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Abstract

In this dissertation, a co-simulation tool is presented that is meant to comprise
a more comprehensive environment for modelling and simulation of hydraulic
percussion units, which are used in hydraulic hammers and rock drills. These units
generates the large impact forces, which are needed to demolish concrete structures
in the construction industry or to fragment rock when drilling blast holes in mine
drifting. This type of machinery is driven by fluid power and is by that dependent
of coupled fluid-structure mechanisms for their operation. This tool consists of
a 1D fluid system model, a 3D structural mechanic model and an interface to
establish the fluid-structure couplings, which has in this work been applied to a
hydraulic hammer. This approach will enable virtual prototyping during product
development with an ambition to reduce the need for testing of physical prototypes,
but also to facilitate more detailed studies of internal mechanisms.

The tool has been implemented for two well-known simulation tools, and a
co-simulation interface to enable communication between them has been devel-
oped. The fluid system is simulated using the Hopsan simulation tool and the
structural parts are simulated using the FE-simulation software LS-DYNA. The
implementation of the co-simulation interface is based on the Functional Mock-up
Interface standard in Hopsan and on the User Defined Feature module in LS-DYNA.
The basic functions of the tool were first verified for a simple but relevant model
comprising co-simulation of one component, and secondly co-simulation of two
components were verified. These models were based on rigid body and linear
elastic representation of the structural components. Further, it was experimentally
validated using an existing hydraulic hammer product, where the responses from
the experiments were compared to the corresponding simulated responses. To
investigate the effects from a parameter change, the hammer was operated and
simulated at four different running conditions.

Dynamic simulation of the sealing gap, which is a fundamental mechanism used
for controlling the percussive motion, was implemented to further enhance the
simulated responses of the percussion unit. This implementation is based on a
parametrisation of the deformed FE-model, where the gap height and the eccentric
position are estimated from the deformed geometry in the sealing gap region, and
then the parameters are sent to the fluid simulation for a more accurate calculation
of the leakage flow.

Wear in percussion units is an undesirable type of damage, which may cause
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significant reduction in performance or complete break-down, and today there
are no methodology available to evaluate such damages on virtual prototypes. A
method to study wear was developed using the co-simulation tool to simulate the
fundamental behaviour of the percussion unit, and the wear routines in LS-DYNA
were utilised for the calculation of wear.
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Populärvetenskaplig sammanfattning

I denna avhandling presenteras ett co-simuleringsverktyg som är tänkt att utgöra
grunden för en simuleringsmiljö för att modellera och simulera hydrauliska slagverk
som används i hydrauliska hammare och bergborrmaskiner. S̊adana enheter används
för att generera de stora krafterna som krävs för att krossa betongstrukturer vid rivn-
ingsarbete inom byggindustrin eller för att krossa berg vid borrning av sprängh̊al vid
gruvdrift. Dessa typer av maskiner drivs av hydraulik vilket innebär att kopplade
fluid-strukturmekaniskmer ligger till grund för dess funktion, varför simuleringen av
s̊adana mekanismer utgör kärnan i detta arbetet. Co-simuleringsverktyget best̊ar
av en 1D fluidsystemmodell, en 3D strukturmekanikmodell och ett interface för
att skapa fluid-strukturkopplingarna, och i detta arbete har en hydraulhammare
använts för att demonstrera och validera dess funktionalitet. Detta verktyg kom-
mer att möjligöra en simuleringsdriven produktutveckling med en ambition att
reducera behovet av provning av fysiska prototyper, men det kommer ocks̊a att ge
förutsättningar för mer detaljerade studier av interna mekanismer.

Verktyget har implementerats för tv̊a välkända simuleringsprogram, och för att
möjliggöra kommunikationen mellan dessa utvecklades ett co-simuleringsinterface.
Simuleringen av enhetens hydrauliska funktion genomförs i systemsimuleringsverk-
tyget Hopsan och strukturdelen simuleras i LS-DYNA, ett finita elementprogram.
Co-simuleringsinterfacet är baserat p̊a standarden Functional Mock-up Interface
mot Hopsan, och p̊a User Defined Feature modulen i LS-DYNA. Verktygets
grundläggande funktionalitet verifierades med hjälp av enkla modeller som represen-
terar slagverkets grundläggande mekanismer. Funktionaliteten verifierades först för
co-simulering av en komponent och sedan för co-simulering av flera komponenter,
vilket är ett krav d̊a slagverket best̊ar av flera rörliga delar. De strukturella delarna
i dessa modeller simulerades dels som helt stela och dels som helt elastiska för att
successivt öka komplexiteten hos modellen. Vidare genomfördes en mer omfattande
validering baserad p̊a experimentella mätningar p̊a en kommersiellt tillgänglig
hydraulhammare. Dennna validering bestod av jämförelser mellan experimentella
och simulerade resultat, och utifr̊an denna kunde man konstatera att simuleringsme-
toden ger en god överensstämmelse inte bara för de grundläggande mekanismerna
utan ocks̊a för de mekanismer som är kopplade till v̊agutbredning i fluiden och
strukturen. För att undersöka effekterna av en parameterförändring genomfördes
experiment där hydralhammaren kördes vid fyra olika arbetsvillkor, och därefter
jämfördes resultaten med simulerade resultat fr̊an motsvarande arbetsvillkor.
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Tätningsspalten är en fundamental mekanism hos slagverket och den används
för att styra den grundläggande rörelsen hos slagverket. Funktioner och rutiner
utvecklades och implementerades i verktyget för att ge förutsättningar för en kopplad
fluid-struktursimulering av dynamiska tätningsspalter, med en ambition att förbättra
beräkningen av läckageflödet genom spalten. Implementationen är baserad p̊a en
rutin som parametriserar den deformerade FE-modellen vid tätningsspalten och
beräknar spalthöjd och det excentriska läget, vilka sedan skickas till fluidsimuleringen
för att användas vid beräkning av läckageflödet.

Slitage i slagverk är en oönskad skademekanism som kan resultera i försämrad
prestanda eller orsaka allvarliga haveri, vilka kan ge upphov till produktionsbortfall.
D̊a metodik för att studera s̊adana skador saknas för virtuella prototyper i dagsläget,
presenteras i denna avhandling ett förslag p̊a hur s̊adana mekanismer kan analyseras
genom simulering. Metoden baseras p̊a att simulera slagverkets fundamentala
mekanismer med hjälp av co-simuleringsverktyget och i den efterföljande analysen
används slitagerutinerna i LS-DYNA för att beräkna slitaget.
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Part I

Application and method





Introduction
1

The trend of moving towards model based design has been strong within, e.g., the
aerospace or automotive industry for many years, but has for the general machine
building industry been hindered due to the lack of appropriate simulation tools.
Other drivers such as new requirements from legislation on robustness, sustainability
and environmental impact also requires that new products are evaluated at the
product development phase using model based tools to a higher degree than today.
Computer aided product development enables virtual prototyping which aims at
reducing the need for physical testing of prototypes. Within the area of hydraulic
percussion units that is intended for hydraulic hammers and rock drills, the strive
for developing suitable simulation tools to be used for product development has been
a continuous process over the last 30 years. These types of equipment are driven by
fluid power and their function is completely dependent on coupled fluid-structure
mechanisms. Hence, such machines requires a simulation tool where the coupled
mechanisms can be represented well enough. This might be a demanding task
because the characteristic of the mechanisms are of a short duration and high in
magnitude, which will induce wave propagation throughout the model that needs
to be resolved by such a tool. Another important mechanism is the interaction
between the structural parts due to contact, which often is of a complex nature and
needs to be handled correctly and efficiently. Furthermore, evaluation of stresses in
the context of fatigue and durability, wear or predictions of radiated noise requires
that structural responses are simulated for a 3D representation of the geometry.

Modelling of percussion units started in the 1990s, where the studies by
Gorodilov [1–8] are among the first to study hydraulic impact machines by the
use of mathematical models. Modelling of the percussive drilling process has a
somewhat longer history than the hydraulic hammer application, where studies
from the 1960s may be found. Studies of hydraulic percussion units by the use of
the system simulation tool Amesim [9] are presented in the papers by Giuffrida
and Laforgia [10], Ficarella et al. [11–13] and Oh et al. [14]. In those studies, the
fluid system were represented by a network of 1D fluid components such as cavities,
orifices and valves, and the structural parts were integrated in the same network
by use of 1D mechanical components such as rigid body masses and springs. The
fluid-structure couplings were modelled using a cylinder component, where the
conversion of power between the fluid and structural domain happened. These
types of models will represent the main function and the overall performance quite
well because the main coupled fluid-structure mechanism is represented by the
cylinder component. However, the wave propagation mechanism is only represented
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CHAPTER 1. INTRODUCTION

on the system level and not at all on the component level, because internal wave
propagation is not implemented for those components. To simulate responses that
correspond to the real mechanisms to a higher degree the elastic behaviour of
the structure and the fluid must be incorporated, which enables internal wave
propagation on a component level.

The Fluid-Structure Interaction (FSI) method would meet a large part of
the requirements for a simulation tool for hydraulic percussion units and this
method is nowadays implemented in many software suits, such as ANSYS [15]
and LS-DYNA [16]. This method is used for high fidelity co-simulation of 3D
Finite Element (FE) models and 3D Computational Fluid Dynamics (CFD) models
and is used to study coupled phenomena at a detailed level. However, one big
disadvantage of this method is that it require large computational resources, hence it
is not appropriate for transient simulation of models representing complete systems
involving complex mechanisms. Large scale industrial use of FSI-simulations are
presented in, e.g., [17, 18], but in general the applications can be found within
the highly advanced industry of defence, aerospace and nuclear, which owns the
computer resources needed to perform these simulations. This fact make it evident
that other methods, which is less computational expensive, must be considered
when modelling and simulating percussion units.

An alternative approach would be to model the fluid system using a simplified
method, to incorporate the wave propagation. The demand of computationally
inexpensive methods for co-simulation is evident when the response of the complete
system are to be simulated within industries, with limited computer resources.
But such methods can also be of interest for various parameter studies, such as
sensitivity or optimisation studies, where a large number of simulations shall be
performed the computer resources needed for each simulation will be of high interest.
It has been shown that simplified methods based on 1D representations of fluid
systems can be used to simulate the functional behaviour of complex systems, where
the wave propagation in the sub-components are modelled by 1D partial differential
equations [19].

The FE-method would be appropriate based on the above mentioned model
requirements for the structural parts. This method is convenient when transient
simulations of complex structural mechanisms, including contacts, shall be per-
formed. The fluid-structure couplings could be established by co-simulation between
a 1D fluid system model and a 3D structural FE-model. Co-simulation today must
be regarded as a mature technique for simulation of coupled systems, where the
couplings will affect the response in the systems significantly. Co-simulation can be
set up for different type of models, e.g., 1D system models from different domains or
for a 1D system simulation model and a 3D model, which represent a limited part of
the system in more details, where the 1D-simulation provides the proper boundary
conditions in the 3D-simulation at a low computational cost. A co-simulation
between a 1D fluid system model and a 3D structural model will decrease the
required computer resources, since a complete 3D CFD-model of the fluid system
is far more computationally expensive than the 1D-model. Connecting 1D and
3D models have been done in several studies where models from different domains
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and of different levels of complexity have been coupled [20–23]. Further, a full 3D
structural response can also be utilised for stress analysis, assessment of fatigue,
wear analysis, simulation of radiated noise etc. In the literature several studies are
found using this approach, see, e.g., [24–26]. A co-simulation procedure for the
general case is schematically shown in Fig.1.

Subsystem 1 Subsystem 2

Solver
Master

Solver
Slave

Model 1
x11 · · · x1n

Model 2
x21 · · · x2n

x

y

f2 (x) y2 (x, t)f1 (x) y1 (x, t) Co-simulation

Figure 1: The co-simulation procedure of two subsystems. The parameters and functions
fn(x) are sent to the simulator for each model. During the simulation the specified
information, i.e. x, y, is exchanged between the simulators, thus affecting the response
yn in each model. Redrawn from Andersson [27].

Co-simulation of different types are today available through different software suits
using there own technique, e.g., LS-DYNA [16] and ANSYS [15], but it has also been
promoted by the Modelica Association and the Functional Mock-up Interface (FMI)
standard [28], which many simulation software support. This is a free standard
which defines an Functional Mock-up Unit (FMU) to exchange dynamic models
or to set up co-simulation between modelling and simulation tools. Furthermore,
a co-simulation approach will be flexible and versatile because it is possible to
incorporate other simulation tools that may be needed to model other mechanisms.

When modelling fluid power machinery the fundamental mechanisms must be
well represented, which could be done by using the co-simulation approach that has
been described above. Additionally, there are also other important mechanisms in
these machines that may be incorporated into the model to enhance the simulated
responses and to enable detailed studies. The sealing gap is one such mechanism
that is common within fluid power machinery and is also known in the literature
as leakage gaps, clearance gaps or lubricating interfaces. There are a number of
studies where radial piston machines have been analysed and where the sealing
gaps have been modelled with the aim of predicting losses due to leakage [29–34].
Kamaraj et al. [35, 36] studied the leakage flow over the piston in a fuel injection
pump, and Thiagarajan et al. [37] analysed the lateral leakage flow over a sealing
gap in an external gear machine.

Another important mechanism in fluid power machinery is wear, which may
cause damages that have a large influence on performance and life of the main
internal components and it ranges from small scratches to severe adhesive wear that
will cause a complete breakdown. Today, wear damages are evaluated on physical
prototypes of the percussion unit because there is no established method to simulate
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CHAPTER 1. INTRODUCTION

wear. The work of Ohmae and Tsukizoe [38] are among the first studies of wear
using an FE-based method, which was published in the 1980s. They studied the
sliding wear of an aluminium material by implementing an elasto-plastic material
law in the FE-software which can be used to investigate the formation of sub-surface
cracks that occur during adhesive wear. In the study by Põdra and Andersson [39]
the wear was calculated using an Archard type [40] wear law where the contact
pressure from the FE-simulation were used as input. The proposed method was
validated against experimental results from a spherical pin-on-disc unlubricated
tribology test and further applied to three different types of cone-on-cone spinning
contact situations. A fairly large standard deviation was found for the absolute
wear, but the method may rather be used for comparisons of different designs. In
the paper by Borrvall et al. [41] functionalities for simulating wear for forming tools
using LS-DYNA were presented. The default functions are based on an Archard
type [40] wear law, but other wear laws may be implemented through the user
defined wear interface. In the work by Puryear et al. [42] the wear routines, of
the Archard type, in LS-DYNA were used to study wear of machinery components
in buildings. In that study, the wear from three different material combinations
were simulated to identify the most promising candidate. Methods for simulating
wear for percussion units would facilitate assessments of wear on virtual prototypes,
which in turn would save time and resources.

1.1 Aim of this work

The main objective of this work was to develop a co-simulation tool for hydraulic
percussion units that incorporates the coupled fluid-structure mechanisms efficiently
and that enable model-based design assessments at the product development phase.
An additional objective was to allow for capabilities of model-based assessments
of other mechanisms that can not be represented by the simulation tools that are
used today, such as wear. The following research questions have been in focus
throughout the work:

RQ1: Is it possible to establish a communication procedure for co-simulation
of a 1D fluid system model and a 3D structural FE-model?

RQ2: Is it possible to co-simulate multiple components?

RQ3: Is it possible to replicate the real responses of a percussion unit using
the co-simulation tool?

RQ4: Is it possible to utilise the elastic deformations of the FE-model to
enhance the simulation of the sealing gap mechanism?

RQ5: Is it possible to simulate wear in percussion units using the co-simulation
tool?
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1.2. OUTLINE

1.2 Outline

In Chapter 2, an introduction to hydraulic percussion units in the application of
hydraulic hammers and rock drills is given. Furthermore, the percussion mechanism
and the essential mechanisms are also presented. The co-simulation tool is presented
in Chapter 3, together with the features developed and the underlying theory.
Chapter 4 contains the validation of the co-simulation tool, where the experimental
setups and the simulation models that were used to replicate the experimental
results are presented. A simulation based verification of the method for simulating
dynamic sealing gaps is also presented in this chapter. In Chapter 5 each of the
appended paper is presented through short summaries. The main conclusions from
the work and an outlook on future research subjects is presented in Chapter 6. Part
II contains the five papers produced in this project.
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The hydraulic percussion unit
2

Hydraulic percussion units may be found in equipment in the mining and con-
struction industry, such as hydraulic hammers and hydraulic rock drills, where
typical applications are to drill blast holes in rock material or to demolish concrete
structures. These types of hard materials need high impact forces to be crushed
or fragmented, and further the number of impacts per time unit is essential for
productivity reasons. The two properties, i.e. the impact force magnitude and the
impact frequency, are the main advantages of the hydraulic percussion unit, and
are conveniently generated by the percussive mechanism.

The hydraulic hammer, see Fig. 2, was developed and launched for serial
production in the 1960s, and today it is used in many different applications such

(a) (b)

Figure 2: (a) An excavator with a hydraulic hammer at a typical work site demolishing
concrete structures, and (b) the Epiroc SB202 hydraulic hammer. Courtesy of Epiroc.
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CHAPTER 2. THE HYDRAULIC PERCUSSION UNIT

as demolition, deconstruction, primary rock excavation, secondary rock breaking,
foundation work, asphalt cutting and trenching. The hammers are produced in
a wide range of different sizes, from 50 to 10000 kg may be found on the market
today, where the smaller are used for light renovation work and the larger models
are used in quarries for secondary breaking of boulders, primary excavation of softer
rock can also be found. The most common situation is to assemble the hammer
on an ordinary excavator and connect it to the hydraulic system of the excavator,
which then supply the percussion unit with hydraulic power. Typical properties of
hydraulic hammers are listed in Table 1.

The first rock drills invented in the 1850s were powered by steam, and later in
the 19th century also by compressed air. The hydraulic rock drill was invented in
the 1920s and was driven by water, and the main application was oil and water well
drilling. In the early 1970s rock drills powered by oil hydraulics were launched on
the market. Common applications today for rock drills are blast hole drilling when
driving tunnels or in mine drifting. Special drill rigs are needed to maximise the
performance of the rock drill, and these must be able to generate the feeding force
needed and to supply the demanded hydraulic power. An example of a drill rig for
mine drifting is shown in Fig. 3a, and a rock drill are shown in Fig. 3b. Typical
properties of rock drills are listed in Table 1.

(a) (b)

Figure 3: (a) A drill rig at the face, drilling blast holes in a mine and (b) the Epiroc
COP MD20 hydraulic rock drill. Courtesy of Epiroc.

Table 1: Characteristic properties of the Rock drill and the Hydraulic hammer.

Operating pressure Oil flow Impact Energy Impact Frequency

Rock Drill High High Medium High
Hydraulic Hammer Medium Medium High Low

10



2.1. PERCUSSION MECHANISM

2.1 Percussion mechanism

Cavity A

Control valve

Liner

Piston

Housing

Impact region

Tool
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Stop ring

Bushing
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Sealing gap region

(a)

Open gap
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Control edge
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Control edge

Upper
Control edge

Upper
Control edge

Lower
Control edge
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Control edge

(b)

Figure 4: Components and features in the percussion unit (a) of a hydraulic hammer
and (b) the sealing gap mechanism; the upper illustration shows a closed state and the
lower shows an open state.

The two most important properties of the percussion unit are to generate high
impact forces and high impact frequency, which are produced by the percussive
motion of the piston. Depending a little bit on the working principle of the hydraulic
hammer, but it typically consists of a number of components and features that
defines the operation of the machine, and these are shown in Fig. 4a. The part
where the hydraulic energy is converted to mechanical energy is the piston, which
will be put into motion by the hydraulic pressure in the cavities A and B. The oil
flow, and thereby the pressure level, in these cavities is controlled by the control
valve, which in turn is controlled by a valve mechanism that is formed between the
piston and the liner, i.e. the sealing gap region in Fig. 4a. This valve mechanism is
known as the sealing gap mechanism and is a fundamental element for the operation
of the percussion unit, see Fig. 4b. Furthermore, the piston is guided by the liner
that also contain sealings to prevent oil leakage from the hydraulic part of the
hammer. On the upper side, the hammer is sealed off by the backhead and the
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CHAPTER 2. THE HYDRAULIC PERCUSSION UNIT

valve cover. The outer casing of the hammer is labelled Housing, in which all
internal parts are assembled, further a number of channels for distribution of oil to
the different cavities of the percussion unit exist.

The sealing gap acts as a valve mechanism and it can either be closed or opened
for flow of oil in the percussion unit. In the upper illustration of Fig. 4b, the sealing
gap is displayed at a closed position, but as the piston move upwards the lower
gap will open, see the lower illustration of Fig. 4b, and oil will be permitted to
flow from the high pressure region, red area, to the low pressure region, blue area.
At this phase, the lower control edge on the piston is positioned above the lower
control edge on the liner, hence the lower sealing gap is open. The same sequence
occurs for the upper control edges when the piston is moving downwards. Even if
the sealing gap is closed a small leakage flow will occur, which by part is due to the
clearance between the piston and the liner. This is the main mechanism for the
sealing gap, but it has a few other important functions as well, which is presented
in Section 3.3.

A typical percussive motion for the piston is presented in Fig. 5, showing three
complete working cycles and the different phases, i.e. the return and the working
stroke. The time scale is normalised to the impact frequency, which is calculated as

f =
1

∆ ti
(1)

where ∆ ti is the average time interval between each impact, resulting in an interval
of unity, further the position is normalised against the stroke length ∆up and the
position of impact is set to zero.

The working cycle starts at t = 0 in Fig. 5 and at this point the piston is
resting on the top of the tool, further the control valve is closed, which results
in a low pressure level in cavity A. The pressure level in cavity B is held at a
high level throughout the complete operation of the unit, except for some dynamic
fluctuations. The pressure difference in the cavities together with different sizes of
the piston control areas creates an upward resultant force, which will put the piston
into motion and carry out the return stroke. A short while before the piston reaches
the upper turning point, the control valve will open and thereby pressurise cavity A
at a high level, which first will stop the upward motion of the piston, and secondly
will accelerate it towards the tool, and this is the starting point of the working
stroke. At this point the lower sealing gap on the piston will open to enable high
pressurised oil to flow to the control valve, which by that is forced to the opened
position. At this phase the pressure is on the same level for both cavities, but
due to the larger pressurised area on the piston in cavity A, a downward resultant
force is generated. Furthermore, during the working stroke the required oil flow
into cavity A is higher than what can be delivered from the hydraulic system of
the carrier, and to prevent an unwanted pressure drop oil is temporarily delivered
from the accumulator. Eventually the piston will impact the tool, and the kinetic
energy of the piston is transferred to the tool by generating a stress wave, which is
transmitted through it and will break the material at the tip of the tool. During
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Figure 5: A normalised piston motion of a hydraulic hammer. The working cycle
consists of the return stroke, where the piston is lifted to the upper turning point, and
the working stroke, where the piston is accelerated towards the tool and the point of
impact. The stroke length ∆up represents the difference in length between the impact
position and the upper turning point.

the working stroke, a short distance before the impact occur the upper sealing gap
on the piston will open to release the pressure on the control valve, which then
closes and drain the pressure in cavity A, and the piston again is subjected to
an upward resultant force ready for the next working cycle. The time of impact
finish the working stroke and the working cycle, and the next cycle will start when
the piston once again is moving upwards. Above, the working principle for the
percussion unit used in this research project is described, but there are several
other principles for such units, see for instance the study by Gorodilov [5] or by
Giuffrida and Laforgia [10].

2.2 Essential mechanisms

As described in the previous section, the hydraulic percussion unit working process
is of a reciprocating nature, which is controlled by alternating the pressure levels in
the cavities surrounding the moving components. During the working stroke the
piston is accelerated downwards by the fluid pressure and when it suddenly stops
at impact, pressure waves will be generated in the fluid since the fluid still is in
motion and will initiate a transient increase of pressure against the stationary wall
of the piston, which also is known as the water hammer effect [43]. Abrupt changes
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CHAPTER 2. THE HYDRAULIC PERCUSSION UNIT

in oil flow also occurs when the different valve mechanisms in the percussion units
opens and closes, which also will generate pressure waves in the fluid system. These
waves affects the components on a local level and may cause damages from erosion
and cavitation, but they may also influence the overall performance.

Similar mechanisms occur in the structural parts, i.e. when the piston is
impacting the tool stress waves are generated. The primary wave in the tool is
carrying the main energy to the tip, where it partly are dissipated to break the
material, the non-used energy is reflected at the tip and will be transmitted to
the top of the tool. At the top of the tool the stress wave partly is transferred
to the piston and the residual energy is transferred to the housing via the stop
ring. In general, the stress wave contains a lot of energy and high contact forces
are generated, these may cause damages such as wear and fatigue and will also
generate vibration and noise. Since these short duration mechanisms are natural
features of the percussion unit, and the main work of the machine are carried out
by these, it is of most importance to consider the effects from these during design.

As mentioned above, the piston is guided by the liner if observed on a greater
scale, but on a micro scale a thin oil film is formed between the piston and the
liner. The oil film has several positive effects, it will force the piston to a concentric
position due to the strive for equilibrium in the fluid, it prevents contact between
the components, and by that friction and wear is reduced. It also introduce viscous
dampening in the percussion unit, which is beneficial to reduce vibrations. As long
as the main percussion mechanism in the axial direction is analysed, the properties
of the oil film will be not that important, but when the lateral behaviour of the
piston shall be analysed the oil film properties are crucial. Contact occur between
the components if the lateral forces are larger than those generated by the oil film
pressure. In this project two mechanisms, where the oil film properties come into
play have been studied, the sealing gap mechanism and the sliding wear between
the piston and the liner. For the leakage flow over the closed sealing gap, the
concentric position of the piston is critical because the flow can be 2.5 times higher
for a fully eccentric annulus gap. Hence, the lateral position of the piston, which
is controlled by the oil film, is critical for the leakage flows in the percussion unit.
For the second mechanism of sliding wear it is obvious that in principal no wear
occur as long as an oil film is separating the components. Thus, it is important to
study at which lateral force magnitude contact occurs, and also at which position,
which to a large extent are determined by the oil film. In general, occurrence of
wear in percussion units is highly damaging and it often cause critical failure or
complete breakdown.
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The co-simulation tool
3

The main outcome from this research project has been a co-simulation tool that
primarily is intended for virtual prototyping and advanced analyses of hydraulic
percussion units for design and evaluation. The tool contain three different main
parts, the 1D fluid system simulation, the FMI, which include the co-simulation
interface, and the 3D structural mechanic simulation, which also holds the features
for simulating sealing gaps and wear. The utilised co-simulation approach is
presented in Paper I, where the implementation of the tool is described. A
schematic flow chart where the simulation features and the flow of information in
the simulation tool is displayed in Fig. 6.
In the fluid system simulation, the pressure p is calculated and communicated
through the co-simulation interface to the structural mechanic simulation, which in
turn computes displacements u, velocities u̇, forces f , gap heights h and eccentrici-
ties e. The structural variables are sent back to the fluid simulation for calculation
of pressures and flows Q for the next time step, and then the procedure is repeated

Fluid System Simulation

FMI

Structural Mechanic Simulation

1D Fluid
System Model

1D Fluid
Solver

1D Fluid
Results

FMI
FMU-module

Co-Simulation
Interface

3D Structure
FE Model

3D Structure
Solver

3D Structure
Results

Sealing Gap
Routine

Fluid:
pN ; QN

Structural:
uN ; u̇N ; fN ; hN ; eN

Fluid:
pN ; QN

Structural:
uN ; u̇N ; fN

hN ;eN

u

Figure 6: The overall simulation sequence. The index N refers to the identity of the
co-simulation component. Figure from Paper V.
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throughout the simulation. The results from the fluid system simulation facilitates
not only analyses of system performance and efficiency on an overall level, but the
fluid responses on the component level can also be analysed to some extent. The
FE-results facilitate analyses of motions, stresses, fatigue, radiated noise, etc.

The simulation tool is implemented using the Hopsan simulation tool for the
1D fluid system simulation and the FE-software LS-DYNA for the 3D structural
simulation. The interface is developed based on the Functional Mock-up Interface
standard and the Functional Mock-up Unit is included in the fluid system model
to incorporate the structural model. The FMI and FMU are further explained in
Section 3.1. The fluid system is incorporated in the structural model by using the
User Defined Feature (UDF) module in LS-DYNA.

In Paper I the tool was verified for simple but relevant models that involved
co-simulation of one sub-component, and in Paper II it was further developed
to facilitate co-simulation of N sub-components. The models that were used for
verification in Paper I and II contained typical mechanisms of a percussion unit,
while a complete model of a typical hydraulic hammer was used for validation
against experimental responses in Paper III.

As described in Section 2.1, the sealing gap is a fundamental mechanism for the
operation of the percussion unit, which operation depends on the fluid behaviour,
the motion and the deformation of the structure. This by definition is a fluid and
structure coupled mechanism and it was found appropriate to include this feature
as the next step in developing the co-simulation tool. In Paper IV routines for
simulating dynamic sealing gaps are presented, which aims to further enhance the
simulated response of the percussion unit, see the Sealing Gap feature in Fig. 6.
Furthermore, a method for evaluating wear in percussion units is presented in
Paper V, which is related to the wear features in Fig. 6. The mechanisms that
are studied in Paper IV and V are depending on the lateral behaviour of the
piston, which to a large extent is controlled by the oil film that is formed between
the components, see Section 2.2. In these studies the oil film was modelled using
a strategy that is based on the Mortar contact routine in LS-DYNA, which is
described in Section 3.4.

3.1 The Hopsan simulation tool

The Hopsan simulation tool is a 1D multi-domain simulation software primarily for
simulation of fluid power and mechatronic systems, and is based on the Transmission
Line Modelling (TLM) technique. It has been developed since the late 1970s by
the Division of Fluid and Mechatronic Systems at Linköping University, and in
the beginning of 2000 it was subjected to a complete re-programming using the
object oriented language C++, which was launched 2010 as the Hopsan Next
Generation [44]. Historically, Hopsan has been one of the most important tool
for developing hydraulic percussion units within Epiroc, mainly because of the
short time for simulation and the proper handling of the pressure waves in the
fluid system. These features are facilitated by the use of the TLM-technique. The

16



3.1. THE HOPSAN SIMULATION TOOL

Hopsan simulation tool is described in more detail by for instance Braun [45].
Hopsan utilise the concept of power ports at the connection points for the

sub-components. This concept facilitate an intuitive approach to define physically
related connection points for the transfer of power between sub-components, which
in the real world can be represented by a hydraulic hose or an electric cable. For
instance, in the fluid domain, the power is calculated by the pressure and the flow,
while the velocity and the force are used for the mechanical domain.

Furthermore, Hopsan supports the FMI standard [28] for model exchange and
co-simulation, which means that a complete Hopsan model can be exported as a
sub-component to be integrated in a model built in another simulation system that
supports the FMI standard for co-simulation and vice-versa. A sub-component
that is exported from a modelling or simulation tool following the FMI standard
is called a Functional Mock-up Unit and facilitates a standardised interface to be
used for exchanging dynamic models.

3.1.1 Transmission line modelling method

An efficient method that can be used for the study of distributed physical systems,
e.g., hydraulic, pneumatic or electric, and which is known as the TLM method
was proposed by Auslander [46], who referred to this method as bilateral delay-
line modelling. In this method, a time delay T is introduced that is physically
motivated, which will decouple each sub-component in the system to facilitate
individual simulation of each sub-component, which is essential when introducing
parallel simulations. The time delay is determined from the wave propagation speed
in each sub-component. The principal of time delay facilitates the use of weak
couplings at the connection points and this approach makes it possible to solve the
system using an explicit time integration method, in comparison to the implicit
method that is more time consuming.

For the TLM component with the boundary conditions shown in Fig. 7 the
governing equations can be written as

C, L ⇔ Zc, T

T = nTs

ct
2

ct
1

pt
1

Qt
1

pt+T
1

Qt+T
1

pt
2

Qt
2

pt+T
2

Qt+T
2

Figure 7: A pipe element containing a fluid with the pressure p and the flow Q as
the boundary values on each side, which schematically represents a TLM component.
Redrawn from Paper I.
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pt+T
2 = ct1 + ZcQ

t+T
2 (2)

pt+T
1 = ct2 + ZcQ

t+T
1 , (3)

where the impedance Zc and time delay T are given by the capacitance C and
inductance L of the component according to

Zc =

√
L

C
(4)

T =
√
LC, (5)

and where the wave variables c are calculated as follows

ct1 = pt1 + ZcQ
t
1 (6)

ct2 = pt2 + ZcQ
t
2 (7)

The relation between the pressure and flow on each side of the TLM element are
presented in the Eqs. 2 and 3. From these equations it is also evident that the
pressure on one side depends on the pressure from the other side from the previous
time step, and this behaviour produces the propagation of pressure waves through
the component

Regarding applications of the TLM-method, the paper by Krus et al. [19], where
the responses of a hydromechanical system was simulated, is worth mentioning,
and further an in-depth presentation of the TLM-method is given by Braun [45].
The above mentioned studies are using the simulation tool Hopsan, which is a
TLM-based simulation tool, which historically has been found to be an efficient
tool for predicting the responses of hydraulic percussion units.

3.2 The LS-DYNA FE-software

The general-purpose finite element software LS-DYNA [16] is capable of simulat-
ing highly non-linear and short duration mechanisms, which are essential when
simulating hydraulic percussion units. LS-DYNA originates from the DYNA3D
FE-code that was developed by J.O. Hallquist at the Lawrence Livermore National
Laboratory in the United States of America in 1976. The software was developed
to facilitate stress analysis of structures subjected to short duration impact loading
by an efficient element implementation and an efficient handling of contacts. In
1988 the Livermore Software Technology Corporation was founded to continue
the development of DYNA3D, which was commercially launched as the LS-DYNA
software in 1989. The explicit solver in LS-DYNA has been found to work very well
when simulating hydraulic percussion units, which mainly are due to the handling of
stress waves and part interactions by contact. In the percussion unit many different

18
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types of contact occur, e.g., short duration contact, impact and sliding that needs
to be handled efficiently.

In LS-DYNA, the general equation of motion is stated as

Mü+Cu̇+ fInt = fExt (8)

where M is the mass matrix, C is the damping matrix and fInt is the internal force
vector. The external force vector, fExt, represents all external loads acting on the
FE-model. The displacement u is solved explicitly by the central difference time
integration scheme described by

u̇n+ 1
2 = u̇n− 1

2 + ün∆ tn (9)

un+1 = un + u̇n+ 1
2∆ tn+

1
2 (10)

where ∆ tn is the time step and based on this, it couples well with the TLM method.
The explicit time integration scheme is described in more detail in the literature,
see for instance the book by Belytschko et al. [47].

As already mentioned, Hopsan is supporting the FMI standard for co-simulation,
while LS-DYNA do not, at least not until version R12. Hence, functionalities for a
co-simulation interface for LS-DYNA needed to be developed. In LS-DYNA there
is functionalities for customised external loads, i.e. User Defined Feature (UDF),
which was decided to be used for accessing the FE-simulation. Furthermore, a
library of functions for communication using the TCP/IP network protocol was
developed to transmit the system simulation signals to the UDF. The utilisation
of the TCP/IP communication facilitates a flexible setup of the computers for
simulations, i.e. the co-simulation can be executed as long as each computer used
for simulation belongs to the same network. The interface points for co-simulation
in each model are defined in a common configuration file which is used both by
the FMU-generator to build the FMU for Hopsan and by the UDF module in
LS-DYNA. Further details on the co-simulation interface can be found in Paper I.

3.3 Sealing gap

The sealing gap is a vital element in the percussion unit because it controls the
fundamental reciprocating mechanism of the piston. The main mechanism for the
sealing gap is described in Chapter 2, while the implementation of the sealing gap
is given in this section. Figure 8 presents a more detailed illustration of the sealing
gap mechanism than Fig.4, and here is also an intermediate stage given in Fig. 8b.
In Fig. 8a, the sealing gap is at the closed position and the piston is moving upwards.
When the intermediate stage is reached, see Fig. 8b, the gap length lgap has been
reduced significantly, which will make the leakage flow increase. Eventually, the
gap will open, see Fig. 8c, which happens when the control edge on the piston has
moved above the control edge on the liner, to allow for, in principal, unrestricted
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Figure 8: The sealing gap mechanism, showing the opening phase when the piston is
moving upwards. At the closed stage (a) a small leakage flow is passing through the gap,
at the intermediate stage (b) the leakage flow is somewhat larger due to the shorter gap
length lgap and the opened stage (c) where the fluid may flow freely between the pressure
regions pHigh and pControl. The relative position of the control edges on the piston and on
the liner determines the status of the sealing gap. Redrawn from Paper IV.
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Figure 9: A typical normalised length of a sealing gap in relation to the piston motion.
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flow and the pressure region pControl will be pressurised. The sealing gap length
lgap is determined by the piston motion and a typical normalised length for a gap
is shown in Fig. 9, where the gap is closed when Norm lgap > 0 and opened at
Norm lgap = 0.

The cross section of the closed sealing gap at an eccentric position and the
measures required to calculate the leakage flow is shown in Fig. 10. The gap height
h for an annulus is defined as

h = rc − rp, (11)

where rc and rp is the radius of the liner and the piston respectively. The index c
refers to the Cylinder part of the annulus that for this case is designated as the
Liner.

The leakage flow QLeak Ecc for the eccentric annulus shown in Fig. 10, has among
others been derived by White [48], and can be calculated according to

QLeak Ecc =
π∆p

8µ lgap

[
r4c − r4p −

4e2A2

β − α
− 8e2A2

∞∑

n=1

n e−n(β+α)

sinh (nβ − nα)

]
, (12)

where

A =
√

B2 − r2c , B =
r2c − r2p + e2

2e
, (13a,b)

α =
1

2
ln

B + A

B − A
, β =

1

2
ln

B − e+ A

B − e− A
, (13c,d)
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Figure 10: The cross section of a closed sealing gap where the piston is at an eccentric
position. Figure from Paper IV.
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and ∆p is the pressure difference, e is the eccentric position and µ is the dynamic
viscosity of the fluid.

For oil hydraulic applications the gap height commonly is much smaller than the
piston diameter, and by using this assumption the ratio between the flow through
an eccentric and a concentric annulus was derived by White [48] and is calculated
according to

QLeak Ecc

QLeak

= 1 +
3

2

( e

h

)2

. (14)

Furthermore, a simplified equation for the flow through a concentric annulus
was derived by Massey [43] using the assumption above and can be calculated as

QLeak simple =
πDph

3∆p

12µlgap
, (15)

where Dp is the diameter of the piston. The geometrical dependencies for the
leakage flow can be identified from Eq. 15 as being the gap height h and the gap
length lgap, where the gap height is the most critical because the flow is proportional
to h3. From Eq. 14 it may also be noticed that the flow for a maximum eccentric
annulus, i.e. e = h, is 2.5 times higher than for the concentric position. In Hopsan
the leakage flow through a closed sealing gap is calculated in two steps, first for the
concentric position using Eq. 15 and secondly the flow is adjusted for the eccentric
position using Eq. 14.

3.3.1 Implementation

The implementation of sealing gaps in this project is concentrated on extracting
geometrical parameters for the gap by use of the FE-model, where a complete
representation of the deformed geometry is available. Functions for the fluid
simulation of the sealing gap are already implemented in Hopsan, and can be feed
with dynamic values of the gap height and the eccentric position. The gap length
is already implemented and simulated in Hopsan using the relative motion of the
components in the fluid system model.

A routine to extract the geometrical variables from the deformed FE-model
was developed and the details are presented in Paper IV. In short, the routine is
based on fitting, in a least square sense, two cylindrical surfaces of the sealing gap
region, one for the liner and one for the piston, and the gap height is calculated
as the difference between the radius for each cylinder. Further, the axis for each
cylinder is also calculated and the eccentric position is calculated as the difference
in position between the axes. As an option, the gap length is determined from the
end positions of the fitted cylinders, but this signal is not used here.

The co-simulation interface was extended to transmit the geometrical variables
as signals from LS-DYNA to Hopsan during the simulation, see hN and eN in Fig. 6,
by implementing a new type of signal. This signal is defined in the configuration
file and is then recognised by the FMU-generator to add output signal ports to
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the FMU, which can be connected to the corresponding gap in the fluid system
model to simulate the dynamic sealing gap. On the LS-DYNA side, the UDF
keywords are utilised to couple each sealing gap to the three segment sets that
defines its geometrical region. The setup of the UDF invokes the parametrisation
of the FE-result to extract the gap height and the eccentric position. Results from
a simulation using dynamic sealing gaps are presented in Section 4.

3.4 Oil film modelling

In Chapter 2, the oil film that is formed between the piston and the liner is identified
as an essential mechanism in the percussion unit, especially when lateral motions
are to be studied. In the co-simulation tool, the oil film is modelled in the FE-
model by using the Mortar type of contact in LS-DYNA, where functionalities for
using prescribed contact pressures have been implemented in version R12. The
contact routine keep track of the relative distance and speed between the contact
surfaces and by a table look-up function the corresponding contact pressure value
is interpolated from the specified curves and is applied to the segments in contact.
The curves of prescribed contact pressure depend on the relative distance and the
speed.

The oil film mechanism referred to in this application can in the literature be
recognised as a Squeeze Film Damper (SFD), which have been the subject for
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Figure 11: The oil film that is formed between the piston and the liner. The piston
moves in the negative direction of yp at the eccentric position e at the speed ė, which
generates a total pressure in the oil film of pSFD.
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extensive research within the area of gas turbines, see for instance the study by
Barrett and Gunter [49], where the oil film pressure was derived from the Reynolds
equation and is calculated as

pSFD =
µl2 (2ε2 + 1)

4h3 (1− ε2)5/2
ė, (16)

where l is the length of the fluid film, ε is the eccentricity ratio

ε =
e

h
, (17)

and ė the time derivative of the eccentric position that is the relative speed between
the contact surfaces of the piston and the liner, for more details see Barrett and
Gunter [49]. Eq. 16 has the characteristic to approach infinity as the eccentricity
ratio advance toward unity, which may cause numerical issues within the FE-
simulation. Such issues can be handled by introducing a maximum allowed contact
pressure for large eccentricity ratios.

3.5 Wear

Wear damages are unfavorable for performance and lifetime in percussion units, and
can ultimately cause complete breakdown. Today, wear is evaluated on physical
prototypes which is a time consuming and resource demanding task. Wear can
be initiated from sharp edges and corners that are insufficiently deburred in the
manufacturing process, and such wear damages can often be eliminated by improving
the deburring process, without any major design changes. However, the wear test
must be repeated to verify the updated manufacturing process. Simulation of wear
that is related to burrs or sharp edges is probably a delicate task because in general
these are small and will require a much finer mesh in the FE-model than normally
is used for models of percussion units. Apart from burrs, wear may also be initiated
by fundamental elements in the design, such as the diameter to length ratio, or
the distance between the guiding diameters. If wear is encountered during testing
and is judged to originate from a poor fundamental design ratio a redesign of the
involved components must be initiated. Such task is often hard to solve and is to
a large extent dependent on the staff experience from similar designs. When the
redesigned prototypes have been manufactured the wear test must be repeated to
verify that no wear occur for the redesigned components. For such situations a
method to simulate wear would be of great help.

A method to study wear on virtual prototypes is presented in Paper V, where
the co-simulation tool is used to simulate the operation of the percussion unit and
the wear is simulated utilising the wear routines in LS-DYNA. The information
flow for simulating wear is displayed in Fig. 6 and is related to the wear features in
the structural mechanic simulation. These routines are based on a post-processing
of FE-results, where the sliding distance and the contact pressure of the surfaces in
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contact are registered, thus no material is removed from the model during simulation.
In this implementation, the wear rate ẇ is calculated from the sliding speed ḋ and
the contact pressure p using a wear law of an Archard type [40] according to

ẇ = k
pḋ

H
(18)

where k is the wear constant andH is the hardness. The wear constant is determined
for each contact situation and can for simple cases be found in the literature, but
for high accuracy it shall be determined from tribology tests. The wear simulation
is invoked by specifying the keyword CONTACT ADD WEAR in LS-DYNA, where
the wear constant are specified for the specific contact situation and the hardness
are specified for each material in the contact.

Furthermore, wear is closely related to the oil film between the piston and the
liner that is presented in Section 3.4 and as long as the oil film is separating the
components the wear will be negligible. Hence, the behaviour of the oil film must
be properly represented to obtain realistic results when simulating wear.
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Validation
4

In this research project, a co-simulation tool for detailed analyses of hydraulic
percussion units has been developed. In Paper I and II, the functionality of the
tool was verified for simple virtual models showing that the method is capable
of representing the responses for such models. However, the results from a new
simulation tool must be validated by more complex models that represent the
real application, which can be done by comparing simulated responses against
experimental responses for such applications. In Paper III, a series of experiments
were performed on a real hydraulic hammer product where measurements of typical
variables were carried out. Further, a model which replicate the experimental setup
was created using the co-simulation tool, and the responses from the experiments
and the simulations were compared. In this chapter, a summary of this study is
given while the complete study is presented in Paper III.

The dynamic sealing gaps implemented in the co-simulation tool, were verified in
Paper IV using a model that represents the percussion unit. Four typical running
conditions for the percussion unit were used to evaluate the implemented functions.

The wear behaviour in percussion units, which is presented in Paper V, was
investigated by an experiment to find the tolerance against seizure, which is a
severe type of wear damage. The hydraulic hammer was operated using a similar
experimental setup as in Paper III, but the operating pressure was successively
increased and the level of wear was registered at each step, until seizure occurred.
A simulation model representing the experimental setup was developed using the
co-simulation tool, and wear was simulated using the wear routines in LS-DYNA.

4.1 Experiments

To validate the functionality of the co-simulation tool a hydraulic hammer was
set up in the in-house test rig, see Fig. 12, where it could be operated under
steady and controlled conditions. The mechanical interfaces are the top plate,
where the feeding force is applied, and at the bottom the anvil, where the tool
is positioned to represent the working material. Hydraulic power is supplied to
the hammer by an external power pack which allows for a wide range of different
running conditions in terms of hydraulic pressure and flow. The hammer used in
the experiments was an Epiroc SB202, see Fig. 2b, which is a 200 kg hydraulic
hammer intended for, e.g., demolishing, trenching and mining work. The parts
of the hammer and its working principle are described in Chapter 2. To register
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Hydraulic hammer Rig tool

Anvil

Air springs Foundation

Top plate

Hydraulic cylinders

Damping layer

Feed-forces

Upper B.C.

Lower B.C.

Figure 12: Schematic presentation of the test rig and the measurement setup. Figure
from Paper III.

the working behaviour of the hammer a number of different type of sensors were
used, such as position, accelerometer, strain and hydraulic pressure, see Fig. 13.
Four different running conditions were identified, see Table 2, with the objective
to investigate the variations in the responses from different parameter sets, and
experimental data were collected for all four conditions.

The tolerance against seizure between the piston and the liner in the percussion
unit was investigated by a second experiment where the same setup as in the previous
experiment was used. The piston and the liner were replaced in the hydraulic
hammer from the first experiment with components that were manufactured to
achieve a specific clearance in between. The operating pressure was increased

Table 2: The four running conditions used in the experiments, and the diameter DR of
the Restrictor orifice. Table from Paper III.

Operating pressure (Bar) Oil flow (l/min) �DR (mm)

Case 11 150 80 6.0
Case 12 150 66 5.4

Case 21 100 59 6.0
Case 22 100 50 5.4
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Laser, hammer
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Laser, piston
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Piston position
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Tool strain gauge

Pressure sensors
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Figure 13: The sensors on the upper side (a) and the sensors on the left side of the
hammer (b). Figure from Paper III.

stepwise, and as the pressure increases, the pressure induced deformation of the
liner will also increase, eventually the deformation will be larger than the actual
clearance and contact between the piston and the liner will occur, thus generating
wear. At each step, the hammer was disassembled and the wear damages on the
piston and the liner were documented by photographs. When seizure could be
confirmed the experiment was stopped, which happened after five steps at running
condition 5. The running conditions and the results from the second experiment are
presented in Table 3, where all values are normalised with respect to the running
condition 5. In Table 3, the parameter pC refers to the average value of the operating
pressure for the complete running cycle during the respective sequence, and the
parameter Max ∆p refers to the maximum difference between the pressure on the
outside and on the inside of the liner.

Table 3: Normalised parameters and wear results from the second experiment. Table
from Paper V.

Running condition pC (-) Max ∆p (-) Result

1 0.69 0.69 No wear
2 0.78 0.80 No wear
3 0.89 0.91 Polished
4 0.92 0.91 Polished
5 1.0 1.0 Seizure
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Figure 14: A schematic figure of the second fluid simulation model. The components
belonging to each of the main functions are encircled: pressure inlet, impact piston and
control valve. The restrictor is used to control the oil flow through the percussion unit.
Figure from Paper IV.

4.2 Simulation models

Two simulation models were developed using the co-simulation tool described in
Chapter 3, where the first model represents the experimental setup used to validate
the functionality of the co-simulation tool in Paper III. The second model was first
used to verify the functionalities of the dynamic sealing gaps in Paper IV and then
to replicate the second experiment with the purpose to simulate wear in Paper V.

Two 1D models which represents the fluid system of the hydraulic hammer
were developed using Hopsan, where the co-simulation interface was included as
an FMU sub-component. Two 3D FE-models representing the structural parts
of the hydraulic hammer were developed using LS-DYNA, which is described in
Section 4.2.1. The fluid system models are complex networks of various types of sub-
components such as channels, cavities, valves etc., which represent different features
in the system. A schematic figure of the second fluid system model is presented in
Fig. 14. The majority of the sub-components were standard components from the
Hopsan libraries, but in-house developed components for an improved representation
of the real mechanisms were also used.

In the first model, co-simulation was set up for the piston and the control valve
to achieve an accurate representation of the mechanisms for these components,
while only the piston was set up for co-simulation in the second model. In the
second model, the control valve was represented by numerous 1D sub-components
in the fluid system model. Furthermore, the motions of the housing, the valve cover
and the rig tool were communicated to the fluid simulation model, and were used
to control the valve components during the simulation. The valve components were
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used to simulate the sealing gap mechanism in the percussion unit, where constant
values for the gap height and eccentricity were used in the first model, while fully
dynamic values were enabled in the second model.

4.2.1 Finite element models

The first FE-model represents the structural parts of the hydraulic hammer, the rig
tool and the anvil, see Fig. 15, while the test rig was represented by discrete masses,
spring and damper elements at the upper and lower boundary. The properties
of the spring and damper elements were tuned to fit the experimental response
of the housing motion as close as possible. Discrete mass elements were evenly
distributed over the adapter plane on the housing to represent the mass of the test
rig. Because the geometry of the hydraulic hammer is almost perfectly symmetric
it was represented by a half model, and the corresponding boundary conditions, to
reduce the computational resources and the time spent for each simulation.

Contact were defined for the parts which experience mechanical interactions
to represent the real behaviour. In those where oil and grease are present at the
contact surfaces the damping value was increased, from 10% to 50% of the critical
viscous damping value.

The control valve is an internal part of the hydraulic hammer and is completely
surrounded by oil, hence viscous forces will be generated when it moves through the
fluid. These forces will be of particular importance at the mechanical end points,

Anvil

Rig tool

Hydraulic
hammer

Spring &
Damper

Spring &
Damper

(a)

Valve cover

Cavity A

Control valve

Piston

Liner

Housing

Adapter plane

Backhead

Accumulator cover

Cavity B

Stop ring

Bushing

(b)

Figure 15: The (a) first FE-model used in Paper III and (b) its details.
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Figure 16: The (a) second FE-model used in Paper IV and V and (b) its details.

where the viscous forces, which is generated by compression of the fluid, will reduce
the speed of the valve before it reaches its end point. This effect was realised by
a routine in LS-DYNA that calculates a damping force that reduce the speed of
the control valve before contact occur at the end points, see Paper III for more
information of this routine. This was considered to be a practical approach because
the oil film functionalities in the Mortar contact was not implemented in the R9.3
version of LS-DYNA that was used in this case.

The fluid loads were simulated in Hopsan and sent to the structural simulation
using the co-simulation interface, where it were applied as pressures to the segments
belonging to each of the cavities for the piston and the control valve. A control
routine in LS-DYNA keeps track of which segment is inside or outside the cavity.
When a segment moves outside the cavity the pressure is removed, and when
the segment moves back inside, the pressure is restored. The friction force from
the hydraulic sealings on the piston was simulated by Hopsan and transferred to
LS-DYNA over the mechanical port for the piston. The feed-force on the hammer
was simulated by a compressive prescribed displacement of the spring elements,
which generates a compressive force on the structure.

The second FE-model used in this work is displayed in Fig. 16 and comprises the
core components of the percussion unit according to Fig. 16b, all details regarding
the model are presented in Paper IV and V.

The housing and the test rig were represented by the boundary conditions and
the spring and damper elements, which properties were tuned to, by experience,
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Figure 17: The refined surface mesh that creates a smooth description of the cylindrical
surface.

give a realistic response of the liner. The feeding force of the hammer was not
included in this model. The contact between the piston and the liner was modelled
by two pairs of contacts using the Mortar contact routine in LS-DYNA, where one
pair was representing the mechanical contact and the other the oil film mechanism
according to Section 3.4. For the mechanical contacts the CONTACT ADD WEAR
keyword were specified to call on the routines for simulating wear, where two regions
of the model were defined, see Fig. 16. To improve the simulation of the contact,
the method proposed by Haufe et al. [50] was used. In this method, a fine shell
mesh is added on top of a coarse solid element mesh to which it is rigidly connected
to transfer the contact forces between the different meshes, see Fig. 17. Hence, an
accurate and smooth representation of the contact surface is achieved without the
need to increase the number of solid elements. Co-simulation of three sealing gaps,
see Fig. 16, was set up using the UDF keywords in LS-DYNA to invoke the routine
for calculating the gap height and the eccentricity for each gap, which were relayed
to the fluid system simulation for calculating the leakage flow.

4.2.2 Time step and mass scaling

Due to the implementation of the co-simulation interface a fixed time step of
2.7 × 10−7 s was used in both Hopsan and LS-DYNA. This time step size was
determined from the smallest FE-element in the piston and the relevant Courant
condition [47]. However, this choice of time step resulted in a minor mass scaling in
some of the parts in the FE-model using the conventional mass scaling in LS-DYNA,
which is also discussed in Paper III. Components from fluid power machinery
tend to have narrow sections that generates small elements when modelled by
finite elements, and thus generating small time steps. If small time steps are used
without mass scaling, the time spent on the simulation may increase drastically.
Furthermore, it is important to monitor the effects of the mass scaling because it
can significantly affect the dynamic properties of the body, and for components
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with large rigid body movement the mass scaling should be reduced to a minimum.
In this study, a mass scaling of 1.8% and 5.8% for a component with large and
negligible rigid body movements respectively were found to be acceptable for this
application.

4.2.3 Execution

The fluid simulation models were initialised by the starting positions for all me-
chanical components, which were related to the corresponding positions in the
FE-models, and, further the initial speed was set to zero for all components. The
initial pressure on the high pressure side was set to 15 MPa and to 100 kPa on
the low pressure side. The pre-loaded stress state, which simulate the feeding
force on the hammer, of the first FE-model was initialised by use of the explicit
dynamic relaxation routine in LS-DYNA. This step was excluded for the second
model because no feed-force was active. At the start of the simulation, the flow
source delivers a constant oil flow to the percussion unit, and as the simulation
advances the pressure will increase and eventually the piston and the control valve
will start to move. The operating pressure was controlled by the pressure relief
valve at the inlet side, see Fig. 14. A steady state behaviour was reached for the
piston motion after a few working cycles, and transients from the start-up phase
had faded out. The running conditions were realised in the simulations by changing
the inlet pressure and the orifice diameter of the restrictor in the fluid simulation
models. Five to six complete working cycles were simulated, which represented a
total time of 0.3–0.4 s.

4.3 Outcome

Considering that the experiments were done to validate the co-simulation tool rather
than investigating the absolute behaviour of the hydraulic hammer, all simulated
responses were normalised against the corresponding experimental results. To reveal
the basic characteristic of the signals these were low pass filtered at 500 Hz, and this
was done for both the experimental and the simulated signals, except for the rig
tool stress. Furthermore, certain important operating parameters for the hydraulic
hammer were calculated using the time domain signals, e.g., the stroke length and
the impact frequency were estimated from the piston position. The impact energy
is one of the most important property of a percussion unit, and this property was
estimated from the primary stress wave in the tool, see for instance Lundberg [51].
The impact energy W was calculated according to the following equation

W =
A c0
ESteel

∫ t2

t1

σ2
Tooldt, (19)

where A is the cross section area of the rig tool, c0 is the speed of sound in the
material and is calculated as
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Figure 18: Simulation and experimental results from Case 11. Marked regions or
events of the signals, i.e. region N in (a) and region R in (c), where deviations or typical
behaviour have been noticed. In (d), the integration limits t1 and t2 used in the calculation
of the impact energy are displayed. Redrawn from Paper III.

c0 =

√
ESteel

ρSteel
(20)

and the integration limits are shown in Fig. 18d, i.e. t1 and t2. ESteel and ρSteel are
the elastic modulus and the density of the steel material in the rig tool, respectively.
As an example, four responses from the running condition Case 11 are shown in
Fig. 18, together with the corresponding experimental responses.

In general a very good agreement to the experiments was found by using the
developed co-simulation approach. The simulated responses of the piston and the
control valve are very similar to the experiments, see Fig. 18, where the curves
are almost identical, which suggest that the simulation model to a large extent
represents the real mechanisms in the hammer. The orifice diameter of the restrictor
in the simulation model was tuned to meet the impact frequency in Case 11 from
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Figure 19: Comparison of results from the simulations and experiments. Showing the
piston position for (a) Case 12 and (c) Case 21 respectively, and (b) and (d) the pressure
in cavity A for the corresponding running conditions. Redrawn from Paper III.

the experiment, and this can also be observed in Fig. 18, where the point of impact
is exactly the same. However, some minor deviations could be noticed, see region N
and R in Fig. 18, which can be related to the modelling of the fluid system and the
boundary conditions of the FE-model, see Paper III. Furthermore, the responses
of the pressure and the stress confirm that the model also is capable to represent
the essential mechanisms of wave propagation in the fluid system and the structure.
The results from the other running conditions, i.e. Case 12, 21 and 22, confirms the
same behaviour as for Case 11 for the piston position and the pressure in Cavity A,
where the results from Case 12 and 22 are presented in Fig. 19. Normalised average
values from all running conditions are presented in Table 4, see Paper III for the
details of the calculation of these values.
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Table 4: Normalised values from the simulations with respect to the experiments,
presented as percentage values. Data from Paper III.

Case 11 Case 12 Case 21 Case 22

Norm W 97.3 95.3 95.3 96.6

Norm f 100.1 98.4 101.9 101.3

Norm ∆up 99.2 99.3 99.6 99.8

Norm QIn 105.3 108.8 114.9 117.3

Norm pIn 99.6 100.2 100.2 99.9

Norm pOut 132.1 95.0 101.0 78.0

Norm pA 100.3 100.0 106.7 106.2

Norm pB 98.8 99.5 99.4 99.3

Norm σTool 98.1 95.2 99.8 100.4

The functions and routines that were implemented in the simulation tool to
facilitate simulation of dynamic sealing gaps, see Section 3.3, were verified by
simulations using the second model that is described in Section 4.2. The fluid
system was simulated using the model, which schematically is shown in Fig. 14,
and the FE-model of the structural parts are shown in Fig. 16. Three sealing gaps
were set up for co-simulation and the oil film between the piston and the liner was
modelled using the approach described in Section 3.4. Four running conditions for
the percussion unit were defined to verify the behaviour of the sealing gaps, which
are presented in Table 5. In Case I and II, constant values for the calculation
of the leakage flow in the simulation were used, which is the same approach as
in Paper III, while all functionalities of the sealing gap simulation were enabled
in Case III and IV. In Case IV, a misaligned impact was simulated, see Fig. 20,
which refers to a small misalignment of the tool during the impact that will induce
radial motions of the piston and by that eccentric annuluses may be formed for
the sealing gaps. This behaviour will affect the calculation of the leakage flow
through the sealing gap when it is closed. Some results from the simulations are
presented in Fig. 21, showing the ratio of the clearance, the eccentricity and the

Table 5: Running conditions used when verifying the sealing gap simulations. Table
from Paper IV.

Case Title Gap height Eccentricity Angle of impact

I Constant Constant Constant Zero Straight
II Eccentric Constant Constant Max Straight
III Straight Dynamic Dynamic Straight
IV Misaligned Dynamic Dynamic Misaligned
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Figure 20: Different type of impacts, (a) the normal straight impact and (b) the
misaligned impact, where the tool is inclined an angle of α. The external force F pushes
the tool to the misaligned position. Figure from Paper V.

normalised leakage flow. The normalised clearance for Case I and II is equal to one,
and the eccentricity ratio is equal to zero for Case I and equal to one for Case II.
For Case III and IV these variables varies due to pressure induced deformations
and radial motions of the liner and the piston due to the misaligned impact, and
these responses are affecting the leakage flow through the closed sealing gap. The
eccentricity values for Gap 1 and 2 are high at the time of impact but they fade
out quite rapidly, which is an effect of the oil film that will force the piston to a
concentric position. This effect cannot be noticed for Gap 3 because the position
of this gap is placed near the rotational centre of the piston, in the lengthwise
direction, and will not experience any large radial motions. Another variable which
also has a significant influence on the leakage flow is the gap length, which is further
discussed in Paper IV.

Wear was simulated in the percussion unit by the second simulation model, which
is described in Section 4.2, and it was set up to replicate the second experiment, see
Section 4.1, where the wear in the unit was investigated. The operating pressure
and the impact frequency in the simulations were tuned to fit the experimental
responses with the intention to reduce the number of uncertainties in the evaluation
of wear. Two regions for simulation of wear were defined according to the method
described in Section 3.5. Wear patterns from the experiment and the simulations
are shown in Fig. 22. Five steps until seizure occurred were required, where no
wear could be observed for running condition 1 and 2, while a low degree of wear
were registered for running condition 3 and 4, see Fig. 22a and b, and the seizure
damages at running condition 5 are presented in Fig. 22c.

The wear from a misaligned impact was also simulated, see Fig. 23, which must
be considered as quite common for a hydraulic hammer in real work, and therefore
it is of great importance that it is possible to simulate such running conditions.
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Figure 21: Results from the simulations where dynamic sealing gaps are utilised. In (a),
(c) and (e) the solid lines represent the clearance and the dashed lines the eccentricity
ratio for Case III and IV. Redrawn from Paper IV.
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Figure 22: Wear patterns on the liner from the experiment and the simulations for the
cases where wear occurred. The operating condition where seizure occurred (c) and the
conditions where a lower degree of wear were observed (a) and (b). Figure from Paper V.
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Figure 23: Wear patterns from the simulation of a misaligned impact on (a) the liner
and (b) the piston. Redrawn from Paper V.

4.4 Parameter study

To investigate the response from the first simulation model when changing the value
of an input parameter, hence a parameter study was performed. The following
parameters were included in the study: the operating pressure, as the time average
value of the input pressure, pIn, and the orifice diameter, DR, of the restrictor,
which affects the input flow, QIn, and the impact frequency, f . The responses
evaluated were input and output power, PInput and POutput respectively, that were
calculated as follows

PInput = pIn QIn , (21)

POutput = W f . (22)

Furthermore, the calculated values of power were normalised to emphasise the
relative differences of the results. A normalisation with respect to Case 11 was
carried out according to the following equations

Norm PInput =
PInputn

PInput11

, (23)

Norm POutput =
POutputn

POutput11

, (24)
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where the index n represent the running conditions Case 12, Case 21 and Case 22.
Figure 24 display the normalised values of the input and output power. The
responses of the simulation model from the parameter changes represents the
corresponding experimental results to a large extent. Hence, a good prediction of
the response of a parameter change of the model can be expected by using the
co-simulation tool.
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Figure 24: The results from the parameter study. Redrawn from Paper III.
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5

5.1 Conclusions

The main objective has been reached by developing a co-simulation approach
between a 1D fluid system and a 3D structural FE-model and it has been shown
that it is possible to establish a communication procedure between these models.
This approach facilitates an overall system evaluation of performance and efficiency,
and the 3D FE-model enable evaluations of deformations and stresses. It has
also been shown that it is possible to co-simulate several components, which is
an important requirement because the percussion unit consists of several moving
components. The responses for a hydraulic hammer have been simulated replicating
the experimental setup and it has been shown that the real responses could be
reproduced using the co-simulation tool.

To further enhance the prediction and to increase the simulation capabilities of
the co-simulation tool, two additional objectives were defined: dynamic simulation
of the sealing gap mechanism and simulation of wear. To achieve a dynamic
simulation of the sealing gap mechanism a method was developed that parametrise
the deformed structure of the sealing gap region, the parameters were then relayed
to the fluid system simulation for calculation of the leakage flow. This method
shows that it is possible to utilise the elastic deformations of the FE-model to
enhance the simulation of the sealing gap mechanism. Finally, it has been shown
that it is possible to simulate wear in percussion units using the co-simulation tool.
To simulate wear, the responses of the percussion unit was first simulated by the
use of the co-simulation tool and the wear routines in the FE-software were then
utilised for calculation of wear. Table 6 presents an overview regarding the defined
research questions and in which papers they are addressed.

Table 6: The papers and the research questions addressed.

RQ Paper I Paper II Paper III Paper IV Paper V

1 X X X
2 X X X X
3 X X
4 X X
5 X
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5.2 Outlook

Modelling of hydraulic percussion units involves the areas of fluid, solid mechanics
and tribology, where the coupled fluid and structure mechanisms are of main
importance. The co-simulation tool that has been developed in this project has
shown to replicate the main and essential mechanisms to a large extent, and can
be considered promising as an efficient tool for this application. In the course of
this work, a few different issues have been identified which may be considered for
further development of the co-simulation tool.

� To make the co-simulation tool even more versatile, a method for predicting the
radiated noise from hydraulic hammers should be developed. The vibrations
of the outer parts of the hammer are calculated by the structural simulation
in the tool, and within LS-DYNA there are routines to calculate the radiated
noise. Since these parts constitutes the baseline for noise predictions and is
available today, it should be rather inexpensive to develop such a method.

� To simulate the fragmentation of concrete, which is the typical working
material for the hydraulic hammer, is of great interest. Such method can,
e.g., be used to study the overall productivity, from hydraulic input power to
the volume of fragmented concrete, but it may also provide a more realistic
boundary condition for the tool, for instance, when the radiated noise are to
be studied.

� In this work the co-simulation tool has been implemented for Shared Memory
Processing (SMP) for LS-DYNA, which do not scale as good as the Massively
Parallel Processing (MPP) when increasing the number of processors. De-
velopment for support of MPP must be considered urgent, especially when
the size and complexity of the models, and also the analysis times, tend to
increase.

� The oil film that is formed between the piston and the liner is crucial when
analysing the lateral behaviour of the percussion unit from, e.g., a misaligned
impact. The modelling of the oil film is based on equations, which are derived
from Reynolds equation, and are developed for squeeze film dampers for gas
turbines. In the percussion unit the axial and radial motions are combined
that might end up in a different behaviour for the oil film. State of the
art today is to solve Reynolds equation and heat transfer simultaneous to
calculate the fluid pressure in the oil film, which has, for instance, been done
by Chacon and Ivantysynova [52]. Ultimately, the properties of the oil film
should be experimentally validated.
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� This task concerns the use of multiple FMUs. Today only one FMU is
permitted in the system simulation model and all fluid structure couplings
must be connected to this component. The complexity and size of the
models are continuously increasing and the system simulation model tend
to be quite unstructured, especially when multiple components are to be
simulated. The use of multiple FMUs would facilitate a more structured
system simulation model. However, the solution of this is not straight forward,
since the communication to the FE-software must be synchronised for all
FMUs.

� Cavitation is a mechanism that may cause significant damages in the per-
cussion unit which has not been studied in this work. Cavitation induced
damages are classified as an erosive wear where the solid material is removed
by high short duration pressure peaks which are generated by collapsing
bubbles in the fluid. The bubbles are mainly generated from a rapid pressure
drop in the fluid, e.g., when closing a valve. The fluid simulation that is
implemented in the co-simulation tool today facilitates studies of cavitation on
a quite rough level and other methods are necessary for more comprehensive
analyses of cavitation.
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6

Paper I

A co-simulation method for system level simulation of fluid-structure
couplings in fluid power systems

Review: A co-simulation method is presented for fluid power machinery, that is
based on a 1D system simulation model representing the fluid system, and a 3D
finite element model representing the structural components. The method was
implemented using two well-known simulation tools, Hopsan and LS-DYNA, and a
co-simulation interface was realised by the use of the Functional Mock-up Interface
standard. The TLM technique is used in Hopsan for the fluid system simulation,
and the related major issues were presented and discussed. On the LS-DYNA side,
the co-simulation interface was implemented by the use of the User Defined Feature
module. A simple fluid power model, where the main mechanisms for a hydraulic
percussion unit are represented, was developed in order to verify the co-simulation
approach against a reference model in the stand-alone version of Hopsan. The
verification indicates that correct and stable results are obtained, and that the high
frequency mechanisms, which are related to the wave propagation, are resolved.
A final case was also analysed where the structural parts were modelled using
linear elastic material properties, and also with relevant contacts, with the aim to
demonstrate the potential of this method when full 3D FE-results are available
from the simulation.

Paper II

System level co-simulation of a control valve and hydraulic cylinder
circuit in a hydraulic percussion unit

Review: Further development of the previously proposed co-simulation tool was
done to enable multiple fluid-structure couplings. In this study a more complex
model was set up, in which two components were defined for co-simulation. This
model, which include the couplings for both the main piston and the control valve,
represents the real application to a further extent than the simple model of only
one cylinder presented in Paper I. Two models were developed and evaluated, one
simple using a rigid body representation, and one more complex where a linear
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elastic representation of the structural components is utilised. The responses from
the co-simulation model for the simple case were compared against the responses
from a reference model in Hopsan, which resulted in good agreement but with a small
time shift, which however can be considered negligible for this application. Typical
mechanisms of short duration and high amplitude for the hydraulic percussion unit
was found to compare well, and can properly be represented by the co-simulation
method. The second case, using a linear-elastic representation of the structural
parts, was meant as a demonstration of the method for an industrial application,
closer to reality, and also here the high frequency mechanisms are well represented
by the co-simulation method.

Paper III

Validation of a co-simulation approach for hydraulic percussion units
applied to a hydraulic hammer

Review: In this paper the co-simulation tool has been utilised to simulate the
responses of an existing hydraulic hammer product. In order to validate the simula-
tion model, experiments were performed using four different running conditions.
The simulation model was developed using the co-simulation tool, and the responses
were simulated for the corresponding running conditions. The typical mechanisms
in the hydraulic hammer generate high frequency and high amplitude excitations,
which require a high resolution of the model dynamics from the simulation model.
The comparison against experimental data successfully confirms that the simulation
model represents the mechanisms in the hydraulic hammer with good agreement,
not only on the overall level but also on the detailed component level. Further, a
parameter study was performed to investigate the response from the simulation
model when changing the operating pressure and the orifice diameter of the re-
strictor. The responses were then compared to the corresponding changes from
the experiments. The study confirms a correct response from a design parameter
change in the simulation model.

Paper IV

Simulation of leakage flow through dynamic sealing gaps in hydraulic
percussion units using a co-simulation approach

Review: In this study, the co-simulation tool has been expanded to simulate the
dynamic behaviour of the sealing gap in hydraulic percussion units. The sealing gap
is essential for the fundamental functions of a percussion unit where it play several
important roles. The internal pressure inside a fluid powered machine will deform
the structure to a certain degree, and this in turn affects the sealing capability of
the sealing gap at the closed phase. In this study, routines has been developed
and implemented in LS-DYNA to parameterise the structural deformation of the
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sealing gap region for the FE-model. The parameters represent the radial clearance
and the eccentric position for an annular gap, and these are communicated to the
fluid simulation to enhance the simulation of the leakage flow through the gap. The
simulation results show that the leakage flow will decrease when using dynamic
sealing gaps, mainly depending on the reduction of the clearances.

Paper V

Simulation of wear in hydraulic percussion units using a co-simulation
approach

Review: A method to simulate wear by use of the co-simulation tool and the wear
routines in LS-DYNA is presented. The effects of wear has a negative impact on
performance and life for hydraulic percussion units and is today mainly evaluated
on physical prototypes. Methods to perform model-based evaluations of wear would
be of great help because test of physical prototypes is time consuming and require
large resources. In this paper, one experiment has been performed to investigate
the tolerance against seizure for a hydraulic percussion unit. In this experiment,
the operating pressure was increased, stepwise, until seizure occurred, and the wear
related damages were documented for each step. The co-simulation tool has been
utilised to simulate the responses of a model representing the experimental setup
and the wear was simulated by use of the wear routines in LS-DYNA. The wear
patterns from the experiment and the simulations were found to correspond to a
large extent. Furthermore, the wear from a misaligned impact was simulated with
the intention to demonstrate the capability of this method.
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