the fluid properties of the used oil, the 
pressure difference must be adjusted to achieve an identical cylinder movement. According 
to Eq. 3.4, the adjusted pressure ∆𝑝𝑝𝑖𝑖, only depends on the oil’s density 𝜌𝜌𝑖𝑖 when the transient 
term is neglected. 

A0 = μ0ωI0
4π = 10-7ωI0

∆𝒑𝒑𝒊𝒊
∆𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓

= 𝝆𝝆𝒊𝒊
𝝆𝝆𝒓𝒓𝒓𝒓𝒓𝒓
 ,  (3.4) 

While the volume flow 𝑄𝑄(𝑡𝑡) remains constant for a defined cylinder movement, the pressure 
difference ∆𝑝𝑝 required to perform this movement increases with higher density. 
Consequently, the energy 𝐸𝐸𝑝𝑝→𝐴𝐴,𝐵𝐵→𝑇𝑇 required also increases. 

A0 = μ0ωI0
4π = 10-7ωI0𝑬𝑬𝒑𝒑→𝑨𝑨,𝑩𝑩→𝑻𝑻 = ∫ 𝑸𝑸(𝒕𝒕)𝒕𝒕𝒏𝒏

𝟎𝟎 ∙ ∆𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓
𝝆𝝆𝒊𝒊
𝝆𝝆𝒓𝒓𝒓𝒓𝒓𝒓⏟      

∆𝒑𝒑

𝒅𝒅𝒅𝒅, (3.5) 

In addition to the losses described above, there is also leakage on the tank side of the valve, 
which must be considered within the efficiency calculation. By rearranging equation 3.3 to 
𝑄𝑄(𝑡𝑡), the classic orifice equation from Eq. 3.5 is obtained. Eq. 3.4 establishes a relationship 
between the pressure 𝑝𝑝𝑖𝑖  and 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟. The resulting equation corresponds to the reference state 
and thus, under the given assumptions, the leakage volume flow is independent of the density 
of the fluid (Eq. 3.5). 

A0 = μ0ωI0
4π = 10-7ωI0𝑸𝑸 = 𝜶𝜶 ∙ 𝑨𝑨√𝟐𝟐∆𝒑𝒑𝒊𝒊𝝆𝝆𝒊𝒊

= 𝜶𝜶 ∙ 𝑨𝑨√
𝟐𝟐∆𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓

𝝆𝝆𝒊𝒊
𝝆𝝆𝒓𝒓𝒓𝒓𝒓𝒓

𝝆𝝆𝒊𝒊
= 𝜶𝜶 ∙ 𝑨𝑨√𝟐𝟐∆𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓𝝆𝝆𝒓𝒓𝒓𝒓𝒓𝒓

,,  (3.6) 
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3.2. Orifice Losses 

Another commonly installed component in hydraulic systems is the orifice, which 
determines the following pressure-volumetric flow rate relation: 

A0 = μ0ωI0
4π = 10-7ωI0𝜟𝜟𝜟𝜟 = 𝑳𝑳 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 + 𝝆𝝆

𝟐𝟐𝜶𝜶𝑫𝑫𝟐𝟐𝑨𝑨𝟐𝟐
 |𝑸𝑸|𝑸𝑸,  (3.3) 

with the hydraulic inertance 𝐿𝐿 = 𝑙𝑙𝑒𝑒𝑒𝑒𝜌𝜌
𝐴𝐴2  and the discharge coefficient 𝛼𝛼𝐷𝐷 [20]. The hydraulic 

inertance accounts for fluid inertia and thus incorporates dynamic phenomena occurring in 
orifice flows. The second term of the equation represents the stationary flow rate.  

In the case of dig and dump, a defined trajectory of the excavator bucket is followed. To do 
this, the piston length of the cylinders is controlled. To provide the required volume flow 
𝑄𝑄(𝑡𝑡), a pressure difference ∆𝑝𝑝 at the orifice is necessary. For a defined movement this 
pressure difference is called ∆𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 . By changing the fluid properties of the used oil, the 
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A0 = μ0ωI0
4π = 10-7ωI0

∆𝒑𝒑𝒊𝒊
∆𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓

= 𝝆𝝆𝒊𝒊
𝝆𝝆𝒓𝒓𝒓𝒓𝒓𝒓
 ,  (3.4) 

While the volume flow 𝑄𝑄(𝑡𝑡) remains constant for a defined cylinder movement, the pressure 
difference ∆𝑝𝑝 required to perform this movement increases with higher density. 
Consequently, the energy 𝐸𝐸𝑝𝑝→𝐴𝐴,𝐵𝐵→𝑇𝑇 required also increases. 

A0 = μ0ωI0
4π = 10-7ωI0𝑬𝑬𝒑𝒑→𝑨𝑨,𝑩𝑩→𝑻𝑻 = ∫ 𝑸𝑸(𝒕𝒕)𝒕𝒕𝒏𝒏

𝟎𝟎 ∙ ∆𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓
𝝆𝝆𝒊𝒊
𝝆𝝆𝒓𝒓𝒓𝒓𝒓𝒓⏟      

∆𝒑𝒑

𝒅𝒅𝒅𝒅, (3.5) 

In addition to the losses described above, there is also leakage on the tank side of the valve, 
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𝟐𝟐∆𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓

𝝆𝝆𝒊𝒊
𝝆𝝆𝒓𝒓𝒓𝒓𝒓𝒓

𝝆𝝆𝒊𝒊
= 𝜶𝜶 ∙ 𝑨𝑨√𝟐𝟐∆𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓𝝆𝝆𝒓𝒓𝒓𝒓𝒓𝒓

,,  (3.6) 
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Finally, the power losses due to leakage can then be calculated using equation (3.7).  
A0 = μ0ωI0

4π = 10-7ωI0𝑬𝑬𝒑𝒑→𝑻𝑻 = ∫ 𝑸𝑸𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍(𝒕𝒕)𝒕𝒕𝒏𝒏
𝟎𝟎 ∙ ∆𝒑𝒑𝒓𝒓𝒓𝒓𝒓𝒓

𝝆𝝆𝒊𝒊
𝝆𝝆𝒓𝒓𝒓𝒓𝒓𝒓

𝒅𝒅𝒕𝒕,    (3.7) 

The power loss due to leakage increases similarly to the losses due to cylinder movement as 
the density of the oil increases, even though the actual leakage volume flow remains constant 
for a defined movement on the cylinder. The losses are therefore attributable to the higher 
pressure required for oils with higher density. 
3.3. Hydraulic Pump (Tribological Contact) 

Further losses occur in the tribological contacts of the pump (piston/bushing, slipper/swash 
plate, cylinder block/valve plate). In axial piston pumps, the greatest losses can be attributed 
to friction and leakage between the slipper and swash plate. For this reason, the relevant 
parameter influencing this tribological system should be examined more closely under 
simplified assumptions. Especially, the influence of pressure- and temperature-dependent 
viscosity behavior, which differs significantly for mineral oils and class 4 oils, on quantities 
like the average gap heights ℎ̅ shall be addressed. To do this, the contact between the slipper 
and swash plate should be considered in simplified form, as shown in Figure 3.1.  

The pressure force 𝐹𝐹𝑝𝑝 acting on the slide shoe is compensated hydrostatically by the inner 
bore and hydrodynamically by the inclination that occurs during operation. Friction losses 
in the contact made up of hydrodynamic friction and solid body friction. For small to average 
gap heights ℎ̅, the proportion of solid friction increases disproportionately, which also 
increases the total friction in contact. 

 
Figure 3.1. Schematic sketch of the slipper/swash plate contact 

To estimate the qualitative influence of dynamic viscosity 𝜂𝜂 on the average gap height ℎ̅, 
the Reynolds equation from Eq. 3.8 is used. The Reynolds equation describes the pressure 
distribution in small gaps for laminar flows and consists of the Couette term, the Poiseuille 
term, and a time-dependent term for pressure build-up. The relative movement U of the gap 
surfaces leads to a flow that is summarized in the Couette term. The flow driven by the 
pressure gradient 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄  is referred to as the Poiseuille term. Transient effects are 
represented in the unsteady case by the pressure build-up term. 

𝑼𝑼
𝟐𝟐
𝝏𝝏
𝝏𝝏𝝏𝝏 (𝝆𝝆𝝆𝝆)⏟      

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇

− 𝟏𝟏
𝟏𝟏𝟏𝟏𝟏𝟏

𝝏𝝏
𝝏𝝏𝝏𝝏 (𝝆𝝆𝒉𝒉

𝟑𝟑 𝝏𝝏𝝏𝝏
𝝏𝝏𝝏𝝏)⏟        

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇

+ 𝝏𝝏
𝝏𝝏𝝏𝝏 (𝝆𝝆𝝆𝝆)⏟    

𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃−𝒖𝒖𝒖𝒖

= 𝟎𝟎, (3.8) 
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The Reynolds equation can be solved analytically for the boundary conditions shown in 
Figure 3.1 (𝑝𝑝1, 𝑝𝑝2, ℎ1, ℎ2, 𝑈𝑈), assuming a constant inclination 𝛼𝛼 and for the 1-dimensional 
steady-state case (Eq. 3.9).   

𝒑𝒑(𝒙𝒙) = − 𝟔𝟔𝜼𝜼𝑼𝑼
𝜶𝜶

𝟏𝟏
𝒉𝒉(𝒙𝒙) −

𝑪𝑪𝟏𝟏
𝟐𝟐𝜶𝜶

𝟏𝟏
𝒉𝒉(𝒙𝒙)𝟐𝟐 + 𝑪𝑪𝟐𝟐, (3.9) 

𝑪𝑪𝟏𝟏 = 𝟏𝟏𝟏𝟏𝜼𝜼𝑼𝑼𝒉𝒉𝟏𝟏𝒉𝒉𝟐𝟐 + 𝟐𝟐(𝒑𝒑𝟏𝟏 + 𝒑𝒑𝟐𝟐)𝒉𝒉𝟏𝟏𝟐𝟐𝒉𝒉𝟐𝟐𝟐𝟐
𝜶𝜶(𝒉𝒉𝟏𝟏 + 𝒉𝒉𝟐𝟐)  

𝑪𝑪𝟐𝟐 = 𝒑𝒑𝟏𝟏 + 𝟔𝟔𝜼𝜼𝑼𝑼
𝜶𝜶𝒉𝒉𝟏𝟏

+ 𝑪𝑪𝟏𝟏
𝜶𝜶𝒉𝒉𝟏𝟏𝟐𝟐

 

By integrating 𝑝𝑝(𝑥𝑥) with respect to 𝑥𝑥, a length-related force 𝐹𝐹𝑧𝑧 is calculated, which depends 
on the average gap height ℎ̅, neglecting third order 𝛼𝛼 terms 𝑂𝑂(𝛼𝛼3).   

𝑭𝑭𝒛𝒛 = ∫ 𝒑𝒑(𝒙𝒙) 𝒅𝒅𝒅𝒅 =  𝒑𝒑𝟏𝟏+𝒑𝒑𝟏𝟏𝟐𝟐 + 𝜶𝜶
𝟒𝟒𝒉̅𝒉 (𝒑𝒑𝟏𝟏 + 𝒑𝒑𝟏𝟏)⏟            

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇

− 𝜼𝜼𝜼𝜼𝜼𝜼
𝟐𝟐𝒉̅𝒉𝟑𝟑 + 𝑶𝑶(𝜶𝜶𝟑𝟑)⏟        

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇

 𝟏𝟏
𝟎𝟎 , (3.10) 

The dynamic viscosity 𝜂𝜂 is in the numerator of the Coutte fraction of the length-related force. 
If the viscosity decreases, this leads to a reduction in the force exerted on the slipper by the 
pressure field 𝑝𝑝(𝑥𝑥). To maintain a stable balance between the pressure field and 𝐹𝐹𝑝𝑝, the 
average gap height ℎ̅ decreases until a new equilibrium is reached. A reduction in the 
average gap height ℎ̅ simultaneously increases the proportion of solid contact and thus the 
friction between slipper and swash plate. 

4. EXPERIMENTAL INVESTIGATION OF THE LOSS MECHANISMS 
DURING THE OPERATION OF A MOBILE WORKING MACHINE 
The experimental investigations were carried out on a test excavator. The crawler excavator 
belongs to the class of compact excavators, and it is driven by tracks. The hydraulic system 
of the test excavator is a closed-centre system with a downstream pressure compensator and 
a circulation valve in the form of a pressure relief valve. The displacement volume of the 
axial piston pump is controlled by a two-point controller, which swings back from full 
displacement to a minimum swing angle when a pressure of approx. 130 bar is reached. In 
addition to linear actuators, which are required for digging, there also are actuators for 
further operations which are not regarded in the investigations. The test excavator is 
controlled by electro-hydraulic pilot valves instead of the usually implemented hydraulic 
joysticks. Therefore, an automatic digging process can be performed by the control of the 
cylinder lengths over the cycle time to achieve identical output energy when using different 
fluids. For the investigations made a 90° dig and dump cycle (dig/swing/unload/swing) is 
performed. The excavated material is simulated due to a weight in the shovel of 25 kg. In 
Figure 4.1 the bucket tip position is shown during the cycle for the two fluids investigated.  
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Figure 4.1. Position of the bucket tip during the dig and dump cycle at 40 °C tank 

temperature 

The test operation is performed at three different tank temperature levels (25 °C, 40 °C and 
50 °C). The allocation and assessment of losses is based on the mathematical principles set 
out in Chapter 3. To classify the losses, Table 4.1 shows the dynamic viscosity of the 
hydraulic fluids investigated at the temperatures considered.  

Table 4.1. Dynamic viscosity at investigated temperature stages 
Hydraulic 

fluid 
Dyn. Viscosity [mPas] 

(25 °C) 
Dyn. Viscosity [mPas] 

(40 °C) 
Dyn. Viscosity [mPas] 

(50 °C) 

HLP 46 86.7 39.9 26.2 

HEES 46 71.7 38.4 26.3 

4.1. Flow Friction losses 𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 

The flow friction losses 𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 during the Dig and Dump cycle are calculated by integrating 
the power loss over cycle time 𝑡𝑡. The power loss caused by flow friction is determined by 
multiplying the pressure losses of a pipe section ∆𝑝𝑝 by the volume flow 𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (Eq.4.1). 

Figure 4.2 shows the flow friction losses 𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 of the hydraulic fluids considered at the 
three different temperature levels and the share of the losses on the total input energy. Both 
fluids investigated fit into the viscosity class of ISO VG 46 [21]. Due to the fact that the 
standard allows a deviation of ±10 % from the average kinematic viscosity (46 mm²/s), the 
kinematic viscosity of the same class can differ up to 20 %. This is the case with the 
examined: the HEES 46 has a viscosity of 41.4 mm²/s at 40 °C and the HLP 46 has a 
viscosity of 47.3 mm²/s. This means that the deviation in kinematic viscosity is 
approximately 12 %. This results in an intersection point of the dynamic viscosity of the two 
hydraulic oils at a temperature of 49 °C (Table 4.1). Below this temperature, the dynamic 
viscosity of HEES 46 is lower than that of HLP 46. Due to the higher viscosity index, it lies 
above HLP 46 at higher temperature after the intersection point. The flow losses caused by 
friction are proportional to the dynamic viscosity according to Eq. 3.1. 

𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = ∫ 𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡)𝑡𝑡=𝑒𝑒𝑒𝑒𝑒𝑒
0 ∙ ∆𝑝𝑝 𝑑𝑑𝑡𝑡,   (4.1) 
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Figure 4.2. Flow friction energy losses 𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 and their share on the input energy during 

dig and dump cycle dependent on tank temperature 

4.2. Pump losses 𝑬𝑬𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 

The hydraulic pump (axial piston pump) converts the incoming mechanical energy into 
hydraulic energy. This results in hydraulic-mechanical and volumetric losses. The total 
energy loss 𝑬𝑬𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 is calculated from the difference between the measured mechanical input 
energy 𝑬𝑬𝑰𝑰𝑰𝑰 measured at the drive shaft of the pump and the hydraulic output energy 𝑬𝑬𝑶𝑶𝑶𝑶𝑶𝑶 of 
the pump. The hydraulic output energy is calculated by integrating the product of the 
measured variables pressure at pump outlet 𝒑𝒑𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷and volume flow 𝑸𝑸𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 over cycle time 
𝒕𝒕 (Eq. 4.2). 
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inversely proportional to the overall efficiency of the hydraulic pump. As the temperature 
rises, energy losses generally decrease. Except for HLP 46 between temperature stage 2 and 
3. It can be assumed that the minimum proposed viscosity of the pump is reached at 
temperature stage 3. Due to the higher viscosity index of HEES 46 the behaviour of the 
energy losses is different. The overall efficiency is composed of the volumetric and 
hydraulic-mechanical efficiency. Volumetric losses are largely dependent on the dynamic 
viscosity of the fluid (Eq. 3.1). At higher dynamic viscosity, losses are minimized 
accordingly. Hydraulic mechanical efficiency, on the other hand, describes losses due to 
friction in the pump. Since the density of HEES 46 is higher than that of HLP 46, it can be 
assumed that the volumetric losses are higher. Since the total pump losses are higher when 
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Figure 4.2. Flow friction energy losses 𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 and their share on the input energy during 

dig and dump cycle dependent on tank temperature 

4.2. Pump losses 𝑬𝑬𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 

The hydraulic pump (axial piston pump) converts the incoming mechanical energy into 
hydraulic energy. This results in hydraulic-mechanical and volumetric losses. The total 
energy loss 𝑬𝑬𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 is calculated from the difference between the measured mechanical input 
energy 𝑬𝑬𝑰𝑰𝑰𝑰 measured at the drive shaft of the pump and the hydraulic output energy 𝑬𝑬𝑶𝑶𝑶𝑶𝑶𝑶 of 
the pump. The hydraulic output energy is calculated by integrating the product of the 
measured variables pressure at pump outlet 𝒑𝒑𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷and volume flow 𝑸𝑸𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 over cycle time 
𝒕𝒕 (Eq. 4.2). 

𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐸𝐸𝐼𝐼𝐼𝐼 − 𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂 = 𝐸𝐸𝐼𝐼𝐼𝐼 − ∫ 𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡)𝑡𝑡=𝑒𝑒𝑒𝑒𝑒𝑒
0 ∙ 𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) 𝑑𝑑𝑡𝑡,   (4.2) 

The comparison of the energy losses caused by the pump when using the two different 
hydraulic fluids at the different temperatures is shown in Figure 4.3. The pump losses are 
inversely proportional to the overall efficiency of the hydraulic pump. As the temperature 
rises, energy losses generally decrease. Except for HLP 46 between temperature stage 2 and 
3. It can be assumed that the minimum proposed viscosity of the pump is reached at 
temperature stage 3. Due to the higher viscosity index of HEES 46 the behaviour of the 
energy losses is different. The overall efficiency is composed of the volumetric and 
hydraulic-mechanical efficiency. Volumetric losses are largely dependent on the dynamic 
viscosity of the fluid (Eq. 3.1). At higher dynamic viscosity, losses are minimized 
accordingly. Hydraulic mechanical efficiency, on the other hand, describes losses due to 
friction in the pump. Since the density of HEES 46 is higher than that of HLP 46, it can be 
assumed that the volumetric losses are higher. Since the total pump losses are higher when 

HLP 46 HEES 46

Temperature stage 3 (50  C  2)

En
er

gy
 lo

ss
in

 k
J

HLP 46 HEES 46

Temperature stage 1 (25  C  2)

HLP 46 HEES 46

Temperature stage 2 (40  C  2)

En
er

gy
 lo

ss
in

 k
J

65.9
(20.4%)

60.1
(17.2%) 43.5

(16.5%)
40.8

(14.2%)

32.5
(13.6%)

33.3
(12.7%)

 11 

using HEES 46, it can be expected that the hydraulic-mechanical losses and thus the friction 
losses are significantly higher. This assumption was confirmed in preliminary investigations 
and was attributed to the pressure-viscosity behaviour [5]. The influence of friction behavior 
in tribological contacts of pumps is described in detail in Chapter 3.3. 

 
Figure 4.3. Energy losses caused by the pump 𝑬𝑬𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 and their share on the input energy 

during dig and dump cycle dependent on tank temperature 

4.3. System losses 𝑬𝑬𝑺𝑺𝑺𝑺𝑺𝑺 
System losses 𝑬𝑬𝑺𝑺𝑺𝑺𝑺𝑺 depend on the functionality and architecture of the hydraulic system. 
The excavator system under consideration is a closed-center system with a downstream 
pressure balance. The excess volume flow that is not used to fulfil the movement of the 
actuators is throttled back to the tank via a circulation valve. For this purpose, the volume 
flow requested by the activated consumer 𝑸𝑸𝑨𝑨𝑨𝑨𝑨𝑨 is subtracted from the total volume flow 
provided by the pump 𝑸𝑸𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 and multiplied by the pump pressure 𝒑𝒑𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷. To calculate the 
energy loss 𝑬𝑬𝑺𝑺𝑺𝑺𝑺𝑺, the measured values are integrated over the cycle time 𝒕𝒕 (Eq. 4.3). 

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 = ∫ 𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) ∙ (𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) − ∑ 𝑄𝑄𝐴𝐴𝐴𝐴𝐴𝐴,𝑖𝑖(𝑡𝑡)𝑛𝑛
𝑖𝑖=1 )𝑡𝑡=𝑒𝑒𝑒𝑒𝑒𝑒

0  𝑑𝑑𝑡𝑡, (4.3) 

When looking at the results of the system losses during the dig and dump cycle (Figure 4.4), 
only minor differences can be identified. The losses are almost identical, especially for the 
first two temperature levels (0.9%/0.38%). At the third temperature level, the difference is 
higher (4.8%). 
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Figure 4.4. Energy losses caused by the system 𝑬𝑬𝑺𝑺𝑺𝑺𝑺𝑺 and their share on the input energy 

during dig and dump cycle dependent on tank temperature 

4.4. Valve losses 𝑬𝑬𝑴𝑴𝑴𝑴𝑴𝑴 

When fluid passes through valves, several types of losses occur in varying magnitudes. The 
flow resistance depends on the type of closing element and the channel configuration. 
Furthermore, the geometric conditions depend on the opening position of the closing 
element. In case of the investigated excavator the valve sections for cylinders and swivel 
motor consist of spool valves combined into a main control valve. In spool valves, orifice 
losses and, to a lesser extent, throttling losses occur predominantly. The flow resistance of 
a valve is determined by the orifice area and the flow velocity. Eq. 4.4 is used to determine 
the energy losses caused by the flow through the valves during the dig and dump cycle. This 
involves integrating the valve-related hydraulic power loss over cycle time 𝒕𝒕. The power 
loss is determined by multiplying the pressure loss between the excavator´s pressure line 
near the pump 𝒑𝒑𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 and the pressure right after the respective valve 𝒑𝒑𝑨𝑨𝑨𝑨𝑨𝑨,𝑴𝑴𝑴𝑴𝑴𝑴 with the 
corresponding volume flow requested by the respective actuator 𝑸𝑸𝑨𝑨𝑨𝑨𝑨𝑨. Losses in the valve 
due to leakage are not taken into account in this calculation. 

𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀 = ∫ (𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) − 𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴,𝑀𝑀𝑀𝑀𝑀𝑀,𝑖𝑖(𝑡𝑡)) ∙ 𝑄𝑄𝐴𝐴𝐴𝐴𝐴𝐴,𝑖𝑖(𝑡𝑡)
𝑡𝑡=𝑒𝑒𝑒𝑒𝑒𝑒
0  𝑑𝑑𝑡𝑡, (4.4) 

Figure 4.5 shows the energy losses during the dig and dump cycle by operation with the 
different oils. The losses generated by the flow paths of the Main Control Valve (MCV) 
𝑬𝑬𝑴𝑴𝑴𝑴𝑴𝑴 generally show smaller differences between the various hydraulic fluids than the types 
of losses described before. This can be explained by the fact that the losses occurring at the 
valve can mainly be described as orifice-type resistance. This means that the losses are 
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largely independent of viscosity (see Eq. 3.3). Minor differences can be explained by the 
different densities of the fluids and sections with throttle losses of the inlet and outlet 
pipeline of the valves. Furthermore, the cross-section area can differ by using different 
fluids, while the cylinder lengths are regulated. 

 
Figure 4.5. Energy losses caused by the main control valve 𝑬𝑬𝑴𝑴𝑴𝑴𝑴𝑴 and their share on the 

input energy during dig and dump cycle dependent on tank temperature 

5. DISCUSSION AND CONCLUSION 
The individual losses described in previous chapters of course have an impact on the overall 
efficiency of the machine. Figure 5.1 shows the energy requirement for the two hydraulic 
fluids over the tank temperature for the dig and dump cycle. The measured mechanical input 
energy 𝐸𝐸𝐼𝐼𝐼𝐼 was integrated over the cycle time 𝑡𝑡. The highest measured energy requirement 
by the use the two fluids, which occurs at HEES 46 and 25 °C, serves as a reference. The 
losses when using HEES 46 are higher at all temperature stages than when performing the 
cycle with HLP 46. When considering the individual losses (Chapter 3), the higher losses 
caused by the hydraulic pump are mainly responsible for this. The further losses show only 
minor differences between the two hydraulic fluids investigated.  
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Figure 5.1. Standardized energy requirement on the highest measured energy consumption 

(HEES 46/25 °C) during dig and dump cycle 

Since HLP 46 is one of the most used hydraulic fluids in the market, it was assumed that 
pump efficiency would be higher when using the mineral oil based fluid instead of HEES 46. 
In fact, the pumps and their tribological contacts were optimised based on the chemical and 
physical characteristics of HLP 46. In order to achieve comparable efficiencies with 
HEES 46, the geometry of the components needs to be adjusted by minimising the contact 
pressure. This can be achieved, for example, by increasing the hydrostatic relief in highly 
stressed tribological contacts. Furthermore, the research on ecological compatible additives 
for biobased lubricants, like extreme pressure (EP-) additives offer a high potential for 
further improvements of bio lubricants performance. These aspects offer further research 
potential for optimising both the resource efficiency and the ecological compatibility of 
hydraulic systems due to the use of biobased hydraulic fluids.  
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