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Abstract

Each year 35-37 million tons of lubrication is consumed. Hydraulic oils constitute 10.2%

of the total lubrication consumption, and a large part of that is lost to leakage, hose

burst and accidents. One way of reducing the pollution caused by hydraulic oil lost in

nature is to replace the standard mineral oil with an environmentally acceptable oil, EAL.

EALs are already being used but to an extent, that is somewhat sector dependant, and

reluctance amongst system designers is one of the factors limiting the usage. Hydraulic

experts and end-users say, that two of the main obstacles are the lack of knowledge and

the fear of technical problems.

The objective of this project is to map the current knowledge on EAL with a focus

on synthetic esters, HEES, and build on the lesser-known topics. A state of the art on

synthetic ester is made, which shows, the influence of HEES on several components is

poorly covered by current research.

Two of the most commonly used valves in hydraulics is selected for studies: The pressure

compensated directional control valve, PCPDCV, and the counterbalance valve, CBV.

The PCPDCV study focuses on characterizing dynamics valve response using frequency

responses to fit linear models of 2nd and 3rd order. The CBV studies focus on describing

the steady-state valve behaviour using CFD while identifying fluid dynamics and friction.

Experiments have been performed supporting the model work in the studies. Standard

mineral oil with improved viscosity/temperature properties, HV, was used for reference,

along with a partially saturated synthetic ester and a fully saturated synthetic ester. Dur-

ing experiments with the three oil types, valve behaviour with synthetic ester has been

observed, included in the models and compared to the reference oil. Experiments were

run at 20◦C-60◦C resulting in a benchmark targeting actual system design, where tem-

perature, in general, cannot be assumed constant.

The changes in steady-state fluid dynamics, when comparing HEES to HV, were found

to be insignificant by investigating steady-state CBV behaviour. The conclusion is based

on estimates of the main discharge coefficient and the flow force found using CFD.

The steady-state friction identified differed significantly between both HEES and HV

but also between saturated and partially saturated HEES oils. The strong link between
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hysteresis and friction in the CBV experiments allows for an evaluation of friction dif-

ference between oil types. The friction was up to 42% less for the fully saturated HEES

and up to 20% higher for the partially saturated HEES. The friction of the CBV valve is

known to be heavily influenced by its dynamic seals and it should be noted the seal were

of the FPM type.

HEES was observed to have some influence on PCPDCV valve dynamics mainly at lower

temperatures. The two PCPDCV valves investigated had different reactions to oil type.

Almost no oil type dependency was observed for the open-loop controlled HAWE valve,

while the closed-loop position-controlled Danfoss valve saw up to 28% reduction in band-

width and an increase in the rise time of up to 18%. The reduction in bandwidth hap-

pened when using fully saturated HEES, but using partially saturated HEES resulted in

a similar or faster valve. The reduction in bandwidth and increase in the rise time were

most pronounced at low temperature (20◦C) and are less likely to be an issue at higher

temperatures.



Publications

The following papers are appended and will be referred to by letters A-C. The papers

are printed in their originally published/submitted state except for changes in the format

and minor errata. The referencing style to equations, figures and tables in the papers are

kept local as well.

Paper A J. H. Jakobsen and M. R. Hansen. ”Synthetic Esters and Dynamics of Pres-

sure Compensated Proportional Directional Control Valves”. In Proceedings of the

BATH/ASME 2018 Symposium on Fluid Power and Motion Control. Bath, UK.

September 12–14, 2018. doi: 10.1115/FPMC2018-8933

Paper B J. H. Jakobsen and M. R. Hansen. ”CFD Assisted Steady-State Modelling of

Restrictive Counterbalance Valves”. International Journal of Fluid Power. (Sub-

mitted 26/07-2019)

Paper C J. H. Jakobsen and M. R. Hansen. ”Steady-State Counterbalance Valve Mod-

elling with the Influence of Synthetic Ester Oils Using CFD”. Modeling, Identifica-

tion and Control. (Submitted 18/09-2019)

Contributions

The main contributions by this project to science are summarised below:

• A generic approach to CBV modelling using CFD to predict fluid dynamic con-

tributions is presented in Paper B. The resulting model was shown to reasonably

accurately describe the valve, and it was used to characterise the specific CBV type,

and to identify valve friction.

• In Paper C, the CFD component of Paper B was used with the fluid dynamic param-

eters of HEES to compare the effect from HEES versus HV on the valves steady-state

fluid dynamics. The effect was found too small to influence CBV behaviour.

• HEES friction was identified and benchmarked against HV friction by using the

model of Paper B and experiments with HEES and HV. The benchmark found

significant differences in friction (Paper C).

• The friction temperature relationship was investigated by using the identified fric-

tion. The relative friction changes with temperature were similar for all three oil

types, which suggest friction for HEES can be determined with reasonable accuracy
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over a range of temperatures without actually testing at more than one temperature

in the range (Paper C).

• HEES on valve dynamics was investigated using two very different PCPDCVs. Like

with friction the valve dynamics for HEES were benchmarked against HV in the 20-

60◦C range. The use of fully saturated HEES oil resulted in a bandwidth reduction

on one of the two valves. The other valve was largely unaffected by both HEES

types.



Contents

1 Introduction 1

1.1 Outline of the dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Biodegradable Hydraulic oil 5

2.1 HFC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 HEPG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.3 HEPR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4 HEES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.5 HETG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.6 Price . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.7 How to choose? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3 State of the art - HEES 13

3.1 What is HEES? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Fluid level research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2.1 Ageing resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2.2 Contamination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2.2.1 Foaming resistance . . . . . . . . . . . . . . . . . . . . . . 17

3.2.2.2 Air separation ability - ASA . . . . . . . . . . . . . . . . . 17

3.2.3 Tribology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.3 Component and system level research . . . . . . . . . . . . . . . . . . . . . 18

3.4 Conclusions - State of the art for HEES . . . . . . . . . . . . . . . . . . . . 19

3.4.1 Research scope - oil and components . . . . . . . . . . . . . . . . . 19

4 The load-holding system 21

4.1 CBV model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.2 PCPDCV model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.2.1 PC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2.2 DVC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.2.3 Actuation module . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5 Theoretical effect of HEES on valves 33

5.1 CBV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.2 PCPDCV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.2.1 PC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

xiii



CONTENTS xiv

5.2.2 DCV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.3 Research scope - behavioural aspects . . . . . . . . . . . . . . . . . . . . . 35

6 State of the art - CBV modelling 37

6.1 Conclusions - CBV modelling . . . . . . . . . . . . . . . . . . . . . . . . . 40

7 Conclusions 43

7.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Bibliography 45

Appended Papers 49

A Synthetic Esters and Dynamics of Pressure Compensated Proportional

Directional Control Valves 49

B CFD Assisted Steady-State Modelling of Restrictive Counterbalance

Valves 79

C Steady-State Counterbalance Valve Modelling with the Influence of Syn-

thetic Ester Oils Using CFD 113



List of Figures

1.1 Lubrication consumption by application . . . . . . . . . . . . . . . . . . . 1

2.1 ISO standard - Oil Classes . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.1 Monoester . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Carboxyl acid reacting with alcohol . . . . . . . . . . . . . . . . . . . . . . 13

3.3 Neopentylglycol C16 C18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.4 TMP-oleate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.1 Load independent controlled load holding system. . . . . . . . . . . . . . . 21

4.2 Hydraulic circuit - resistive load scenario . . . . . . . . . . . . . . . . . . . 22

4.3 Hydraulic circuit - assistive load scenario . . . . . . . . . . . . . . . . . . . 23

4.4 Section view of a CBV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.5 ad.CBV as a function of u. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.6 fspr as a function of spring length, lspr. . . . . . . . . . . . . . . . . . . . . 26

4.7 Basic module . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.8 snom.x as a function of ynom.DCV . . . . . . . . . . . . . . . . . . . . . . . . 29

4.9 Sketch of Danfoss PVE module . . . . . . . . . . . . . . . . . . . . . . . . 30

4.10 Sketch of HAWA EAWA module . . . . . . . . . . . . . . . . . . . . . . . . 31

xv



List of Tables

2.1 Oil classes - pros and cons. . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Oil Price . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Oil properties - datasheet coverage . . . . . . . . . . . . . . . . . . . . . . 11

5.1 Normalised ρ of oils used in experiments [1],[2],[3]. . . . . . . . . . . . . . 33

5.2 Normalised dynamic viscosity of the tested oils. µx [cSt] (µ at x◦C). Values

at -20, 40 and 100◦C are calculated from kinematic viscosity and density

found in the oil datasheets [1],[2],[3]. 20◦C and 60◦C values are calculated

using the Uddebuhle-Walther equation and the two nearest kinematic vis-

cosity datasheet values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

6.1 Steady-state friction and flow force models . . . . . . . . . . . . . . . . . . 41

xvi



Chapter 1

Introduction

Apart from a dip in 2009 and 2010, the global consumption of lubricants has been largely

constant since 1991. Each year 35-37 million tons is consumed [4],[5] and hydraulic oils

constitute 10.2% of the total lubrication consumption [6].

48%

15%

10%

27%Engine oils Process oils

Hydraulic oils Others

Figure 1.1: Lubrication consumption by application

Some of the consumed hydraulic oil is recovered and recycled, but much is lost to

leakage, hose bursts and other accidents. Estimates for the loss of hydraulic fluids are as

high as 70–80% [7]. Most hydraulic fluids are petroleum oil based. They are both toxic and

characterized by very slow degradation, when deposited in the environment, hence, they

pollute. The generally high force/torque density of hydraulic machinery lends itself well

to mobile machinery and offshore equipment, i.e., the type of equipment, which typically

operates in nature. Reducing spills, leakage and the consequences thereof in hydraulic

machinery are therefore of great importance in reducing pollution to ground and waters

in the immediate vicinity of such machinery. One way of reducing the consequences is to

use oils, that fit the category of Environmentally Acceptable Fluid/Liquid, EAF/EAL,

which demonstrate a lower impact on the environment. Various efforts have been made

to shift consumption towards EALs, the three main efforts are:

1. Direct regulation. The use of EAL is rarely directly regulated but it is occasionally

done for equipment near eco-sensitive environments. Examples include the Vessel

General Permit (VGP) and the OSPAR regulations. VGP requires the use of an EAL
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for all oil-to-sea interfaces for vessels longer than 79 feet unless technically infeasible,

thereby imposing strict limits on incidental discharges (including lubricants) for

vessels operating within three nautical miles of U.S. coastlines and in the Great

Lakes [8]. The OSPAR regulations address environmental performance of chemicals

in terms of persistence and marine toxicity that could potentially be discharged into

the North-East Atlantic [9].

2. Incentives. Incentives have been made to promote EALs. The most famous incen-

tive program is a German program from 2001-2008, where bio-based EALs were

promoted by the government supporting the conversion of existing or new equip-

ment from mineral oil to bio-based oil through financial grants, technical advice and

publicity [10].

3. Eco-labelling. The eco-labelling-schemes are political tools providing certification

for companies and consumers, that want an environmentally acceptable fluid but

are unfamiliar with the details of EALs. Eco-labellingschemes define, qualify and

promote EALs like the European Eco-label (Europe), the Blue Angel (Germany),

green seal (unites states) and Environmental labelling china (China). All of the

labels use international standards like DIN, ISO and SS to put requirements on

environmentally relevant oil properties, while ensuring a number of technical per-

formance characteristics are met.

Despite the various promotion efforts, bio-based lubricants comprised only 1.5% of the

global lubricant market in 2015 [11]. While the variations between regions and sectors

are large, and sectors like the Swedish forest industry use up to 80% EALs, the overall

potential for growth remains large. TaT Rheine did a survey investigating obstacles

restricting the use of EALs in Germany. The survey was carried out in cooperation with

both hydraulic experts and end-users in the mobile hydraulics industry, and it found three

major obstacles. They are listed below in prioritized order [10]:

1. Lack of knowledge

2. Fear of technical problems

3. High price pr. litre

1.1 Outline of the dissertation

In this dissertation, the two first obstacles will be addressed by mapping current knowledge

and researching lesser-known topics relevant to system design.

The literature on EALs, in general, is studied, and HEES is selected for a state of the

art. The state of the art shows, that the impact of HEES on component performance has

not been given much attention, and it is, therefore, the aim of this work to investigate

the impact of HEES use on component behaviour. The scientific question to be answered

is, whether there are any systematic performance variations related to the use of HEES

versus typical mineral oil-based hydraulic liquids.





 

For most hydraulic components, aspects like fluid dynamics and tribology have a

major influence on both steady-state and dynamic performance, and the complex rela-

tionship with component behaviour does not allow the consequences of oil properties to

be accurately predicted at a glance.

Two of the most commonly used components in hydraulic systems are therefore inves-

tigated: the directional control valve and the counterbalance valve. Their performance is

crucial in a number of systems and tribology and fluid dynamics within these valves have

a heavy influence on the performance of the hydraulic-mechanical system, that they are

a part of.

The dissertation is based around a paper collection with additional chapters describ-

ing the context of the papers. The paper collection is comprised of three papers: One

conference paper (Paper A) and two journal papers (Paper B and C). Paper A investigates

the behaviour of pressure compensated directional control valves operating with synthetic

esters as the pressure medium. Paper B and Paper C investigate counterbalance valve

behaviour and the influence of synthetic esters on that behaviour.

Chapter 2 presents the general study on EALs focusing on a description of the current

options for biodegradable oil to create an overview and assist system engineers in choosing

oil.

In chapter 3, the state of the art on synthetic esters is presented. The focus is on identify-

ing knowledge gaps, which would be viewed as a ground for uncertainties in system design.

Chapter 4 contains a description of the system, which inspired the choice of valves for the

experiments with a focus on component context and lump parameter component models.

In Chapter 5, the potential effect from the known oil parameter differences is evaluated,

when using HEES, on the lump parameter models.

In chapter 6, a state of the art on counterbalance valve models is presented as context to

Paper B and Paper C, since part of the CBV research involved creating a new model.







Chapter 2

Biodegradable Hydraulic oil

It is important to understand, that hydraulic oil is a blend of two groups of chemicals

namely base oil and additives. Base oils make up the main portion of the blend, and, as

the name suggests, forms a base in terms of properties. The additives adjust the properties

of the base oil to fit the performance required for the intended application. Additives may

include antioxidants, anti-wear, rubber swell and viscosity improvers. They are generally

more expensive than the base oil and for general lubricants make up less than 10% of the

total blend [12]. Additives, while only making up a small portion of the total blend, are

usually one of the limiting factors for toxicity benchmarks of EALs.

The most common hydraulic oil is distilled from crude petroleum oil and blended with

additives [13]. The end product containing a mixture of hydrocarbons is called min-

eral oil. There exist many classes of mineral oils, of which the most common one in

high-performance hydraulics is the HM(ISO)/HLP(DIN) class. The HM class focuses on

anti-rust anti-oxidation and anti-wear protection [14]. The class used as a reference in the

experiments was a viscosity index improved version of the HM class called HV.

Figure 2.1 shows the HM and HV classes and other relevant ISO classes grouped by

the ecological labels environmentally acceptable and bio-based. The environmentally ac-

ceptable label consists of several sub-criteria related to the two properties biodegradability

and ecotoxicity.

Biodegradation is the biochemical process, which breaks down chemicals in soil and water

by the action of living organisms or their enzymes. Biodegradability speaks of the degree,

to which the process happens. There are two main types of biodegradation used in the

classification of oil. The least used one is primary biodegradation, which focuses only on

the first step in the degradation of molecules in the blend ignoring the resulting-products.

The second type called ultimate biodegradation focuses on the full degradation process,

which would transform the blend to CO2, H2O and ash. Ultimate biodegradation tests

compare the amount of carbon in the original blend, with the amount found in the CO2

produced during degradation.

Ecotoxicity describes, to what degree a substance is harmful to various organisms in the
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environment. The two main types of evaluations are acute toxicity and chronic toxicity.

Acute tests investigate the effects of high concentrations of a chemical during a relatively

short time of exposure, and chronic tests investigate long-term effects at sub-lethal con-

centrations [15]. The tests making up a typical eco-toxicity evaluation are selected to

target organisms in the different levels of the natural food chain [15].

The ISO requirements for environmentally acceptable hydraulic fluids can be found in

ISO 15380. It contains a minimum ultimate degradation requirement tested according to

ISO 14593 or ISO 9439 and toxicity requirements on acute fish toxicity, acute daphnia

toxicity and bacterial inhibition according to ISO 7346-2, ISO 6341 and ISO 8192.

Environmentally acceptable oils can be made from both petroleum and vegetable oil.

Most petroleum oil derivatives cannot be used as a base oil in environmentally acceptable

fluids, but if well selected and synthesized, oils can be made, that fulfil the necessary

criteria. Water-glycols (HFC), polyglycols (HEPG), polyalphaolefins and related carbon

hydrates (HEPR) and synthetic esters (HEES) are the most common in current hydraulics.

The term bio-based content refers to the amount of content coming from a renewable

source. The renewable source used for hydraulic oil is usually vegetable oils. In order

to use the term ”bio-based”, the European Ecolabel requires a minimum of 25% carbon

in the final product shall be from a renewable origin [16]. This requirement makes all

Triglycerides, HETR, bio-based, and makes it possible for HEES to be bio-based pro-

vided at least 25% of the esters are produced from vegetable oil.

All the HE categories must consist of no less than 70% base fluid. Blends consisting

of mixtures of base oils from the classes above are also quite common. The most typical

mixtures are HEPR with HEES, and HEES with HETG.

Petroleum oil Vegetable oil 

HEPRHEPGHFC HETG

HM

HV

Bio-based

Environmentally 
Acceptable

Potentially 
Environmentally 

Acceptable

Potentially 
Bio-based 

HEES

Figure 2.1: ISO standard - Oil Classes





   

2.1 HFC

Water glycol, HFC, is a blend of water, glycol and polymeric thickener. Diethylene glycol,

ethylene glycol, propylene glycol are commonly used [13]. HFC is not in the ISO HE

standard for environmentally acceptable fluids but may fulfil the HE requirements [14].

HFC consists of minimum 35% water but is typically in the 40-60% range. The main

advantages of HFC are that it has a very low pour point (below -50◦C), and it is ignition

resistant and self-extinguishing when the source of the flame is removed. The operating

temperature is generally low, around 60◦C. Due to poor filterability, filters must be 3

times the size of those used in systems with mineral oils. The density of the water glycols

is higher than standard mineral oil, this increases the time it takes for suspended particles

to settle, thus, a larger tank size is required. Water glycols do also need more de-aeration

time than the mineral oils, which also leads to a larger tank. Originally HFC had poor

lubrication ability, but a second generation of HFCs promises much better performance.

The content of water means a lower vapour pressure. Because of this and the high density,

risks of cavitation are higher, and many pump manufacturers, therefore, recommend a

reduction in the maximum pump speed if water glycol is used.

Their viscosity index ranges from 140-245 [13]. The oil is compatibility with all seals but

FPM seals. HFC has no compatibility with zinc and low compatibility with aluminium.

Zinc is the most common rust protection coating for hydraulic valves, and special orders

are often required to avoid zinc.

2.2 HEPG

HEPG - polyglycols. Polyglycols are ethers of oligomers. The most common ones are

polyethylene and polyalkylene glycol. HEPGs have high maximum operating temperature

(> 80◦C), generally good ageing resistance, good wear properties, and they may have good

fire resistance. Polyglycols may or may not have high water solubility [17] and biodegrade

slowly when oxygen is not present. This means, that they can accumulate underwater

and is suspected to be able to reach the groundwater. Because of this and despite the

fact, that polyglycols are EALs according to the ISO15380 definition, they are by many

not considered as environmentally friendly as other EALs [13]. On the other hand, they

leave no oil slick on water surfaces and disperses well in water. The high density like with

HFC results in a lower maximum pump speed to avoid cavitation. Their VI is typically

>170. Some paints and plastics are not compatible with the oil, and dynamic NBR seals

may not be compatible depending on the application.

2.3 HEPR

HEPRs are synthetically manufactured hydrocarbons related to polyalphaolefins. The

most common one is naturally polyalphaolefin (PAO). They have a very low pour point

(below -50◦C)[18], have similar behaviour to mineral oils with regards to water solubility

and resistance to hydrolysis [17] and are less costly than HEES. Their typical VI is around





   

140-160. HEPR may not be compatible with NBR but generally, have compatibility

similar to HM/HV.

2.4 HEES

HEESs are chemically synthesized esters from organic acids and alcohols. The process of

chemical synthesis leaves the molecular structures open for design, and this has produced

a wide range of base oils with significantly different performance characteristics. This

process is costly and the HEES oils are, in general, costly [17], it does, however, often

produces base oils with very good properties, and, therefore, fewer additives are needed,

which ultimately raises the biodegradability and reduces toxicity.

Their viscosity index ranges from 140-190 [13]. Dynamic NBR seals and non-anodized

aluminium is not compatible with HEES.

2.5 HETG

Triglycerides, HETG, also called natural esters, consist mainly of a variety of saturated

fatty acids from either vegetable or animal sources, which are esterified.

Triglycerides are generally considered the most biodegradable. This strong biodegrad-

ability is, however, related to a quite low oxidation and hydrolysis resistance especially at

higher temperatures. The maximum operating temperature is therefore often less than

70◦C.

HETG has very high VI (>200).





   

Table 2.1: Oil classes - pros and cons.

Class Pros Cons

HFC Very low pour point. Degree of biodegradability rarely demonstrated.

Fire-resistant. Generally not certified with EAL labels.

History of poor lubrication.

Poor compatibility with Al, Zn, and FPM seals.

Components need to be checked for compatibility.

Not bio-based.

HEPG Can be fire-resistant Have poor compatibility with

High maximum some coatings and seals (PU,NBR).

operating temperature. May have problems separating water.

Not bio-based.

HEPR Behavior similar to HV May not be compatible with NBR

Not bio-based

HEES May be bio-based Dynamic seals should be FPM.

High potential Oxidation and hydrolytic stability vary with saturation

for biodegradability.

HETG Very high VI Poorest oxidation and hydrolytic stability of the HE oils

Bio-based Tendency to gelling below -15◦C

Highest biodegradability

2.6 Price

The relative price of selected oils measured against a HV mineral oil is displayed in

Table 2.2. Some oils will increase service life, which to some extent offsets the higher

costs, but the biodegradable oils are more expensive than standard mineral oils. The

prices are when buying 100L in Norway.

Table 2.2: Oil Price

Product name Oil class Norm. price Norm. price with discount

Shell Tellus S2V 46 HV 1.0 1.0

Shell Naturelle HF-E 46 HEES 1.9 2.4

Statiol HydraWay SE 46 HEES 1.9 2.7

HydraWay SE 46 HP HEES 3.2 4.6

Fuchs Plantosyn 46 HVI HEES 2.0 3.1

Houghto-Safe NL1 HFC 3.9 5.7

Fuchs RENOLIN PG 46 HEPG 2.7 3.9





   

2.7 How to choose?

1. Look at suggested applications from the oil manufacturers. Most oil manufacturers

have application-specific suggestions. This type of guidance is likely to be biased

but might help in identifying a suitable oil class.

2. Follow component supplier recommendation. Component suppliers like Bosch Rexroth

and Sauer-Danfoss, both have general guidelines for choice of oil class for their equip-

ment [19],[20].

3. Check compatibility. Make sure oil is compatible with the system on a component

material level. Seals, metal composition and coatings need to match the chosen oil

type. Some component suppliers offer oil compatibility assessments on an approved

not approved detail level. Be especially careful with HFC and HEPG.

4. Use experience from similar applications. While EALs overall are not dominating

the hydraulic oils market, they still have been used for quite some time in various

sectors like the mobile machinery in Swedish forest industry, where HETR and HEES

have been used since the 1990s [21], and the German mobile hydraulic market where

EALs crossed the 15% mark in 2002 [22].

5. Compare relative performance between oils. Most system requirements on oil prop-

erties are rarely measured against the actual need but rather based on experience

and rules of thump. It is, therefore, typically easier to flag properties of interest by

making a relative comparison of performance properties with that of the standard

HM oil rather than coming up with a quantifiable requirement. The data for com-

parisons are, however, often not readily available. Table 2.3 shows the datasheet

coverage for selected commercial oils. The table clearly shows that datasheets are in-

sufficient for comparisons between commercial oils. Oil manufacturers do, however,

often have more data as many of the classifications and labels cannot be obtained

without achieving certain minimum requirements on performance properties like

oxidation stability, load-carrying properties and anti-wear properties.

In this project bio-based content, biodegradability and a wide area of application have

been prioritized. The project was initiated after learning about the desire of the Norwegian

offshore industry to use biodegradable oil. Most of the offshore drilling equipment is

designed with similar requirements to that of forestry equipment, where HEES has been

used successfully in many years. Along with the above prioritizations and since it has

been used successfully in similar applications, focus in this project has been HEES.





   

Table 2.3: Oil properties - datasheet coverage
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Oxidation stability

Baader test, 95◦C, 72h [%]

RBOT (ASTM D 2272) [h] 950

Tost dry (mod) (ASTM D 943) [h] >8000

Tost (ASTM D 943) [h] 1100

Hydrolytic stability

RR 1006 90◦C/120h [mgKOH/g] 0

Air release

50◦C (ISO 9120) [min] <2

50◦C (ASTM D 3427) [min] 3

Wear

Eaton/Vickers 35VQ25 [mg]

Vanes <7

Cam ring < 10

FZG A/8.3/90 (ISO 14635-1) [-] 10 12 12

Four-ball wear test (ASTM D 4172) [mm] 0.3-0.4

Brugger test (DIN 51347-1 and -2) [N/mm2] 40







Chapter 3

State of the art - HEES

In order to ascertain the need for further knowledge, a state of the art has been produced,

which aims to produce a detailed picture of what HEES is, and how it differs from mineral

oil on the fluid property level and on the component/system level.

3.1 What is HEES?

Synthetic esters are any synthesised chemicals containing an ester group. The simplest

form is a monoester (see Figure 3.1). Esters are typically produced by the reaction of

R1 C

O

O R2

Figure 3.1: Monoester

a carboxyl acid and an alcohol while eliminating water, see Figure 3.2. The carboxyl

H2O+ +
R1 C

O

O H
R2 O H

R1 C

O

O R2

Figure 3.2: Carboxyl acid reacting with alcohol

acid and alcohol can have varying lengths and a number of carbon-carbon double bonds.

The length strengthens the intermolecular forces between the ester molecules and longer

carboxyl acids and alcohols, therefore, tend to lead to increased viscosity but also de-

creases biodegradability. The double bonds tend to increase reactivity, thereby, increasing

biodegradability but also lowering the oxidation stability. Synthetic esters in hydraulics

are often described as either partial saturated or fully saturated. The term refers to the

number of double bonds. If the finished ester contains no carbon-carbon double bonds

it is called fully saturated. Since both HEES types are commercially available, stabil-

ity varies significantly amongst synthetic esters. Suppliers of HEES will often sell both

kinds. The ester group is relatively chemically active and is one of the main reasons for

the molecules biodegradability, but it also increases the risk of hydrolysis. Hydrolysis is

13



   

the reverse process of the reaction above, which happens once the water concentration is

sufficient to shift the reaction equilibrium to the left.

Of the main biodegradable base oils in current hydraulics [17] two fit the HEES class,

namely, diesters and polyol esters.

The diesters are usually made from dicarboxylic acids esterified with alcohols produced

from hydroxylated petroleum fractions [17]. Figure 3.3 shows one of the diesters used in

[23] (Neopentylglycol C16 C18). The molecule contains two esters with a short carbon

chain core linking them together. Most of the molecule mass is situated in the long carbon

chains following the ester groups on either side of the core. The diesters usually score

a bit lower in terms of biodegradability, which is believed to be due to branching in the

carbon chains.

Figure 3.3: Neopentylglycol C16 C18

Polyol esters are typically made from an alcohol (with multiple OH groups) esterified

with multiple long carboxyl acids. The most common polyol esters are esterified trimethy-

lol propane (TMP). The esterification is mostly done with fatty acids from plants and

TMP is, therefore, used in bio-based HEES.

Figure 3.4 shows trimethylol propane oleate (TMP). The ester contains three ester

groups and three long carbon chains. The long carbon chains originate from oleate

(C18:1), which is a fatty acid 18 carbon atoms long, with one double bond. Oleic acid

is the most common monounsaturated fatty acid in nature. It is found in natural fats

(triglycerides).

The state of the art for synthetic esters can be roughly split into two different lev-

els of research: fluid level research with a focus on oil properties and component/system

level research with s focus on components/system behaviour with HEES as lubrication

and power medium.
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Figure 3.4: TMP-oleate

3.2 Fluid level research

Within fluid level research focus has been on ageing, contamination and tribology.

3.2.1 Ageing resistance

Ageing resistance is very dependent on the base fluid and additives and is often inversely

connected to biodegradability. The speed with which the environmental friendly oils age

is also very dependent on the external influences like high temperature, water pollution,

availability of oxygen, presence of catalysts, pressure, shear loading and radiation [24],

[25]. All these, but radiation, will be present in hydraulic systems but the primary ageing

processes are oxidation and hydrolysis.

Oxidation is any chemical process that leads to an increase in oxidation number. When

regarding hydraulic oils this usually entails the addition of oxygen (O2) and degradation

of the original oil molecule. The chemical reaction speed is, therefore, highly dependent

upon the availability of oxygen.

Hydrolysis is as described above a chemical process, where water is added, and the oil

molecule is split in two. Factors that influence hydrolysis are primarily water content,

temperature and retention time of water in the fluid. The presence of metals significantly

affects hydrolytic action by acting as catalysts.

It is a general rule of thumb in chemistry that a temperature increase of 10◦C doubles





   

the reaction speed. The effect of temperature on ageing becomes especially noticeable

after 80◦C where some ester oils exhibit a 50% reduction in their lifespan every 10◦C [25].

However, below 60◦C there is usually little or no effect.

In [25] oxidation stability and hydrolytic stability of HEES were investigated by looking

at chemical and performance properties. The focus was on non-commercial oils with and

without additives and it was found, that metals such as Fe, Cu act as catalysts in both

oxidation and hydrolysis and increase the rate of ageing for HEES oils.

In [26] the ageing mechanisms of a non-commercial trimethylolpropane-tri-oleate (see

Figure 3.4) were investigated by means of chemical analysis. The focus was on the effects of

metal catalysts, antioxidants and water contamination. The influences of metal catalysts

and additives were studied with a rotary bomb test apparatus in laboratory tests. The

results showed that the main ageing mechanism of TMP involves free radical reactions

by metal ions, and it was shown, that alloying elements with high redox potentials such

as Co and Mn further increase the rate of ageing. The antioxidants phenol and vitamin

C (a natural antioxidant)were experimented with. The antioxidants greatly improved

oxidation stability. When investigating water content a limit for little or no effect (<

0.1%) was found.

In [27] three commercial synthetic esters under the influence of common contaminants

in hydraulic systems were investigated by blending HEES with various combinations of

water, mineral oil and copper. The commercial synthetic esters were sensitive to con-

tamination by solid copper particles, water (hydrolysis) and common mineral oil based

hydraulic fluids.

The results clearly showed that a water content higher than 1% can significantly affect

the oxidation and hydrolysis stability of the biodegradable fluids. The fluids did not show

the 0.1% water content limit for little or no effect reported by [26].

The procedure suggested by ISO-15380 for change of hydraulic fluids from mineral oil

to HEES aims for <2% residual mineral oil content. [26] experimented with 2% mineral

oil contamination and found that oxidation stability increased for two of the esters while it

decreased for the third. The hydrolytic stability showed similar stability with and without

the 2% mineral oil. This suggests that the ¡2% target for oil exchange is a reasonable

number for commercial oils.

[26] furthermore found, that for all fluids analysed the total acid number (TAN) result-

ing from oxidation generally trended in the same direction as the results from hydrolysis

and suggested, it implied, that conditions which exert a negative influence on oxidation

stability also exert a significant influence on hydrolysis.

3.2.2 Contamination

Mixing of fluids is generally not recommended. This is especially true for mixing of

HM/HV and HEES. When using environmentally friendly oils it is difficult in practice to

keep it completely free from mineral oil as most components are tested using mineral oil

and remnants form the tests are bound to pass on to the final system. ISO 15380 states

that the HM/HV content in HEES oils may not exceed 2% and engine oil, not more than

1%. These numbers should be viewed as a maximum value if no information from the





      

oil supplier is available, but reactions between bio-oils and mineral oils vary and a higher

limit is valid for most combinations of bio- and mineral oils [28].

3.2.2.1 Foaming resistance

There are two primary causes of reduced foaming resistance HEES oils. Contamination

with mineral oil [28] or water and ageing [29].

The presence of air bobbles comprising the foam can lead to excessive oxidation (age-

ing), cavitation and reduced lubrication.

In [28] the effects of contamination from seven commercial mineral oils in two HEESs

were investigated. The focus was on foam test and air release. The foam was created by

blowing air into the fluid and was measured after 0min and 10min according to ASTM

D892.

Generally, the higher the contaminant concentration, the more foam was present.

Contaminations with HM, HV showed higher but still acceptable results at a 2% con-

tamination content level for both HEES oils, but one of the HEES oils were beyond the

ISO-15380 requirements at concentrations of 5% or higher. The experiments with engine

oil showed, that even a 0.5% contamination, half of that permitted in the ISO standard,

resulted in unacceptable performance. The experiments with zink-free HM contamination

showed acceptable levels of foaming even at a 10% content level. By looking at all oil-

contaminant mixtures a relationship between metal content and total foam volume was

found, where the mixtures with higher total metal content led to a larger foam volume.

Both HEES performed very well without contaminants, but the two HEES oil generally

reacted very differently to mineral oil contaminants, one had nearly no reaction to the

mineral oil, whereas, the other had a significant reaction. The only contaminant both

esters reacted to was the engine oil.

3.2.2.2 Air separation ability - ASA

The air separation ability describes the oils ability to separate undissolved air. It depends

on the fluid, viscosity, temperature and ageing.. Too much undissolved air constitutes an

air contamination, when this happens bulk modulus drops and the risk of cavitation and

diesel effects increases. These effects can make the hydraulic system harder to control,

cause damage to components and increases fluid ageing.

In [28] both HEES oils in pure condition fulfilled the air release requirements of the ISO

15380, but the same pattern as for foam was repeated, where one oil was more sensitive

to contamination than the other. The acceptable contamination levels were, however,

a little higher with 5% HM and HV contamination causing air release times below the

ISO-15380 requirements. Less than 2% contamination with HM and HV did not cause

increased air release time.

3.2.3 Tribology

Tribology is the study of interacting surfaces. The job of the hydraulic fluid is to separate

sliding surfaces by forming a fluid film, which influences the friction and wear caused by





   

the interaction. The wear protection from HEES is normally similar to that of HM/HV.

[30] investigated the friction coefficient in FZG gears lubricated with both synthetic

esters and mineral oil formulated for gears. Standard tests with a Four-Ball machine and

a FZG test rig were used to identify the tribological differences between the two oils. The

mass loss was larger for the mineral oil tests, and the friction coefficient for the synthetic

ester was up to 20% lower at the highest contact pressures tested.

In [23] formulations with six synthetic esters base oils all with different molecular

structure were compared. The six synthetic esters belong to the three subgroups: diesters,

polyol esters (TMP) and complex esters. A mineral oil of similar viscosity grade was tested

for benchmark purposes. The tests were performed with a ball & disc apparatus testing

both rolling and sliding lubrication film thickness. The main goal was to investigate

whether ester-based fluids subjected to high pressures and shearing could compete with

a mineral oil in forming a separating film.

Of six tested esters, the two diesters were directly comparable with the mineral oil

possessing similar bulk properties and causing similar behaviour in high shear film loss.

The polyol and complex esters showed less ability to form a thick film. The differences

were less pronounced at a high slide to roll ration, where the polyol and complex esters

proved better at retaining the film thickness.

The overall conclusion of the study suggests, that esters cannot be treated as a uniform

group where all have the same behaviour.

3.3 Component and system level research

Components and systems behaviour are usually the product of several aspects, and while

the single aspect tests in the prior section can point to trends, there is often no direct link

to the complex behaviour of components and systems.

In [25] experiments were conducted on axial piston pumps. HEES was used together

with axial piston pumps and low wear was found during investigations of selected sub-

components.

Coating in axial piston machines was investigated in [31]. The axial piston machine was

tested with HEES. The experiments showed promising advantages of coated components

in combination with environmentally friendly fluids. The tests showed that environmen-

tally acceptable tribological systems could be realised in axial piston machines.

The behaviour of a mobile forest harvester was analysed in [32]. The primary focus

was to find ageing parameters for environmentally friendly oils, however, efficiency was

also investigated. The simulated operation with a HEES oil was compared to simulated

operation with a HM oil of the same viscosity grade. The fuel consumption was found

to be 2.5% higher for the HEES. However, [32] suggested to take advantage of the higher

viscosity index of the HEES and use a HEES of lower viscosity grade to increase the

efficiency of the system.

[33] monitored various performance parameters of a refuse vehicle using HEES during

operation. The test oil was Mobil EAL 46 ESSO. The performance was assessed after

200, 400 and 600 operating hours by measuring system leakage, pump flow and power





      

consumption. The oil was not benchmarked against mineral oil, but all performance

indicators were deemed acceptable, and none of them showed mayor changes during the

first 600 hours.

3.4 Conclusions - State of the art for HEES

The HEES oil type contains subtypes, and properties vary with base chemistry, which

makes broad conclusions harder to make. The exact HEES subtype is often, not stated

which reduces the value of comparison between papers on the same topic. That being

said, general tribology, ageing and contamination are well covered for the TMP subtype.

The research done on component and system level is minimal. Components like pumps

and gears with HEES are reasonably well covered by academic research, but hydraulic

cylinders, valves and systems, in general, are poorly covered.

3.4.1 Research scope - oil and components

It was not possible to cover all subtypes of HEES in this project. The research has been

focused on a partially saturated and a fully saturated commercial HEES oil.

It was also not possible to cover both valves, cylinders and systems in general. Valves

were selected, and research was focused on the HEES effect on valves.

The valves chosen were the pressure compensated proportional directional control

valve, PCPDCV, and the counterbalance valve, CBV. Both valves are very common in

hydraulic systems but have very different behaviours and functionality. The choice of two

very different valves makes it harder to compare, but allows for a broader investigation

with an emphasis on more aspects of valve behaviour. In light of the nearly non-existing

literature, an initial broader screening of potential consequences of HEES was deemed the

most valuable addition to current system design knowledge.







Chapter 4

The load-holding system

The components selected for the research are from one of the most typical systems in

mobile hydraulics, the load-independent controlled load-holding circuit. Figure 4.1 shows

a sketch of the main components in the circuit: the PCPDCV, the CBV and the cylinder.

The PCPDCV directs oil flow to the cylinder, that either extends or retracts and, thereby,

moves the crane arm up or down. The CBV insures, that the cylinder only moves in

proportion to the oil flow sent in by the PCPDCV (metering-in).

PCPDCV

CBV

Cylinder

Payload

Figure 4.1: Load independent controlled load holding system.

The nature of the system depends on whether the load assists or resists the movement

directed by the PCPDCV. The CBV takes no active role in the resistive load scenario,

where its function is that of an open check valve, while it acts as a pilot assisted pressure

relief valve in the assistive load scenario. Figure 4.2 shows a simplified circuit of the

resistive load scenario. In this scenario, the PCPDCV sends flow, q, through the CBV

to the piston side of the cylinder thereby lifting the payload. The flow to the cylinder

is made load-independent by the pressure compensation element in the valve, and the
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flow is controlled by the PCPDCV spool position set either manually, hydraulically or by

activation of the coils used for electrical control. In the depicted resistive scenario the

spool allows flow from port p to b and from t to a. The spool position determines the

discharge area of the orifices connecting the ports (Ad.pb and Ad.at).

Payload

q
C

B
V

p
PCPDCV

q
P

C
P

D
C

V
CBV

a

b

t
PS

Ad.pb

Ad.at

Figure 4.2: Hydraulic circuit - resistive load scenario

In the assistive load scenario in Figure 4.3, flow is sent directly to the cylinder ring

chamber from the PCPDCV. The payload will tend to move the cylinder down with the

PCPDCV flow, and without the CBV only the spool restriction between port b and t

would limit the runaway of the cylinder. This would mean, that the cylinder speed while

lowering the payload, would be load dependant, and would likely cause cavitation on the

ring side of the cylinder. The CBV relief valve function is set to relieve the piston side

pressure at a pressure higher, than what happens during normal operation. This means,

that the CBV only opens when assisted by the pilot pressure. By attaching the pilot

pressure port to the ringside of the cylinder the CBV is, therefore, only open, when the

PCPDCV in-flow can keep up with the cylinder speed.

The assistive load scenario, with the aforementioned components, are known to cause

instability problems leading to undesirable oscillations. Modelling is therefore of great

importance in predicting and handling issues in the system design phase.
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Figure 4.3: Hydraulic circuit - assistive load scenario

4.1 CBV model

The objective is to model the flow passing from the L port to the B port, qCBV . The

focus will be on the assistive load scenario. qCBV depends on how restrictive the flow path

between the two pressure zones are, which mainly depends on the position of the spool,

and on the geometry of the opening at [A] of Figure 4.4, called the main restriction.

When the valve is closed the check element and the spool seals the restriction. The

check element is pushed to the right by pL and is resting against a stop (not shown).

The restriction, therefore, opens, when the spool moves to right. The main restriction is

typically modelled as an orifice.

qCBV = Cd.CBV (Re) · ad.CBV (u)

√
2

ρ
(pL − pB) (4.1)

where Cd.CBV (Re) is the discharge coefficient as a function of the Reynolds number.

ad.CBV (u) is the discharge area of the main restriction as a function of spool position, u.

Re is the Reynolds number and ρ is the oil density. px is the pressure in chamber x of

Figure 4.4.

Figure 4.5 shows ad.CBV as a function of u for the investigated valve. The red line is a linear

approximation of the form ad.CBV = Kad.CBV ·u prioritizing the u < 0.2mm workspace.

The relationship is not perfectly linear and using the red line would lead to an 8.7% error

on ad.CBV at u=0.63mm.

The spool position is determined by the forces acting on the spool: the force from the
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Figure 4.4: Section view of a CBV
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Figure 4.5: ad.CBV as a function of u.





   

fluid (ffl.CBV ), spring (fspr.CBV ) and friction (fµ.CBV ).

MCBV ü = ffl.CBV − fspr.CBV − fµ.CBV (4.2)

Where MCBV is the mass of the CBV spool.

The most popular lumped parameter approach to modelling the forces from the fluid is

to assume an even pressure distribution in each of the chambers of the CBV and then

correct with a flow force. Figure 4.4 shows the different chambers marked with colours.

ffl.CBV = AL · pL + AB · pB − AB2 · pB2 + AP2 · pP2 − fff.CBV (4.3)

Where AX is the effective area of chamber X. fff.CBV is the flow force affecting the CBV

spool.

There is no direct access to the B2 and P2 chambers via the valve ports, but both are

connected to the ports via smaller channels ([B],[C]). These are often modelled as orifices

and dampens the effect of oscillations in pP , pB and the spool position.

qP2 = sign(pP − pP2)Cd.P2Ad.P2

√
2

ρ
|pP − pP2| (4.4)

qB2 = sign(pB − pB2)Cd.B2Ad.B2

√
2

ρ
|pB − pB2| (4.5)

Where qx is the flow to chamber x, Cd.x and Ad.x are the discharge coefficient and discharge

area of the orifice leading to chamber x.

Using the continuation equations for the P2 and B2 chambers yields:

qP2 =
VP2

β

dpP2

dt
+ u̇AP2 (4.6)

qB2 =
VB2

β

dpB2

dt
− u̇AB2 (4.7)

Where Vx is the volume of chamber x. β is the bulk modulus of the oil. If the oil

compression is assumed negligible, orifice equations and continuation equations can be

combined, and pB2 and pP2 can be isolated:

pP2 = pP − sign(u̇)
ρA2

P2u̇
2

2C2
d.P2A

2
d.P2

(4.8)

pB2 = pB + sign(u̇)
ρA2

B2u̇
2

2C2
d.B2A

2
d.B2

(4.9)

The spring is precompressed and the spring force grows with u:

fspr = Kspr(u+ U0) (4.10)

Where U0 is the precompression of the spring. Kspr is the spring constant.

U0 is usually preset from the manufacturer according to customer specification. Figure 4.6

shows the spring force test of the researched CBV. The red line is a first-order approxi-

mation with Kspr=114N/mm.
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Figure 4.6: fspr as a function of spring length, lspr.

The friction is produced by the relative movement between the seals and spool, and be-

tween the spool and spool track. The seals are known to have strong influence on the

friction, and result in one of the CBVs characteristics, hysteresis. It is more pronounced

on the CBV than most valves, since the leak-tight feature of the CBV often requires a

dynamic seal influenced by relatively high pressure (see [D] on Figure 4.4) Friction is typi-

cally modelled as a version of Coulomb friction or viscous dampening. Table 6.1 shows the

friction models of published papers on CBVs. The flow force accounts for the pressures

not being uniformly distributed throughout the chambers of the CBV. Fluid in motion

will cause local pressure deviations, particularly, in regions with large velocity differences

and accelerations. Where and how large the fluid velocity differences and accelerations

are, is determined by fluid dynamics. For the researched valve, the pressure on the front

surface of the spool (purple surface of [A]) is particularly affected by fluid dynamics, and

the pressure on the surface deviates significantly from pL.

Published CBV descriptions for flow force, fff , are found in table 6.1.

4.2 PCPDCV model

PCPDCVs were originally developed for mobile applications with large variations in load

pressure and a need for load-independent flow control [34]. They are generally cheaper

than servo valves but have lower response times.

The valves are often based on a modular design of which, the two main modules are the

basic module containing the DCV and a pressure compensator, and the actuation module

containing the actuation for the DCV. The basic module usually allows interchangeable

DCV spools, and the same valve therefore fits several flow ranges and can have different

functions depending on the choice of spool.

The module may also contain valves for more utilitarian functions like shock and suction

valves.





   

Figure 4.7 shows a sketch of the basic module containing the DCV and PC.

T

y

pC

pb pa

pPI pPII

pab2

pC2

PS

T

q
P

C
P

D
C

V

OpaObt

O1

O2

O3

DCV

PC

q
C

B
V

pab

Figure 4.7: Basic module

4.2.1 PC

The pressure compensator is based on the restrictive pressure compensation principle.

The valve restricts the supply path to the DCV. It consists of a spool, a spring and a

valve body. The restriction O1 determines the relationship between the pressure drop

from the supply pressure, PS, to the compensated pressure, pC . The restriction is usually

modelled as an orifice:

qPC = Cd.PC · ad.PC(yPC)

√
2

ρ
(PS − pC) (4.11)

ad.PC(yPC) = KPC · yPC for yPC > 0 (4.12)

Where qPC is the flow through the PC. Cd.PC and ad.PC are the discharge coefficient and

discharge area through O1. The PC spool position is determined by the forces on the

spool. Newton second law on the spool yields:

MPC · ÿPC = APC · pab2 − APC · pC2 + fspr.PC − fµ.PC − fff.PC (4.13)

Where MPC is the mass of the PC spool. yPC is the PC spool position. APC is the

effective area in the ab2 and PC2 chamber. fspr.PC = −Kspr.PC · yPC + fspr0.PC is the

spring force.

The spring chamber of the PC is connected to the metering port of the DCV. pab is the

pressure of that port and, therefore, depends on the spool position. The metering port

is the a-port in the assistive load scenario of the investigated circuit. pab2 and pC2 is pab





   

and pC dampened by orifices. The flow into the chambers of ab2 and C2 depends on the

orifices O3 and O2:

q3 = sign(pab − pab2)Cd.3Ad.3
√

2

ρ
|pab − pab2| (4.14)

q2 = sign(pC − pC2)Cd.2Ad.2

√
2

ρ
|pC − pC2| (4.15)

Where qx, Cd.x and ad.x are the flow, discharge coefficient and discharge area through Ox

Assuming the fluid compression negligible in the chambers of pab2 and pC2 yield the

following continuity equations:

q3 = APC · ẏPC (4.16)

q2 = −APC · ẏPC (4.17)

combining 4.14 and 4.16 yields pab2 expressed in terms of pab and ẏPC , 4.18. Combining

4.15 and 4.17 yields pC2 expressed in terms of pC and ẏPC , 4.19:

pab2 = pab − sign(ẏPC)
ρ

2

A2
PC ẏ

2
PC

C2
d.3A

2
d.3

(4.18)

pC2 = pC + sign(ẏPC)
ρ

2

A2
PC ẏ

2
PC

C2
d.2A

2
d.2

(4.19)

At steady state 4.13 reduces to 4.20 if flow forces, friction and Kspr.PC are sufficiently

small, and the expressions in 4.18 and 4.19 are used for pab2 and pC2.

fspr0
APC

= pC − pab (4.20)

The spring compression is usually set to give a pressure drop in the range 5-10 bar. It is

normally set to a fixed value, but it can also be adjustable.

4.2.2 DVC

The DCV is a spring-centred 4-3 directional valve consisting of a spool, spring/springs

and a valve body. The spool position controls the a and b port access to the compensated

pressure pC and reservoir pressure T. In the case of Figure 4.7 flow is restricted by the

limited cross-section at Obt and Opa The restrictions are usually modelled as orifices with

cross-sectional areas depending on the spool position.

qPCPDCV = Cd.pa · ad.pa(yDCV )

√
2

ρ
(pc − pa) (4.21)

qCBV = Cd.bt · ad.bt(yDCV )

√
2

ρ
(pb − T ) (4.22)

where yDCV is the DVC spool position. Cd.x and ad.x is the discharge coefficient and

discharge area of the Ox orifice.





   

The two flows are non-linear functions of y, since the spool overlap affects the discharge

areas causing a deadband around y=0mm. Figure 4.8 shows a typical plot of the nor-

malised distance between the spool edge and valve body edge making op the restriction x

as a function of the normalised spool position. The figure is valid for a closed-center type

spool. Lo is the length of the overlap causing the deadband.

s n
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m

.x
 [-

]

Lo
ynom.DCV [-]

1

1

Ymax.CFD

Figure 4.8: snom.x as a function of ynom.DCV

ad.x is close to proportional to sx, and is often modelled as such.

ad.x = kxsx (4.23)

yDCV is given by the forces on the spool:

MDCV · ÿDCV = ADCV · pPI − ADCV · pPII + fspr.DCV − fµ.DCV − fff.DCV + fmekAct
(4.24)

Where MDCV is the mass of the DCV spool. ADCV is the effective area both pilot

chambers. fmekAct is the force from mechanical actuation. pPI and pPII are the pilot

pressures used for valve control and are given by the pilot circuit of the actuation modules.

fspr.DCV = −Kspr.DCV · yDCV is the spring force.

4.2.3 Actuation module

The actuation module can be mechanical, hydraulic or electric or a combination of all

three. The focus in this section will be on the electro-hydraulic actuation, EHA, used in

the experiments.

The most important features of the EHA is the pilot pressure control and dither for

static friction elimination. There is no standard EHA circuit used by all manufacturers of





   

PCPDCVs, and the ones described in this section, are the ones used for the experiments.

The choice of the valves for was partly to capture the HEES effects on distinctly different

EHAs. Figure 4.9 and 4.10 show the EHA circuits of the Danfoss PVE and HAWE

EAWA modules. The PVE module of the Danfoss PVG32 uses a pulse-width modulation

approach to establish the two controlled pilot pressure levels, pPI and pPII . One pair of

on/off valves, consisting of one normally closed and one normally open valve, controls

each pilot pressure level. The normally closed valve is responsible for raising the pilot

pressure via the access to the pilot supply pressure, PPS, and the normally open valve is

responsible for lowering the pilot pressure via access to the oil reservoir.

Controller
r

yDVC

pPI

pPII

yDCV

PVG32

LVDT

DCV spool

Figure 4.9: Sketch of Danfoss PVE module

The EAWA module of the HAWE PSVF valve uses a more classic approach to pilot

pressure control using a direct-acting pressure reduction-relief valve to control each pilot

pressure.

Along with the pilot circuit the two modules differ on controller interaction and sensor.

PVG32 comes with an integrated controller and closed-loop position control and uses a

LVDT to determine position. The PSVF needs an external controller to manipulate the

currents needed for valve actuation in the pilot circuit, and uses a hall effect sensor to

determine position.

Information needed to accurately model the pilot circuit not directly available, and

the control algorithms of the PVG32 valve is also not available. Considerable effort is

needed to model the pilot circuits.

Detailed modelling of the two modules is therefore out of scope for most system design.

Instead, pilot circuit, spool dynamics and controller dynamics (when integrated) are com-

bined into a single linear system describing the relationship between control signal and

DCV spool. The system is often modelled as a 2nd or 3rd order system, and the param-
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Figure 4.10: Sketch of HAWA EAWA module

eters are determined experimentally.

Y (s)

S(s)
= GDCV (s) = k

ω2
n

s2 + 2ζsωn + ω2
n

(4.25)

Where GDCV is the transfer function from the signal to the DCV spool position. k, ωn
and ζ are all constants of a standard 2nd order system.







Chapter 5

Theoretical effect of HEES on valves

HEES has properties similar to and yet different from HV, and it is therefore reasonable

to expect some effect on hydraulic component behaviour. Of the tested components both

PCPDCVs are compatible with HEES according to the manufactures and the CBV is

undeclared. Even if compatibility is declared, what that means to the behaviour of the

components is unclear.

Component manufacturer specifications rarely completely covers the component be-

haviour, and system engineers therefore rely on tests and experience to predict component

behaviour. The promise of compatibility, therefore, does not promise the exact same be-

haviour as HM or HV oil. The following section uses the oil properties related terms

in the typical component models and oil property differences, to evaluate the theoretical

changes in behaviour when using HEES. The ρ of HEES differs by less than 5.8% and

the dynamic viscosity, µ, by less than 16.6% from the corresponding HV properties in the

20-60◦C temperature range. Tribological differences are unknown for the chosen oils.

Table 5.1: Normalised ρ of oils used in experiments [1],[2],[3].

Oil type Product ρ.nom [-]

HV Shell Tellus S2 V46 1

HEES Statoil Hydraway

BIO SE 46 1.056

HEES+ Statoil Hydraway

SE 46 HP 1.058
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Table 5.2: Normalised dynamic viscosity of the tested oils. µx [cSt] (µ at x◦C). Values

at -20, 40 and 100◦C are calculated from kinematic viscosity and density found in the oil

datasheets [1],[2],[3]. 20◦C and 60◦C values are calculated using the Uddebuhle-Walther

equation and the two nearest kinematic viscosity datasheet values.

Oil type µ−20 µ40 µ100 µ20* µ60*

HV 1.000 1.000 1.000 1.000 1.000

HEES 0.652 1.079 1.270 0.983 1.166

HEES+ 0.981 1.042 1.072 1.031 1.058

5.1 CBV

If equations from the typical CFD model 4.1, 4.2, 4.3, 4.8, 4.9 and 4.10 are combined,

non-steady-state terms are omitted and the first-order approximation for discharge area

is used, a steady-state expression for the typical CBV can be made:

qCBV = Cd.CBV (Re)KAd.CBV(
AL · pL + AP2 · pP − (AB2 − AB) · pB − fff.CBV − fµ − kspr.CBVU0

Kspr.CBV

)√
2

ρ
(pL − pB)

(5.1)

5.1 suggests qCBV is proportional to 1/
√
ρ, and that a 5.8% higher ρ would result in a

2.8% reduction in qCBV at the same pressure levels and at high Reynolds numbers where

Cd is constant.

At lower Re flow becomes laminar and Cd becomes proportional to
√
Re:

Cd.CBV = KCd.CBV

√
Re (Laminar flow) (5.2)

Re =
ρLV

µ
(5.3)

At low Re qCBV is, therefore not, a function of density and subsequently no change

would follow from changes to ρ. Instead qCBV becomes proportional to 1/
√
µ, and a

16.6% higher µ results in a 7.4% reduction in qCBV . Larger changes to steady-state

behaviour would therefore have to come from model deviations, flow forces or friction

changes produced by the differing properties of HEES. Contributions from those three

factors can’t be found in currently available literature and would have to be determined

by case-specific CFD and/or experiments. The dampening terms from the orifices affecting

the pilot chamber and the spring chamber (4.8 and 4.9) would increase by up to 5.8% due

to their scaling with ρ at high Re and would increase by up to 16.6% due to their scaling

with 1/C2
d.x and, therefore, µ at low Reynolds numbers.

pP2 = pP − sign(u̇)
ρ

2

A2
P2u̇

2

C2
d.P2A

2
d.P2

pB2 = pB + sign(u̇)
ρ

2

A2
B2u̇

2

C2
d.B2A

2
d.B2





      

5.2 PCPDCV

5.2.1 PC

The pressure compensator element of the PCPDCV will see changes similar to the CBV

across the main PC restriction, but if flow forces, friction and Kspr.PC remain small the

steady-state force equilibrium still results in equation:

fspr0
APC

= pC − pab

Leaving oil type with no significant effect on the steady-state pressure across the DCV

spool. The dampening of the PC does however contain terms similar to the CBV and

would see similar changes: Up to 5.8% increase at high Re and 16.6% at low Reynolds

numbers.

pab2 = pab − sign(ẏPC)
ρ

2

A2
PC ẏ

2
PC

C2
d.3A

2
d.3

pc2 = pc + sign(ẏPC)
ρ

2

A2
PC ẏ

2
PC

C2
d.2A

2
d.2

5.2.2 DCV

The terms of the restrictions caused by the DCV spool, would at steady state and at a

given yDCV , like the CBV restriction, see an increase by up to 2.8% at high Re and see

an increase by up to 7.4% at low Reynolds numbers.

qPCPDCV = Cd.pa(Re)ad.pa(y)

√
2

ρ
(pc − pa) (5.4)

It is reasonable to assume, that for valves with closed-loop position control, steady-state

effects are compensated for, and steady-state performance stays the same. Dynamics

performance, however, will depend on controller and pilot circuit performance. Open-

loop valves may see both steady-state and dynamics changes as both friction, flow forces

and pilot circuit pressure levels may be subject to changes. Both the open-loop valve and

the close-loop valve is, however, subject to dither, which reduces stiction and therefore

the effect of changes to friction.

MDCV · ÿDCV = ADCV · pPI − ADCV · pPII + fspr.DCV − fµ.DCV − fff.DCV + fmekAct
(5.5)

5.3 Research scope - behavioural aspects

Both the CBV and the PCPDCV models are subject to predictable changes and uncer-

tain changes. Uncertainties especially revolve around flow forces and friction forces, and

experimentation is needed to determine the actual relationship between oil type and valve

behaviour.





   

For the PCPDCV the main performance parameter is its flow characteristics, i.e., the

metering flow vs. control signal at steady state. Especially, the maximum flow can be

considered as a crucial parameter.

The research focus has, however, not been on steady-state flow characteristics, since

both the PC and DCV were expected to see small steady-state changes for the closed-loop

position valves. Instead, the focus has been on the dynamic characteristics, that for both

the open and closed-loop valves were uncertain due to uncertain effects on flow forces and

friction. The dynamics have been investigated by identifying the frequency response of

the signal to spool position transfer function, followed by comparing the HEES response

to that of HV (Paper A).

The CBV the main characteristics are given by its steady-state flow characteristics.

Typically, the available steady-state flow characteristics are limited to two operational

conditions; either a fully opened valve (piloted open) or a shock valve condition without

pilot pressure. In general, however, there is a wide range of operational conditions char-

acterised by any combination of load pressure and pilot pressure. Unlike the PCPDCV

there is no inner control loop that actively forces the main spool position. Therefore,

in most operational conditions the steady-state flow characteristics heavily depend on

the forces exerted on the main spool by the liquid and the friction between the main

spool and the valve housing. The research focus for the CBV has therefore been on

steady-state behaviour, using CFD to identify fluid dynamics and experiments to iden-

tify friction (Paper B), and then comparing the HEES behaviour to that of HV (Paper C).

Oil properties changes with temperature, which means valve behaviour will change with

temperature. It follows that any research useful for actual system design must span a range

of temperatures. Experiments and models for both valves, therefore, cover 20-60◦C.





Chapter 6

State of the art - CBV modelling

This chapter provides the context to the modelling approach of Paper B and Paper C.

In the following, equations from the referenced papers are modified to use the same

nomenclature but are otherwise left intact unless noted with an asterisk.

• In [35] stability of a hydraulic motor circuit with a counterbalance valve was inves-

tigated. The objective was to obtain criteria to prevent instability. The system was

modelled and experimentally verified. The valve model was used for simulations, and

a linear version was used for the stability analysis. The valve model can be described

by equations 6.1 and 6.2.

q = CdAd

√
2pL
ρ

(6.1)

ad = πD sin(θ)u

Kspr(u+ Uo) = Ap · pP − ρL
dq

dt
− fff − fµ (6.2)

Where q is the flow through the valve. Cd is the discharge coefficient, ad is the discharge

area of the orifice, and pL is the load pressure, D is the spool diameter, θ is the flow

angle, Kspr is the spring constant, and U0 is the spring precompression.

The flow force, fff , is proportional to u and pL, and the friction force, fµ, is a purely

viscous friction.

fff = Kffu · pL (6.3)

fµ = B
du

dt
(6.4)

Kff is the flow force coefficient, and B is the viscous dampening coefficient.

• In [36] the dynamic properties of CBVs were investigated. The setup used was similar

to the one used in [35] and also included a hydraulic motor. The modelling approach

was also similar with a focus on the analysis of linearised equations ending with a

simulation compared to experiments. The paper was mainly devoted to the linearised

equations and did not present all the equations used for the simulations. The equations
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below are the ones presented for the CBV with terms added, to get from the presented

equations to those actually used in the simulations.

q = Cd(Re)ad

√
2

ρ
(pL − pb) (6.5)

ad = Kad · u
Kspr · u+ ALPCr = AL(pL − pB) + AP (pC − pB)− f ∗

ff − f ∗
µ (6.6)

p∗P2 = pP −
A2
P u̇

2

K2
C

(6.7)

Where Kad is the coefficient of proportionality for the ad and u relationship. PCr is

the crack pressure, which is the minimum pL needed to open the valve if pB, pC and

friction is zero. pP2 is the pressure in the pilot chamber. pP2 is not explicitly described,

but the pilot chamber is shown to be connected to the pilot port via an orifice, which

was modelled in the linear analysis. 6.7 is from [37] where the pressure build-up in the

pilot chamber is assumed fast.

In [36] it is noted, that the flow force coefficient is embedded in the spring constant, and

that specifically Coulomb friction was omitted from the equation presented. It is also

clear from the simulation results, that friction was included in the actual simulation

model. Assuming that the flow coefficient makes up part of the spring constant, and

that friction was modelled as a Coulomb friction then the following equations may be

set up:

f ∗
ff = Kffu (6.8)

f ∗
µ = sign(u̇)Fµ0 (6.9)

Where Fµ0 is the Coulomb friction constant.

The asterisks indicate that the equations are only valid for [36] if the above assumptions

are true.

• In [38] steady-state and dynamic properties of counterbalance valves were investigated.

The approach was different from the above because the focus was on a semi-empirical

model. Both simulations and experiments were used to verify the model.

q = k
√
pL − pB (6.10)

k = Cdad(u)

√
2

ρ

C1K + PCr = −C3k̇ − sign(k̇)C4k̇
2 + pL − C5 · pB + C6 · pP − pff − pµ (6.11)

Where the CX constants are coefficients determined empirically. A pressure equivalent

of the friction was determined empirically as a function of k using the expression in





       

equation 6.12.

pµ = ψ
(
A1 + A2

√
k + A3k + A4k

2 + A5k
3
)

(6.12)

ψ =

{
1 when k̇ ≥ 0

0 when k̇ < 0
(6.13)

Where the AX constants are coefficients determined empirically. The C2 term was fitted

to describe the pressure equivalent of the flow force.

pff = kC2(pL − pB) (6.14)

• In [37] the focus was on identifying model parameters from experiments. The model

was first stated with analytic terms, then restated with a set of coefficients determined

directly from experiments. For the purpose of comparison, the equations 6.15 and 6.16

are from the analytical model:

q = Cdad

√
2(pL − pb)

ρ
(6.15)

ad = πDu sin θ

Kspru+ ALPCr = AL · pL + AP2 · pP2 − AB2 · pB2 − AB · pB − fff − fµ (6.16)

pP2 is the pressure in the pilot chamber, and pB2 is the pressure in the spring chamber.

In [37] the pilot chamber is connected to the pilot port via an orifice, and the B chamber

is connected to the spring chamber via an orifice. This leads to a dampening effect on

spool movement. AB2 is the effective area in the spring chamber. Combining the orifice

equations with the continuity equations for the chambers and assuming instant pressure

build-up yield the following equations:

AP2u̇ = sign(pP − pP2)KP2

√
|pP − pP2| (6.17)

KP2 = Cd.P2Ad.P2

√
2

ρ

−AB2u̇ = sign(pB − pB2)KB2

√
|pB − pB2| (6.18)

KB2 = Cd.B2Ad.B2

√
2

ρ

Where Cd.x and Ad.x are the discharge coefficient and discharge area of the orifice lead-

ing to chamber x

Isolating pP2 and pB2 yields expressions consisting only of the variables pP , pB and

u.

pP2 = pP − sign(u̇)u̇2
A2
P2

K2
P2

(6.19)

pB2 = pB + sign(u̇)u̇2
A2
B2

K2
B2

(6.20)





   

The friction is described as load pressure-dependent Coulomb friction.

fµ = α1 − α2 · pL (6.21)

Where α1 and α2 are coefficients.

The flow force expression was derived from a valve believed to have similar flow force

characteristics.

fff = −β1 · u2
√
pL − pB + β2 · u(pL − pB) (6.22)

Where β1 and β2 are coefficients.

• In [39] characteristics and key design parameters of a two-stage CBV was investigated.

The paper presents a non-linear model for simulations and experimental verification in

a dedicated setup. The two-stage valve is not comparable term by term to the single-

stage CBVs of this project, and the publications [35], [36], [38] and [37] are, therefore,

not repeated here. However, a few model choices are repeated. The flow force was not

modelled, and friction was modelled as Coulomb friction.

f ∗
µ = sign(u̇)Fµ0 (6.23)

f ∗
ff = 0 (6.24)

6.1 Conclusions - CBV modelling

The models of [35], [36], [38] and [37] are all rather similar, especially at steady state.

The papers differ mostly on the description of flow force and friction force, and how the

model parameters are identified.

At steady state, [36], [38] and [37] can all be modelled by two equations. All three

papers treat the valve opening as an orifice with flow dependant of the pressure on either

side and the flow area.

q = Cdad(u)

√
2

ρ
(pL − pB) (6.25)

where Cd and ad(u) depends on the geometry of valve.

The steady-state position of the spool and, subsequently, the discharge area, can be deter-

mined by the force equilibrium including the steady-state forces resulting from pressure

at the L, P and B port, the force from the spring, the flow force and the friction:

Kspr(u+ U0) = AL · pL + AP · pP − AB · pB − fff − fµ (6.26)

Table 6.1 lists the steady-state friction models of each of the discussed papers.





       

Table 6.1: Steady-state friction and flow force models

Paper fff fµ

[35] K1 · pL · u 0

[36] ∗K1 · u ∗sign(u̇)Fµ0
[38] K6 · u(pL − pB) K1 +K2

√
u+K3 · u+K4 · u2 +K5 · u3

[37] −K2 · u2
√
pL − pB +K3 · u(pL − pB) sign(u̇)(Fµ0 −K1 · pL)

[39] 0 ∗sign(u̇)Fµ0







Chapter 7

Conclusions

The effects of using synthetic esters (HEES) instead of a typical industrial hydraulic fluid

(HV) with improved viscosity performance have been investigated. This has been done

by examining the steady-state and dynamic behaviour of two common but different valve

types namely the pressure compensated proportional directional control valve, PCPDCV,

and the counterbalance valve, CBV.

• Fluid dynamics

The changes in steady-state fluid dynamics, when comparing HEES to HV, were

found to be insignificant by investigating steady-state CBV behaviour. The conclu-

sion is based on estimates of the main discharge coefficient and the flow force found

using CFD. Both estimates showed only very small differences related to oil type.

Similarly, the differences to fluid dynamics, caused by fully saturated and partially

saturated HEES, were found to be insignificant.

On the investigated CBV, discharge coefficient and flow force were sensitive to Re

and, therefore, sensitive to ρ and µ. Consequently, if the changes to ρ and µ are too

small to significantly affect discharge coefficient and flow force on this valve, then

valves in general are expected to see even smaller changes to their steady-state fluid

dynamics driven components like discharge coefficient and flow force.

• Tribology

The strong link between hysteresis and friction in the CBV experiments allowed

for an evaluation of friction differences between oil types. The steady-state friction

identified differed significantly between both HEES and HV but also between satu-

rated and partially saturated HEES oils. The friction was up 42% less for the fully

saturated HEES and up 20% higher for the partially saturated HEES. The friction

of the CBV valve is known to be heavily influenced by its dynamic seals, and it

should be noted, that the seal was of the FPM type.

Tribology is very design specific and is hard to generalise to other CBV valves

let alone other valves in general, but 42% less and 20% more friction warrants

attention to critical components sensitive to friction changes. The steady-state

friction changed with temperature, but all three oil types experienced roughly the

same relative friction change with temperature: An increase between 35% and 54%
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when the temperature was lowered from 40◦C to 20◦C and a decrease between 6%

and 22%, when the temperature was raised from 40◦C to 60◦C.

• Valve dynamics

HEES was observed to have some influence on valve dynamics mainly at lower

temperatures. The two PCPDCV valves investigated had different reactions to

oil type. Almost no oil type dependency was observed for the open-loop controlled

HAWE valve, while the closed-loop position-controlled Danfoss valve saw up to 28%

reduction in bandwidth and an increase in rise time of up to 18%. The reduction

in bandwidth happened when using fully saturated HEES, while using partially

saturated HEES resulted in a similar or faster valve.

The reduction in bandwidth and the rise time was most pronounced at low temper-

ature (20◦C) and, therefore, less likely to be an issue at higher temperatures.

The two valve designs are too different to identify the exact reason why the reaction

to saturated HEES differ without further analysis, and direct generalisation to other

valves is impossible, however, it is clear that introducing HEES may easily affect

the bandwidth and, in general, the dynamic response of PCPDCVs.

7.1 Future Work

An ideal investigation into the effects of HEES, when compared to HV, includes a broad

scope of fluids from multiple manufacturers. It was established in Section 3.2.3, that the

HEES base oil chemistry, additives and properties are not the same for all HEES fluids.

This means, that some variation would be expected, if several more HEES oils had been

tested. The effects on fluid dynamics is still expected to have little effect on valve be-

haviour, since the general viscosity properties and density range, which can be found in

datasheets, are well reflected in the tested oils. However, the variation of steady-state

friction and valve dynamics remains to be identified by a broader investigation.

The experiments were performed with HV as reference oil. In many applications HM

oil, which have lower viscosity index, is the standard. A lower viscosity index means

larger changes to viscosity with changing temperature and could mean larger changes to

properties related to the viscosity. It is therefore not unlikely that using HM as a reference

oil would produce different results, and similar experiments with HM could be justified.

Effects on valve dynamics were not covered for the CBV and would be required for a

full valve model. The CBV is a simpler valve, than the PCPDCV and it might be easier

to identify the exact cause of changes to behaviour, thereby, making generalisation to

other valves easier. Expanding the CBV model to cover valve dynamics could, therefore,

prove be a valuable addition to the work presented in this thesis.
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Directional Control Valves

Jannik Hartwig Jakobsen and Michael Rygaard Hansen
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Jon Lilletunsvei 9, 4879 Grimstad, Norway

Abstract – The purpose of this paper is to help reduce the uncertainty in

behavior introduced when changing hydraulic oil from mineral oil (HLP) to

biodegradable oil (synthetic esters - HEES) by comparing the behavior of pro-

portional valves with HLP and with HEES at various temperatures. The focus

of this article is on classic proportional valves used in the industry. The study

is based on tests and modelling with characterization of dynamic behavior in

mind. The characterization is based on tests of two pressure compensated

proportional valves, one with closed loop control of the spool position, and

one without. The two ester types tested are one based on a saturated, fully

synthetic ester and a regular fully synthetic ester. The tests consist of steps

and frequency responses. Both valves are tested at oil temperatures 20◦C,

40◦C and 60◦C. The adopted models are based on a third order linear model

with parameters identified using frequency responses from actual valve tests.

The variation of amplitude and bias has some influence on the resulting fre-

quency response especially at lower temperatures. But the general tendencies

are unaffected by amplitude and bias. As expected a clear tendency for both

valves of increasing dampening at decreasing temperatures is seen regardless

of oil type, but the increase in dampening is similar for all oil types. The

saturated ester leads to less bandwidth at lower temperatures for both valves,

but the overall variations between all oil types stay within 1.66Hz of each

other when tested with the same test parameters. The investigation indicates

that the difference in dynamic characteristics at 20◦C caused by the different

oil types can not be explained with variations in any single one of the classic

liquid properties density and viscosity and more investigations are needed to

identify the cause.

Keywords — Dynamics, Hydraulics, Synthetic Esters, Frequency response, Proportional

valves, Directional valves.
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Abstract – The counterbalance valve is an important component in many

hydraulic applications and its behaviour hugely impacts system stability and

performance. Despite that, CBVs are rarely modelled accurately due to the

effort required to obtain basic model parameters and the complexity involved

in identifying expressions for flow forces and friction. This paper presents a

CFD assisted approach to steady-state modelling of CBVs. It is applied to

a 3-port restrictive commercially available counterbalance valve. The model

obtained is based on detailed measurements of the valve geometry, a single

data set and CFD modelling and includes flow forces and friction. The CFD

assisted model is compared to experimental data at three temperatures and

two versions of more classical steady-state model based on the orifice equation,

uniform pressure distribution and experimental results. The results support

the CFD assisted approach as a way to increase modelling accuracy. The

load pressure corrected coulomb friction model used manages to capture the

changes to hysteresis with temperature but not the changes with pilot pres-

sure.

Keywords — Valve modelling, Friction modelling, Counterbalance valve, Hydraulics,

Computational Fluid Dynamics, Steady-state characteristics.
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Abstract – This study looks in details at the effects of synthetic esters

being applied to a counterbalance valve from the perspective of a system en-

gineer. There is limited literature on the subject of applied synthetic esters

and as such limited unbiased sources for information. This creates reluctance

against the use of these fluids in sectors and regions with no prior experience

and knowledge of what to expect. This study expands the applied literature

by investigating a commercially available valve using commercial oils, a basic

synthetic ester, a fully saturated synthetic ester and a typical mineral oil type

for benchmarking. The investigation is based on both computational fluid dy-

namics and experiments and is performed at 20, 40 and 60◦C. The product is a

steady-state valve model including fluid dynamics and a parameter-dependent

coulomb friction. The CFD model reveals minimal oil type dependence in the

resulting fluid dynamics model with flow forces and discharge coefficient being

the same for mineral oil and esters. The experiments show that the esters pri-

marily produce different levels of hysteresis with up 40% less and 15% more

hysteresis. The friction investigation showed that the relationship between

hysteresis and pilot pressure was different for all oil types, and that the re-

lationship between hysteresis and temperature was similar for all oil types.

With full knowledge of mineral oil and the oil specific knowledge of the hys-

teresis and pilot pressure relationship at a single temperature, ester hysteresis

was predicted with better than 88% accuracy across the three temperatures.

Keywords — Valve modelling, Friction modelling, Counterbalance valve, Hydraulics,

Computational Fluid Dynamics, Steady state characteristics.
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Introduction

Synthetic esters are already being used in hydraulics, but there is limited academic lit-

erature on the subject, which forces engineers to rely on experience and the limited in-

formation available from suppliers. This leads to a reluctance against use in regions and

sectors without prior experience. This study aims to reduce uncertainties with the use

of synthetic esters in hydraulics, specifically regarding the behaviour of counterbalance

valves, CBVs.

Why synthetic esters? Hydraulics is often used in mobile machinery or stationary

equipment where a spill will end up in nature. Spills are inevitable and the simplest

way of dealing with the environmental implications is therefore to replace the source of

the spill, the hydraulic oil. Synthetic ester blends can be bio-based, biodegradable and

have acceptable bio-toxicity, that reduce the impact of a spill to an acceptable level. Be-

sides being more environmentally friendly, synthetic esters can handle the demands of

high-performance hydraulics and is currently the only commercial bio-based and environ-

mentally friendly fluid to do so. The esters are known to have properties similar to the

standard mineral oils. The main properties of interest in this study are those directly

influencing valve behaviour through fluid dynamics or friction. Table 1 and Table 2 dis-

plays the density and viscosity of the two esters tested alongside the properties of the

tested mineral oil (ISO-HV) of the same viscosity grade. Two types of synthetic esters

are chosen one fully saturated (HEES+) and one regular synthetic ester (HEES), and

both have viscosity and density within 10% of HV. The table values are in line with the

values of other synthetic esters [1].

Table 1: Oils used for testing,[2],[3],[4].

Oil type Product ρ [kg/m3]

HV Shell Tellus S2 V46 872

HEES Statoil Hydraway

BIO SE 46 921

HEES+ Statoil Hydraway

SE 46 HP 923

Table 2: Viscosity of the tested oils. νx [cSt] (ν at x◦C). Values at -20, 40 and 100◦C are

from data sheets. 20◦C and 60◦C are calculated using the Uddebuhle-Walther equation

and the two nearest data sheet values.[2],[3],[4]

Oil type ν−20 ν40 ν100 ν20* ν60*

HV 2350 46 7.9 116 19.3

HEES 1450 47 9.5 108 21.3

HEES+ 2179 45.3 8.0 113 19.3

The only properties listed in the ester data sheets related to tribology are scuffing

tests, which cannot be directly related to friction and limited literature on the subject





         
  

exists. [5], [6], [7] and [8] all test specific friction aspects with unnamed synthetic esters

but it is unclear, how they relate to the chosen ester oils. [9] tests the same oils but on

a very different valve type. Based on available literature it is therefore unclear, what is

to be expected with regards to synthetic ester friction in CBVs. It should be noted that

the valve seals are of the material fluoropolymer elastomer, FPM, as recommended for

dynamic seals when using esters.

Why counterbalance valves? Generally, there is very little available research on esters

at the hydraulic component level. [9] has looked at pressure compensated directional

control valves and [10] and [11], looked at axial piston machines, but most hydraulic

components are left without publications. Counterbalance valves are different from the

pressure compensated directional control valves, PCDCVs, investigated in [9], in that

seals are used to enable leak-tight load-holding, and the valves are typically characterized

by high seal friction [12]. Characterizing the effect of esters on CBV’s, therefore, covers a

different part of the valve spectrum. The CBV is, at the same time, an important valve in

load carrying applications, where it provides fully mechanical load-holding, overload pro-

tection, and acts as a line rupture safety valve. Combining the CBV with PCDCVs often

result in systems prone to oscillations and accurate modelling of the valve is important

for predicting undesired behaviour and for finding viable solutions.

Why Computational fluid dynamics? Simpler models are not accurate enough to al-

low a clear separation of fluid dynamics and friction. Separating the two phenomena is

essential in characterizing and generalizing the valve behaviour and therefore the broader

value of this study.

The study is made for the system engineers and hopes to answer the following questions:

• How is the CBV with synthetic ester behaviour different from HV?

• How are the differences modelled?

• What information is needed to describe the differences?

Model

The CBV is modelled with the intent to identify the link between physical properties of

the valve and oil and the valve behaviour obtained from experiments. This is done in

order to determine which parameters need attention when modelling with multiple oil

types.

The study is based on a commercial 3-port CBV. It can be characterized as a restrictive

CBV with non-axisymmetric flow access to its main restriction. The focus is on the

valves load-holding function, where the valve acts as a piloted-open-relief valve. During

load-holding, flow is restricted in passing from load-side (red region, see Figure 1) to the

back-side (blue region). Figure 1 depicts the closed valve with spool position u=0mm.

The check element is resting against a stop (not depicted), and it does not move during

load-holding. If the spool moves to the right (u>0mm) the valve opens, and oil will flow

across the gap between the check element and the spool called the main restriction. If





   

and to what degree the spool moves is determined by the sum of forces on the spool. The

load pressure, pL, and the pilot pressure, pP , will produce valve opening forces while pB
and a spring (not depicted) will produce valve closing forces. Figure 1 also shows the

pressure regions and the effective spool areas, on which they act. The actual values for

the spool areas can be found in Table 3.

Table 3: Measured effective cross-sectional spool areas, α = AP/AL = 2.72.

Parameter Value

AL 10.7mm2

AL αAL
AB (α + 1)AL

The pressures pL, pP and pB will be evenly distributed throughout their respective

regions, when the valve is closed. But once the valve is open fluid dynamics dictates

a different distribution especially in high speed and momentum changing regions. The

difference between the force produced by a uniform pressure distribution and the actual

force is the flow force. The non-axisymmetric flow access of the main restriction of the

studied valve makes it so that the flow forces on the valve are relatively large. Modelling

fluid dynamics is therefore particularly important on this valve.

AL

APpL

pB

pP

u

SpoolCheck 
element

Spring 
chamber

Figure 1: A section view of the CBV, with pressure indications, and effective cross-

sectional areas. Note scales on the two zooms are not the same. The surfaces marked

with purple indicate the effective spool areas in the projection.

Figure 2 shows the limited access to the main restriction. Section G only allows the

oil to pass through the top and bottom of the cross-section. This results in an uneven

pressure distribution along the cross-section of the main restriction and the AL surface,

and it reduces the flow through the main restriction.





         
  

F

F

G

G
F-F G-G

Figure 2: Valve cut-out illustrating the lack of axisymmetry in the restricted flow inlet.

Model Components

The objective is to model the valve flow through main restriction at steady state. The

flow is determined by the pressure on either side of the restriction, pL and pB, the spool

position, u, the geometry of the restriction, the oil type and the temperature.

q = f(pL, pB, u, γ, τ). (1)

Where, γ is the chosen oil type for the system, which influences the fluiddynamic proper-

ties as well as tribological properties, τ is the temperature, which mainly influences the

state of the fluiddynamic properties and tribological properties.

In this study, CFD is used to map q as a function of the 4 independent variables

∆p,u,γ and τ .

q = qsim(∆p, u, γ, τ). (2)

Where ∆p = pL − pB.

pB is a function of q and τ in the test setup and therefore not an independent variable

in the test. It does, however, have some influence on the flow and is included in the CFD

simulations.

The spool position, u, is determined by the three forces acting on the spool, the fluid

force, ffl, the friction force fµ and the spring force, fspr.∑
fspool = ffl − fµ − fspr. (3)

The spring force is given by (4)

fspr = Fcr +Kfu. (4)

Where Fcr is the crack force, the spring force at u=0mm and Kf is the spring constant.

The fluid force is the sum of forces from the pressure regions on the surfaces of the

spool. It is found using the same CFD simulation as for q. The flow in some areas of the





   

valve is however very small, and the pressure distribution is assumed uniform, and it is

not included in the simulation. The force from these areas are added separately as the

product of the pressures and the respective effective areas:

ffl = fsim(∆p, u, γ, τ)− pBAs3 + pPAp. (5)

Where As3 is the effective area of the spring chamber of Figure 1.

The friction force is produced by friction between spool, seals and spool track. [13]

used a simple coulomb friction model, and [12] identified a pL dependent coulomb friction.

Both studies were on other CBVs. This study suggests a coulomb friction dependent on

pPe, γ and τ for the fully developed friction:

fµ = fµ0(pPe, γ, τ). (6)

pPe is the effective pilot pressure defined as:

pPe = pP − pB. (7)

The variation of pB throughout the tests due to variation in q and temperature was 1.2

to 7.3bar. pP was therefore adjusted to reduce the impact of pB on comparisons across

temperature and flow. The study also shows, that the actual friction develops as the

spool moves from a standstill, and that a more complex model would be needed, if perfect

friction tracking was the objective. The coulomb friction model was however sufficient for

evaluating the maximum hysteresis.

CFD Model

The qsim and fsim maps are based on a set of CFD simulations. Solutions are found for

discrete values of q, u, γ, τ and interpolation is then used to create the continuous maps

used in the model. The meshes used in the CFD simulations are generated in Siemens

Star CCM+, and are run using the commercial software package Ansys Fluent. The mesh

geometry is based on measurements from a precision calliper and macro photography

and precision tolerances down to ±0.01mm was achieved. One mesh is created for each

simulated value of u.

usim ∈ {0.05, 0.08, 0.10, 0.13, 0.16, 0.20, 0.63} . (8)

The number of cells in each mesh varies depending on the gap size of the main restriction

and therefore u. At small u the gap becomes so narrow that more cells are needed to

resolve the velocity profile across the width. The meshes contain between 1.6 to 4.3M

cells and is a polyhedral mesh with 6 prism layers.

The CFD model is based on the model components chosen by [14] for simulation of flow

through a ball valve. The main components are shown in Table 4. The shear-stress

transport κ− ω model combines the two most popular RANS-based (Reynolds-averaged

Navier–Stokes equations) turbulence models using the κ − ε model in the far-field and

the κ−ω model in near-wall-regions. The cavitation is treated as vapourization, and the





         
  

Schnerr-Sauer model is a cavitation model based on the Rayleigh-Plasset equation, which

models the growth of a fixed number of bubbles per volume as a function of the difference

between the pressure and the vapour pressure, pvap. The cavitation will however come

from two sources, dissolved air released at 1.0bar, and vapourization of the oil at a lower

pressure depending on the oil type. HV has a vapour pressure around 0.3bar. Simulations

for HV at u=0.1mm, q=12l/min and 40◦C was run with a vapour pressure of 0.3bar and

1.0bar with less than 0.25% difference on ∆p. For the sake of simplicity, pvap=1.0bar is

chosen for the simulations. Using the cavitation model caused up to 9% higher ∆p and

24% higher fsim when compared to the same model with no cavitation component and a

fixed minimum pressure of 0bar. The homogeneous mixture model is the simplest multi-

phase model available. It is frequently used for cavitation in hydrodynamics [15]. The

Table 4: CFD model components

Model type Model

Turbulence SST κ− ω
Cavitation Schnerr-Sauer

Multi-phase Mixture

simulations are run for all three oils HV, HEES and HEES+ and the three temperatures

20, 40 and 60◦C at constant flow between 1 and 12l/min. The temperatures influence on

density is ignored and kept at the values of Table 1, as no other densities are available

in the datasheets. Viscosity is adapted to temperature in accordance with Table 2. The

resulting qsim and fsim maps can be seen in Figure 7, 8, 9 and 10.

CFD analysis of the valve

The valves flow force and the discharge coefficient of the main restriction, Cd, are analysed

to identify, how the fluid dynamics of the valve change with temperature and oil type.

The flow force is depicted using the ratio αAL(u,q) in Figure 3. The figure shows contours

based on interpolation of αAL calculated for each simulation. αAL(u,q) is the ratio of CFD

calculated forces on the AL surface to the force produced by assuming load pressure on

the same surface.

αAL(u, q) =
fsim.AL
pLAL

. (9)

αAL<1 for all values of q and u. The simulated force, fsim.al, is, therefore, less than that

produced by a uniform pL distribution. αAL is for high flow mostly a function of u, and

it is for large u mostly a function q. For 0.05mm<u<0.33mm, which covers most of the

workspace (see Section C), αAL is mostly a function of u and span the values 0.4 to 0.8.

αAL<0.3 at high flow and large u. While the AL surface is not the only surface to be

effected by flow forces, the flow forces on the other surfaces are significantly smaller and

αAL is therefore a good representation of the flow forces effecting the valve. It follows,

that the flow force effecting the valve reduce the opening force from the load pressure by
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Figure 3: αAL(u,q) for HV at 20(black),

40(red), and 60◦C(blue)
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Figure 4: αAL(u,q) for HV(black)

HEES(red) HEES+(blue) at 40◦C

between 20-60% in the primary workspace and could potential reduce it by more than

70%. αAL reduces with increasing temperature but the trends of the above remains.

Figure 4 shows the αAL contours calculated for all three oil types at 40◦C. The flow forces

does not change significantly with oil type and the contours of all three oil types are

very similar. αAL for HV is a bit higher but not significantly so. Simulations for the

temperatures 20 and 60◦C (not shown) also showed very little difference on flow forces

produced by synthetic esters and mineral oil.

Cd is calculated as follows:

Cd =
q

Ad(u)
√

2
ρ
∆p

. (10)

Where Ad(u) is the cross-sectional area across the gap of the main restriction, which is

close to proportional to u. Figure 5 shows Cd as a function of u and Re for HV at 20,

40 and 60◦C. The figure shows contours based on interpolation of Cd calculated for each

simulation. All three temperature align when plotted as a function of Re, and it shows

that Cd is a function of Re rather than q. As a general trend Cd is primarily dependent

on u above Re>400 and mostly dependent on q for Re<200. For the primary workspace

0.05mm<u<0.33mm Cd depends on both and Cd varies from 0.25 to 0.75. The figure

depicts a strong temperature dependency. The flow corresponding to Re for each of the

three temperatures is seen on the right axis. It shows that all q at 40◦C is below the

Re=400 mark and that all q is below Re=200 for 20◦C, and Cd is therefore highly q

dependent at these temperatures, whereas for 60◦C a large part of the workspace is in the

primarily u dependent region.

The oil type have little influence on the Cd factor as seen in Figure 6. The figure

includes all three oil types but only for 40◦C. The differences between the oil types are

very small for 40◦C, but this is also true for 20◦C and 60◦C (not shown).
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Figure 5: Cd(u,Re) for HV at 20(black),

40(red), and 60◦C(blue)
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Figure 6: Cd(u,Re) for HV(black)

HEES(red) HEES+(blue) at 40◦C

CFD results

The components needed for the valve model qsim and fsim is depicted in Figure 7, 8, 9 and

10. ∆p as a function of qsim is shown in Figure 7 and 8, and fsim as a function of q is shown

in Figure 9 and 10. The overall trends of ∆p(qsim) and fsim(qsim) are the same as the

force on the valve and the pressure difference is naturally linked. Figure 7 shows ∆p(qsim)

for HV at all three temperatures. Each line is produced by 4-5 simulations with the

same u. u ∈ {0.05, 0.08, 0.10, 0.13, 0.16, 0.20, 0.63}mm starting at 0.05mm in the upper

left portion of the graph ending at 0.63mm in the lower right. Each colour represents a

different temperature. The figure illustrates what is to be expected, ∆p increases with q

and reduces with u. The figure also shows significant changes with temperature. Figure 8

shows all three oils at 40◦C. The differences between oil types are very small. Figures 9

and 10 of fsim(q) show the same result. The CFD results overall show very little difference

with oil type, and the choice between mineral oil and ester has a negligible effect on the

simulated Cd, flow forces and ultimately the qsim and fsim maps. The predicted fluid

dynamics of esters and HV is similar, to the point that it can be argued that simulation

for one oil covers the others.

There was a difference of 6% in density and 10% in viscosity (at 60◦C) between the

oil types, and any oil within a similar density and viscosity range would yield the same

results.
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Figure 7: ∆p(qsim) for HV at 20(black),

40(red), and 60◦C(blue)
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Figure 8: ∆p(qsim) for HV(black)

HEES(red) HEES+(blue) at 40◦C
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Figure 9: fsim(q) for HV at 20(black),

40(red), and 60◦C(blue)
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Figure 10: fsim(q) for HV(black)

HEES(red) HEES+(blue) at 40◦C





         
  

Test setup

The test circuit is shown in Figure 11. The overall objective is to model and predict

the flow through the valve. For that purpose q was measured together with pL, pB, pP
and τ . Each test consists of a sequence where q was controlled and ramped up from

0l/min to 12l/min then down to 0l/min again while pPe was kept constant. The control

of q and pPe was both done using pressure compensated directional proportional control

valves, PCDPCV. q was directly controlled while pPe was controlled by adjusting pP using

a PCPDCV in series with two adjustable orifices. The test was performed in a small

P
I

P
I

P
I

pB
p

P
pL

q

τ 

Figure 11: Hydraulic circuit

closed circuit where oil exchange was manageable. This meant that the hydraulic power

supply was limited to 200bar and 15.5l/min, and that the tests were limited to 180bar

and 12l/min. The flow sensor was an encoder based gear sensor with flow dependent

response time, and q<1l/min has not been included in the data as the response time was

unacceptable.

Data

The data is plotted as four figures of ∆p as a function of q. One figure with HV and all

temperatures to showcase the difference with temperature Figure 14, and three figures

with the three oil types at a single temperature to find similarities and differences between

the oil types, Figures 15, 16 and 17.

Each of the Figures 14, 15, 16 and 17 displays a collection of several data sets. The

data sets each contain a forward curve and a return curve from a test with a given pPe.

Figure 12 shows a sketch of a typical CBV plot for single oil and a single temperature.

The black dashed line represents the behaviour of the valve if no friction is present, in
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Figure 12: Sketch of typical CBV data.

that case, the valve opens (q=0l/min) at a ∆p0 determined by the precompression of the

spring and the pilot pressure:

∆p0 =
fcr
AL
− α · pPe. (11)

However, due to friction more ∆p is needed to open the valve and the actual ∆p(q) curve

starts at the beginning of the higher red curve instead (point [A]). From here ∆p steadily

increases with q along the red curve until the turning point where q starts to decrease

(point [B]) and follows the blue curve back to q=0l/min (point [D]). At the beginning of

the blue curve, near point [B], the friction is still similar to that of the forward curve, and

that curves values are still above the no friction line. But as the flow further decreases the

friction changes direction and the blue curve drops below the no friction line. The gradual

friction change from [B] to [C] can be attributed to an intermediate state of friction while

going from being fully developed coulomb friction in one direction to being fully developed

in another direction. At pPe=120bar the valve is forced fully open by the pilot pressure

and the valve acts as a simple restriction with a fixed cross-section and the forward and

return curves are therefore on top of each other. Looking at Figure 13 (HV at 40◦C) the

overall behaviour is, except for a few notable differences, in accordance with the typical

behaviour depicted in Figure 12. Figure 13 also shows ∆p(q) curves from the CFD with

u kept constant(red curves). It illustrates that the ∆p(q) curve for u=0.33mm is very

close to the pPe=80bar data for all values of q, indicating that limited spool movement is

needed to produce the pPe=80bar data set. The lack of hysteresis at the pPe=80bar data

sets can, therefore, be explained by little or no spool movement and, subsequently, friction





         
  

can be expected to be in a non-coulomb state. It also shows that the pPe=50, 65 and

80bar data sets are mostly within u ∈[0.05;0.33]mm, which makes that particular interval

of u values of special interest. This interval is therefore defined as the workspace of the

valve. Figure 14 shows the data differences between the temperatures for HV. The figure
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Figure 13: ∆p(q) for the HV data at 40◦C(black). Simulated ∆p(q) for u ∈ {0.05, 0.08,

0.10, 0.13, 0.16, 0.20, 0.33*, 0.63}mm(Red). The u=0.33mm curve is interpolated.

shows steeper curves at low temperature indicating a more restrictive valve behaviour,

and the ∆p across the valve is significantly higher at low temperatures. The difference

in ∆p between 20◦C and 60◦C grows with q and end at 30% for pPe=50bar and 50% for

pPe=80bar.

The three oil types in Figure 15, 16 and 17 behave very similar in terms of curve shape

and steepness, and they share the temperature trends of Figure 14. The main difference

between the data of the different oils is hysteresis. The hysteresis of HEES+ is in some

tests significantly less than HV and HEES significantly higher. The overall trends for

hysteresis is, however, shared, and for all three oils, hysteresis grows with temperature

and reduces with pPe. Table 5 shows the maximum hysteresis for each data set measured

as the maximum ∆p difference between the forward and the return curve at any q. The

table shows that HEES has up to 23% higher hysteresis than HV and that HEES+ has

up to 40% lower hysteresis.
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Figure 14: ∆p(q) for HV at 20(black), 40(red), and 60◦C(blue).
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Figure 15: ∆p(q) for HV(black) HEES(red) HEES+(blue) at 20◦C.
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Figure 16: ∆p(q) for HV(black) HEES(red) HEES+(blue) at 40◦C.
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Figure 17: ∆p(q) for HV(black) HEES(red) HEES+(blue) at 60◦C.





   

Table 5: ∆∆p for 20, 40 and 60◦C for the pPe=50bar, pPe=65bar and pPe=80bar data

sets and all three oils.

τ [◦C]

20 40 60

Oil type pPe[bar] ∆∆p[bar]

HV

50 42.7 37.9 27.5

65 31.0 24.2 19.4

80 12.6 8.7 5.7

HEES

50 51.9 37.8 29.3

65 33.6 26.6 23.8

80 15.0 9.2 8.2

HEES+

50 33.5 22.8 19.4

65 30.2 21.8 18.8

80 15.8 9.5 8.1

Results

The valve model is fitted to the experimental data in two steps. The first step fits the

model without friction components to a median curve, which represents a friction-free

data set. The second step identifies the friction components and their dependency on the

test-parameters in the experiment, pPe, τ and γ. The two-step procedure allows for a

separate evaluation of model components and their accuracy.

A friction free data set is needed in order to evaluate the model without friction. This

is done by producing ”friction free” median curves based on the actual data sets. The

following assumptions about the friction are made to produce the median curves:

• The hysteresis is produced by friction.

• The fully developed friction is symmetric.

The coulomb friction is, as mentioned in Section C, not at perfect fit for the friction expe-

rienced by the CBV. Figure 18 shows 4 data sets where the flow is limited to 4 8 12 and

14L/min at pPe=65bar. The returning curves of the different data sets, do not initially

line up, and hysteresis slowly builds up, as the flow is reduced. This shows that the friction

needs time or spool displacement before the build-up is complete. The hysteresis build-up

of the 12l/min data set used for the model comparisons is done at about 6l/min, and the

hysteresis and friction from 6l/min to 0l/min is deemed to be fully developed (thick red

curve on the return curve). A similar build-up is seen at the start of the forward curves,

and a similar thick red curve can be drawn on the forward curve from 6l/min to 12l/min.

A correction of the data without coulomb friction is then made by extrapolating from

the red curves (Red dotted lines). The corrected data together with data with fully de-

veloped friction constitutes a full corrected data set with coulomb friction. By assuming

symmetric friction, a friction-free data set can be estimated as the average of the corrected

forward and return curves. This average curve is called the median curve (Dashed grey





         
  

curve). Note that since the pPe=80bar data set experience limited spool movement it is

not possible to determine where the data might be fully developed, and the median curve

is instead taken as the average of the uncorrected forward and return curve. Figure 19
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Figure 18: pPe(q) with q limited to 4 8 12 and 14L/min (black). Median curve (dashed

grey). Data with fully developed friction (red). Corrected data (dotted red).

shows the model without friction component for HV at 40◦C plotted against data with

the median curves of each data set. The model has been fitted to the pPe=65bar data

set by scaling the fsim map by a factor of 1.02. The model while not perfect demonstrate

a reasonable accuracy and fit to the median curves. The model is of the median curve

by less than 10bars on average for the pPe=50bar data set and less than 5bar for the

pPe=65bar and pPe=80bar data sets. Table 6 is produced by fitting the model to the

40◦C pPe=65bar data set of each of three oil types and noting the accuracy. For all three

oil types the best accuracy by scaling qsim, usim, fsim, and ∆psim in the CFD-maps was

achieved by scaling fsim by 1.02, 0.98 and 0.98 for HV, HEES and HEES+, respectively.

In Table 6 for HV 20◦C and 60◦C show similar trends as 40◦C but with slightly less ac-

curacy. Table 6 also shows that the model accuracy for the esters are very similar to that

of HV with only a few cells being of lower accuracy category.

It should be noted that the accuracy of the model was compared to a simpler model not

based on CFD in an article submitted to the International Journal of Fluid Power and

was found significantly more accurate.

The main difference between the oils is identified in the data section to be the hysteresis.

The hysteresis is produced by friction and this section focuses on the friction dependency

on pPe, temperature and oil type. In order to identify the friction force needed to create

the hysteresis, the fitted model with no friction component, described in the section above,

is combined with a basic coulomb friction model and fitted to the hysteresis of each data

set.

Figure 20 shows the model with two friction fits for HV at 40◦C, one to pPe=50bar

and one to pPe=65bar. Table 7 contains the pµ0 values fitted to each data set across
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Figure 19: Model without friction(red), data(black), Median curve(gray) for HV at 40◦C.

Table 6: Model accuracy. Accuracy is based on the average distance to the median curve

and simplified into categories.

”-” less than 15bar from the median curve.

”+” less than 10bar from the median curve.

”++” less than 5bar from the median curve.

pPe[bar] 50 65 80

τ [◦C] 20 40 60 20 40 60 20 40 60

HV ++ + - ++ + - ++ + +

HEES ++ + - ++ + - ++ + +

HEES+ ++ + - ++ + - ++ + +

temperature, pPe and oil type.

The model is fitted to match the hysteresis at 6l/min to avoid the influence of the

undeveloped friction. The table reflects the hysteresis data (Table 5) in that fµ0 is gener-

ally higher for HEES and lower for HEES+ and that fµ0 is higher for lower pPe and lower

temperature. The friction variations depicted by the table are significant and must be

included in any accurate model, and all three parameters γ, pPe and τ have an appar-

ent influence on the fitted coulomb friction. The influence from the three parameters is

handled by looking at the effects of pPe and τ , and how γ influences these two effects.

Friction - Effective pilot pressure

It is clear from looking at Table 7 that fµ0 have some dependency on pPe. Figure 21

investigates this relationship by showing fµ0 normalized with fµ0 at pPe=65bar plotted

against temperature, αppe.

αppe(τ, pPe, γ) =
Fµ0(τ, pPe, γ)

Fµ0(τ, 65bar, γ)
. (12)
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Figure 20: Model with friction(black), data(blue), Median curve(gray) for HV at 40◦C.
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Figure 21: αppe as a function temperature for all three oil types. HV(black), HEES(red),

HEES+(blue). Note αppe for pPe=65bar is not shown since it is always 1





   

Table 7: fµ0 for 20, 40 and 60◦C for the pPe=50bar and pPe=65bar data sets and all three

oils.

τ [◦C]

20 40 60

Oil type pPe[bar] fµ0[N]

HV
50 23.0 20.0 14.8

65 16.6 11.0 9.5

HEES
50 26.9 19.1 15.0

65 16.5 12.3 11.4

HEES+
50 17.4 11.6 9.9

65 14.6 9.5 9.0

αppe differs significantly between oil types, suggesting the relationship between pPe and

fµ0 would need to be determined for each separate oil type to get an accurate friction

prediction. αppe also varies with temperature but for a given oil type the average across

temperature is within 20% of the maximum range and could be used as a rough estimate

for all temperatures. If the oil type is an ester then αppe is within 16% of αppe for that

same ester at 40◦C.

Friction - Temperature

Table 7 shows that fµ0 changes with temperature. Figure 22 shows the table values

plotted as αtau against temperature with one curve for each pPe and oil type. αtau is fµ0
normalized with fµ0 at 40◦C.

ατ (τ, pPe, γ) =
Fµ0(τ, pPe, γ)

Fµ0(40◦C, pPe, γ)
. (13)

All the data sets but the one with HV at pPe=50bar follow the same pattern; an increase

between 35% and 54% when the temperature is lowered from 40◦C to 20◦C and a decrease

between 6% and 22%, when the temperature is raised from 40◦C to 60◦C. Meaning that

αtau is not strongly dependent on pPe and γ. For a given ester how can the hysteresis

be predicted, and what information is needed? Using the above-mentioned patterns two

suggestions are made (14) and (15). Hysteresis of the esters may be predicted from the

behaviour of HV at pPe=65bar and a single data set of the particular ester to within 29%

of the actual value. This can be done by scaling the fµ0, obtained from a single ester data

set with the temperature averaged αppe for HV and ατ for HV, (see (14)).

fµ0∗(τ, pPe, γ) = fµ0(40◦C, 65bar, γ) · ατ (τ, pPe j, γk) · ᾱppe(pPe, HV ). (14)

Where pPe j is a specific pPe and γk is a specific oil type. fµ0(40◦C, 65bar, γ) is fµ0 from a

single data set at 40◦C and pPe=65bar for the chosen oil type. The single data set is cho-

sen based on the pPe and temperature in the normalization of αppe and ατ . ατ (τ, pPe j, γk)

is the relative change with temperature for any oil at any pPe except it cant be HV at

pPe=50bar (HV at pPe=65bar was chosen for the 29% calculation). ᾱppe(pPe j, HV ) is the
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Figure 22: fµ0(τ) relative to fµ0 at 40◦C for each oil. HV at pPe=50bar(black), HV at

pPe=65bar(black-dashed), HEES at pPe=50bar(red), HEES at pPe=65bar(red-dashed),

HEES+ at pPe=50bar(blue), HEES+ at pPe=65bar(blue-dashed).

temperature average of the change with pPe for HV.

The accuracy of the predicted ester hysteresis can be further enhanced with the knowl-

edge of the fµ0(pPe) relationship of the ester oil to be predicted. If the αppe at 40◦C for

the esters are used instead of the temperature average value for HV, then the predicted

hysteresis is within 12% of the actual value:

fµ0∗(τ, pPe, γ) = fµ0(40◦C, 65bar, γ) · ατ (τ, pPe j, γk) · αppe(40◦C, pPe, γ). (15)

Where αppe(40◦C, pPe, γ) is the relative change with pPe at 40◦C for the oil to be predicted.

The resolution on αppe(pPe) and ατ (τ) with only three temperatures and two pPe data

sets with coulomb friction is limited, and it is insufficient, for identifying how many data

sets (how much information) would be needed to make αppe(pPe) and ατ (τ) both contin-

uous in pPe and τ and reasonably accurate. But by knowing the rough dependencies on

pPe and τ experiments could be made to specifically target αppe(pPe) and ατ and reduce

the amount of necessary experimental work.

The HV pPe=50bar data sets is an outlier as can be seen from Figure 22, and doesn’t

work for accurate prediction of the ester hysteresis. This poses a reliability issue for a

generalization of the models. It would be impossible to know what HV pPe data set

could be used for the ester hysteresis estimation on another valve without a full test.

More experimental work is therefore needed to determine the cause of the outliers, and to

what extent the hysteresis prediction methods proposed can be generalized to other CBV

valves.
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Figure 23: fµ0(τ) vs predicted fµ0*(τ)(dashed) using 15 for the two esters. HEES at

pPe=50bar(black), HEES at pPe=65bar(blue), HEES+ at pPe=50bar(red), HEES+ at

pPe=65bar(green)

Conclusions

The predicted fluid dynamics of esters and HV is similar, to the point that it can be

argued that simulation for one oil covers the others. The choice between mineral oil and

synthetic ester has a negligible effect on the simulated Cd, flow forces and ultimately the

qsim and fsim maps.

Between the oil types there was a difference of 6% in density and 10% in viscosity (at

60◦C) and any oil within a similar density and viscosity range would yield similar results.

The main difference in CBV behavior between oil types is the hysteresis. The ester oil that

differed the most form mineral oil was the saturated ester with up to 40% less hysteresis.

The non-saturated ester had up 23% higher hysteresis than mineral oil.

A friction free steady-state model of valve behavior based on CFD was used to establish

a base model with an average error within 10bar on 89% of the data sets corrected for

non-coulomb friction and within 15bar on all corrected data sets. The accuracy achieved

for three oil types was very similar.

A simple coulomb friction model was proposed to model the CBV friction and the resulting

hysteresis of esters based on temperature, pilot pressure and oil type. The relationship

between hysteresis and pilot pressure for the specific ester oil was needed to determine

hysteresis with better than 29% accuracy. It was sufficient to determine the relationship

between hysteresis and temperature for mineral oil, and the relationship for specific ester

oil was not needed to get the predicted hysteresis within 12% of the data.

The data contained outliers which poses a reliability issue for a generalization of the oil

type related prediction of hysteresis, and more experimental work would be needed before

generalizing to other CBV valves.
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