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Abstract

This paper deals with the simulation of the working behaviour of a hydraulic breaker. A detailed parameterised
model was realized in order to simulate physical phenomena occurring during the functioning of the machine. An ap-
preciable agreement between experimental and theoretical pressure and frequency encouraged about the quality of the
model. The dynamic behaviour of the moving masses was presented and thoroughly discussed. As a specia remark, itis
to be highlighted that the theoretical results suggested by the model came out not to vary if the real waveform concern-
ing input flow rate is replaced with its average.
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1 Introduction

1.1 Background

The hydraulic breaker represents an indispensable
equipment for demolition, construction, civil engineer-
ing, and even recycling works. Due to its versatile
structure for various applications, the hydraulic breaker
is one of the several tools used in an excavator and it
should be correctly chosen in order to achieve the per-
formance warranted by the manufacturer. It consists of
a machine turning the hydraulic energy supplied by a
positive displacement pump into mechanical energy in
terms of percussions against a chisel. The latter is ap-
pointed to crumble a certain material by means of alter-
nating impacts.

The bibliographic research carried out by the au-
thors showed that literature seems to lack in technical
papers dealing with such typology of hydraulic ma-
chines. So that only two papers were found in the inter-
national literature. In the first one (Gorodilov, 2000), an
approach to the analysis of the working cycle of the
breaker by means of similarity criteria is presented.
Referring to a simple schematisation of the machine, a
system of equations governs its functioning even if an
ideal behaviour of the distributor, managing the dynam-
ics of the striking mass inside the bresker, was hy-
pothesized. The physica meaning of the similarity
criteria is obvious since most of them reflect the
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geometric features of the breaker and the magnitudes of
mechanical and hydraulic parameters. In (Gorodilov,
2002), there are shown different shapes of piston
movements and velocities and pressure evolutions as
well. These shapes are properly dimensionless on the
basis of the previously introduced and further simpli-
fied formulations. Equations and results presented in
these works are undoubtedly relevant since they allow a
preliminary selection of the basic parameters of hydrau-
lic percussive machines. However, they only concern
themselves with a theoretical analysis of a machine
whose distributor isidealized as an on-off valve switch-
ing from two fixed positions. Thus, these works do not
set forth a general model that would result more useful
for better looking into the functioning of the breaker.

1.2 Breaker working principle

The functioning of a hydraulic breaker is presented
with reference to (European Patent no. 0085279; Euro-
pean Patent no. 0426928) and to the schematic drawing
shownin Fig. 1.

The reciprocating motion of the piston (PIS) strik-
ing the chisel (CH) is obtained thanks to a distributor
(DIS) which alternatively places the downward push
chamber (V1) in communication with a high pressure
circuit, to give it impact power, and with alow pressure
circuit, to bring the piston back to its top dead center
whose position is usualy variable depending on the
material to crumble. The movement towards this posi-
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tion is caused by the force always exerted by the high
pressure oil on the piston small ring area at the upward
push chamber (V2), opposite to the wider circular area
at the top of the piston. The distributor consists of a
cylindrical sleeve valve connected to a flange-type ring
plate at its bottom. It can move in a ring chamber (V3)
realized in the casing. The upward movement of the
distributor is caused by high pressure fluid acting on
different areas.
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Fig. 1. Schematic drawing of a hydraulic breaker (adapted
from European Patent no. 0426928)

Thus, referring to Fig. 1 where the distributor is in
its idle position, the downward push chamber is con-
nected to the high pressure circuit and the distributor
can start its upward stroke. At first it closes the com-
munication between downward push chamber and high
pressure circuit, then it opens the communications
between the same chamber and the low pressure circuit.
The chamber suddenly depletes so high pressure con-
stantly acting on the upward push chamber (V2) causes
the piston to leave its bottom dead center. One can
easily realize that there is a considerable difference in
upward and downward push areas. As a matter of fact,
the surface receiving the working push is larger, e.g. in
aratio equal to four asin the breaker considered in this
work, than the piston ring surface on which high pres-
sure is always exerted (volume V2). When the piston
goes beyond the current distributor position, fluid in the
downward push chamber results trapped. The relief
valve (RV), present in this chamber, should prevent
pressure from overshooting certain limits, so it acts as
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anti-shock valve. Now the piston keeps on climbing
whereas the distributor begins to move downward,
since the fluid at its bottom communicates with the low
pressure circuit. When the downward distributor opens
the communication between downward push chamber
and high pressure circuit, the start of percussion occurs.
The piston has reached its top dead center and its veloc-
ity instantaneously changes, becomes negative and
increases progressively till the piston strikes the chisel.
From the start of percussion up to the impact against
the chisal, the motion of the piston results almost uni-
formly accelerated and the downward push chamber is
fed not only by the pump but aso by fluid leaving the
upward push chamber and by the previously charged
accumulator which is now depressurizing. When the
downward piston, before reaching its bottom dead
center, alows high pressure fluid to push the bottom of
the distributor, which was occupying its idle position,
another cycle can take place.
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Fig. 2:  Breaker equivalent hydraulic circuit

Figure 2 represents the trandation of the working
principle of the breaker into the standard symbols and
proposes its equivalent hydraulic circuit. All the previ-
oudly discussed elements are here reported, with refer-
ence to the accumulator, the relief valve, the distributor
represented by means of a continuous positioning
valve, intercepting first the high pressure fluid, and to
the striking piston. Particular attention should be paid
to the valve drawn at the middle of the circuit repre-
senting the variable orifice between the bottom of the
distributor and the top of the piston and clearly depend-
ent on their relative displacements. As it will be better
highlighted later, it realizes a sort of timing of the dy-
namics of the distributor with respect to the piston one.
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13 Resear ch objectives

As far as this work is concerned, a model of the
breaker is a preliminary step to get information about
its working principle. This paper aims at simulating the
hydraulic circuit of the breaker with reference to the
real geometry of a commercial one, taking into account
the real dimensions of the parts, the clearances, the
bodies masses in order to develop a reliable modéd. In
the next sections, brief descriptions of the model and of
a first experimental activity will follow, then main
results of the model will be presented and discussed.

2 Working Behaviour Model

To study the performance of the breaker, a specific
model was developed. Governing equations were
solved in the AMESIm™ environment, where proper
equations were added and implemented by the authors
in order to tune the overall model. Once the breaker
geometry has been fixed, the model input essentially
consists of the flow rate supplied by the positive dis-
placement pump of the hydraulic circuit. The main
outputs are pressure evolutions in all the chambers,
volumetric flow rates and dynamics of the moving
elements as well. Figure 3 shows the lay-out of the
model developed in the smulation environment. Some
submodels and routines were written in C language and
AMESet™ to manage flow passage areas characterized
by particular geometry.

In the next two paragraphs, the basic formulations
of the most important phenomena of the physical sys-
tem will be reported, referring to more exhaustive
documents (Imagine SA, 2004) as for the modelling
details characteristic of the simulation environment.

21 M echanical model

Newton’s law was used to model the movements of
both distributor and piston.

However, in such a hydraulic appliance, the main
forces acting on the two masses simply consist of pres-
sure forces and mass to mass interactions (impact
forces). Thus, as regards the piston, it is possible to
write:

m,-a,=>F, @

Gravimetric force, even if taken into account, is
negligible if compared to hydraulic forces. Thus, the
standard model of a simple forced harmonic oscillator
with mass, spring and damper here is not necessary.
However, a certain viscous damping is aways present.
As a matter of fact, a fixed clearance, here modelled
neglecting any possible eccentricities or misalignments,
causes damping forces modelled according to

F - ﬂ.%.vp @)
0
with reference to the geometry schematically shown in
Fig. 4.
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Fig. 4.  Schematic drawing of the central body of the piston
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Fig.3:  Lay-out of the model developed in the AMES m™ environment
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Every moving element was schematised according
to only one mass since axia deformations due to high
pressure are negligible if compared to the actual length
and stroke. As for mass to mass interactions, impact is
considered and modelled only when the piston strikes
the chisdl, as schematized in Fig. 5.
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Fig.5: Representation of the piston striking the spring-
modelled chisel

The chisel is supposed to behave like a spring,
whereas the anvil below is supposed to be infinitely
stiff. Actualy, such an hypothesis is justified since
during the experimental campaign the anvil below the
chisel consisted of a steel block whose stiffness was
sufficiently larger than the chisel one. Moreover, as it
will be pointed out later, the chisel equipping the tested
breaker consisted of a blunt tool whose shape has a
feeble penetrating rate with respect to the steel anvil.
The stiffness of the chisel is here evaluated according
to its geometry:

Ky = A (3)

Thus, if Xy is the elastic lower end stop of the pis-
ton (bottom dead center), the impact force is evaluated
as

For =k (%0 %) @

only if X, < Xy, Otherwise the piston is necessarily far
from the top of the chisel and no impact force is to be
taken into account when solving Eq. 1. Here it is note-
worthy to underline that Eq. 4 was considered in the
dynamic model of the piston only. In the current stage
of modelling the lower end stop of the distributor was
supposed to be ideal, then no contact force was ac-
counted for when such a mass gets down and reaches
its bottom dead center.

2.2 Hydraulic model

This model consists of several stages with particular
reference to flow rates through the various opening and
closing passage areas, to pressures evolution in variable
or fixed volume chambers and to wave propagation
phenomenain pipes connecting two chambers.

Flow rate for turbulent flow through a generic ori-
fice was calculated using the following standard equa-
tion
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Q=C,-A /E-Ap ®)
P

which relates the flow rate to the pressure drop across
the orifice. Cq4 is the discharge coefficient, typically
dependent on the Reynolds number, but almost con-
stant for fully developed turbulent flow. Eqg. 5 also
needs the fluid density and the flow passage area. In a
hydraulic breaker flow passage areas are usually vari-
able and depend on the relative positions of the moving
masses with respect to circular holes or to cylinder
lateral surface shaped ports. Thus, if A is a generic
function of the relative position of a moving mass, with
reference to the real geometry of the machine, it is
possible to refer to geometries relatively simply to
model.

When the distributor leaves its bottom dead center,
progressively it closes the communication between the
supply line and the downward push chamber at the top
of the piston. Then, considering that the circular edge
of the distributor presents a negative overlap with ref-
erence to the high pressure communication consisting
of a cylinder lateral surface shaped port, the area A;
may be simply calculated as

A (X)) =m- Dy - (B, =) (6)
with reference to the geometry schematically shown in
Fig. 6. Such a passage area exists if the distributor

displacement does not exceed by, otherwise high pres-
sure fluid cannot enter the downward push chamber.
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Fig. 6: Schematic drawing of the distributor ready to leave
its bottom dead center

Focusing attention on the bottom of the distributor,
and referring to the drawing shown in Fig. 1, communi-
cation with the low pressure line is possible by means
of circular holes. Then passage area consists of circular
segments. It is the common case of a spool valve mov-
ing over a circular hole (Nervegna, 1998; Walters,
1991), schematically shownin Fig. 7.
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Fig. 7 ool valve moving over a circular hole

With reference to Fig. 7 and considering n, holes, in
order to evaluate the passage area for the flow rate to
the low pressure line from the annular volume between
the distributor and the casing (V3 in Fig. 1), use of the
following equation was made:

—n 4% q2- dihz 1_2'7)(11 -
A(x)=n, {4 d; [4 arccos[ r J

h

2
+d“-sin[2-arccos(l— 2% B
8 d,

From Fig. 1 and 6, it is possible to realize that when
the distributor goes beyond a fixed position, the down-
ward push chamber at the top of the piston, full of high
pressure fluid just an instant before, may deplete since
there will be flow rate from this chamber to the tank.
Such an event alows the piston to move from its bot-
tom dead center toward a top dead center generaly
dependent on the nature of the materia to crumble
(European Patent no. 0426928). The flow rate causing
the depletion of the downward push chamber depends
on a passage area which consists again of circular seg-
ments, like the area A,. Thus, anew area may be evalu-
ated in away similar to the one used to write Eq. 7:

_n % 2%
A(x)=n, {4 arccos[l 9 J

h

2
+ 9 gin| 2- arccos| 1- 2%
8 d,

Contrary to what Eq. 7 formulates, Eq. 8 represents
a passage area increasing with the position of the dis-
tributor. The two last equations were formulated with
reference to Fig. 7, for the sake of simplicity, where the
spool movement is assumed to be positive when start-
ing from a negative overlap equal to d;.

Figure 8 shows these passage areas uncovered by
the edge of the spool valve. Areas and displacements
were normalized with respect to the hole areas and
diameter respectively.

()

(8)
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Fig.8: Normalized passage areas uncovered by a spool
passing through a hole

Figure 8 was drawn fixing the height of the flange
(b) equa to the hole diameter dy. In the real geometry
of the machine, the overlap is larger, as one can notice
from Fig. 1. However, passage areas reported in Fig. 8
do not change but they simply shift to the right.

When the distributor closes the communication be-
tween volume V3 and low pressure circuit (the passage
area may be evaluated by means of an equation similar
to Eqg. 7), its movement is suddenly stopped by a hy-
draulic cushion, as shown in Fig. 9. As a matter of fact,
beyond this value the fluid in volume V3, at its mini-
mum value, results trapped and acts as a hydraulic
shock absorber.

| |
M‘ M\

IN IN

| |
| |
| |
N N
| |
| |

Fig.9: Distributor at its bottom dead center (on the left)
and at its hydraulic end stop (on the right)

As for the piston, when it moves upward and is go-
ing to enter the distributor, the minimum passage area
governing the flow rate from volume V1 towards the
low pressure line moves from Ag to the area realizing
between the bottom of the distributor and the top of the
piston itself. With reference to the simple geometry
shown in Fig. 1, evaluating such a new area leads to a
formulation similar to the one proposed in Eq. 6, where
the passage area varies with linearity, depending on the
relative position between distributor and piston. Actu-
ally, the rea geometry is somewhat complicated and
the formulation is here omitted for the sake of brevity.

Correctly modelling flow rates entering and exiting
a generic lumped volume needs to take volumetric
losses into account. Thus, a reliable model should pre-
dict leakage phenomena due to manufacturing toler-
ances as accurately as feasible. In rea displacement
machines (Ivantysyn and Ivantysynova, 2002), lubrica-
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tion gaps between the dliding surfaces exist and defor-
mations of the machine parts occur because of the elas-
ticity of the material with pressure and temperature. Of
course, these gaps are necessary, as design require-
ments, when the parts have relative motions to each
other. Till these gaps perform a sealing function, i.e.,
the separation of volumes at different pressures, fluid
flows through the gap due to the pressure difference.
Volumetric losses were modelled as two dimen-
sional, laminar and incompressible flow, according to
the common formulation of Poiseuille flow. With refer-
ence to Fig. 4, leakage flow rate was evaluated accord-
ing to
n-D,,-6°
2oL,

On the other hand, an entrained flow, dueto the vis-
cosity of the fluid which adheres to the moving masses,
cannot be neglected. As a matter of fact, a Couette flow
occurs owing to the adhesion of fluid particles on the
moving surfaces. Always referring to Fig. 4, the above
mentioned flow was modelled as:

Q|0$1 = Ap (9)

Qees :%-[(Dm+2-§)2 —D,fl]vzp (10)

where the piston moves with respect to a fixed refer-
ence. In severa cases, both gap (Couette and Poi-
seuille) flows superimpose. Basically, the number, the
geometry and the dimensions of the sealing gaps de-
pend on the type and design features of the displace-
ment machine, which influence the values of the volu-
metric losses significantly.

Pressure level inside variable or fixed volume
chambers should be accurately evaluated since hydrau-
lic forces are the main causes for the movement of both
distributor and piston. Pressures in each chamber were
evaluated on the basis of the basic equation:

do. _ S avi 11
wev(ze-g )

where the i-th chamber volume variation and the sum
of all the entering and exiting volumetric flow rates are
taken into account. Of course, the volume variation
term is dependent on the relative position of distributor
and piston.

Wave propagation phenomena in a pipe connecting
two chambers are considered and modelled. A state
variable representing the pressure at the mid point of
the pipe isintroduced:

Pp__p Q (12)
ot Q ox
The compressibility of the fluid is taken into ac-
count by using an effective bulk modulus (Imagine SA,
2000). Pipe friction is accounted for by using a factor
depending on the Reynolds number and the relative
roughness. The inertia of the fluid is also considered by
a flow rate state variable at each end of the pipe. The
derivatives of the flow rate at the two ends are calcu-
lated using the following equation

9Q_Q op_ 0Q_ 2-Q°-sgn(Q) (13)
ot p ox oX 2.d-Q
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The model simulating the hydraulic pipesis a com-
plex distributed parameter, suitable for situations where
wave dynamics is likely to be important (Imagine SA,
2004). The submodel has two external state variables
representing the flow rates at each end of the line, to-
gether with six internal pressure state variables and five
internal flow rate state variables. Moreover, the simula-
tion environment models friction as frequency depend-
ent by means of a utility function, so that the flow rate
derivative is modified to include frequency dependent
friction. The phenomena under study, characterized by
pulses with high frequencies, suggested this choice.

These last two equations were just used with refer-
ence to the pipes connecting the inlet of the breaker to
the upward push chamber (V2). As regards the other
shorter lines, the use of a simpler submodel was made,
where friction depends no more on frequency and no
internal pressure state variable is accounted for.

As for the nitrogen gas in the accumulator, it is as-
sumed to obey a polytropic gas law of the form:

p-V7” = const (14

where the constant is defined by the precharge pressure
and the accumulator volume. The hydraulic fluid within
the accumulator was assumed to have the same pressure
as the gas. In order to prevent problems that would
occur if the gas volume tended to zero, when it be-
comes 1/1000 of the nominal accumulator volume, the
accumulator is assumed to be fully charged. In order to
simulate pressurization and depressurization stages of
the accumulator, use of the following equation was
made

dpgas _ v pgas Q (15)
dat .

gas

The two stages depend on the sign of Qu, positive
or negative if entering or exiting respectively.

Lastly, the management of the fluid properties such
as bulk modulus and density was remitted to the simu-
lation tool. Reference to (Imagine SA, 2000) may in-
form about the fluid model.

3 Experimental Campaign

It is ascertained that in a hydraulic bresker fluid
power turns into the reciprocating motion of the piston,
accelerated with high velocity to strike the top of the
chisel. The kinetic energy of the piston during its impact
againgt the chisel turns into a deformation wave, propa-
gating inside the chisdl itsdf. Afterwards, the wave
moves from the top of the chisdl towards the material to
crumble. The energy conveyed by the piston consists of
itskinetic energy at the instant of the impact:

E, :%. m V2, (16)

This energy is transferred to the chisel and is com-
pletely present in the first deformation wave, which
should be measured to evaluate the blow energy of the
breaker. However, such an energy is lower than the
kinetic energy of the piston, owing to unavoidable
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transmission losses. In order to take this energy trans-
mission by the piston, a specific testing procedure con-
sisting of the CIMA measuring guide for tool energy
rating (www.aem.org), with reference to tests and data
elaboration, suggests to measure the deformation of the
chisel itself by means of strain gages mounted on the
chisel of the breaker. Together with such a deforma-
tion, the procedure demands the measurement of the ail
inlet and outlet pressures, of the flow rate supplied by
the pump and of the oil temperature, with proper trans-
ducers. Here, these measurements, with direct reference
to oil inlet pressure and flow rate, were used to try to
verify the theoretical results advanced with the current
test case. Figure 10 shows a schematic diagram of the
experimental hydraulic system with its main compo-
nents. The breaker was essentially fed by a variable
displacement pump driven by an electric motor with
maximum power up to 25 kW. The viscosity of the
working fluid was kept constant by maintaining con-
stant oil temperature. The adopted instrumentation
consisted of a flowmeter of the Parker SCQ150 type
and a pressure sensor of the Parker SCPT600 type.
Both hydraulic signals were simultaneously digitised
using an anaogic/digital acquisition board (National
Instrument AT-MIO-16E-10) on a PC. Data acquisition
and their next elaboration were carried out in the Lab-
VIEW™ environment.

ffffffff FLOW RATE}---
- - - - -[PRESSURE} - - - - HBOARD

- -~ TEMPERATURE !
! NOTEBOOK
@ @ PC

R

5
N ——

Fig. 10: Schematic diagram of the experimental system

As for the tool equipping the breaker, it was not a
standard chisel, but, as previousy mentioned, a blunt
tool, clearly characterized by feeble penetrating rate
with respect to the steel anvil, more rigid than the tool
itself. This tool was just adopted in order to keep it
from considerably penetrating the anvil. As a matter of
fact, if the tool penetrates the anvil, its progressive
breaking will cause the breaker body to follow the tool
in its downward penetrating motion, owing to its
weight and to the pin necessary to fix the tool to the
breaker casing (Fig. 1). Such considerations would
justify the development of the current model, where the
motion of the breaker casing was neglected.

The next Fig. 11 shows accumulator pressure and
volumetric flow rate entering the breaker. Pressure and
flow rate are periodical and strictly correlated. The
former is characterized by a saw toothed shape and
when it suddenly decreases, this event is accomplished
with a considerable increase in flow rate. Such a phe-
nomenon may be explained considering that when the
pressure quickly decreases, the piston is moving down-
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ward to strike the chisel. During this period high pres-
sure oil is directed to the inlet of the breaker from the
upward push volume and from the accumulator, where
a depressurization occurs, so flow rate increases. Oscil-
lation phenomena are related to the functioning princi-
ples of the breaker and to the dynamic pressure waves
propagating inside the breaker itself. As a matter of
fact, the downward movement of the piston generates
very quick depressurizations inside the accumulator
and the following rebound of the piston causes oil
hammer phenomena characterized by pressure over-
shooting up to 40 MPain the downward push chamber,
according to the results of the model presented in the
next section.

4  Simulation Results

First of dl, it is to be underlined that &l the theo-
retical results presented in this section were obtained
feeding the breaker with the measured inlet flow rate,
according to its waveform presented in Fig. 11. As a
matter of fact, it representsthe real input to the breaker.

As for the experimental data, the possible compari-
son with theoretical results actually concerns only the
pressure variation inside the accumulator. At the cur-
rent stage of this research activity there are no real data
referring to the movements of the masses inside the
breaker, even granting the actual capability in such
measurements. Thus, the only comparison between
theoretical and experimental accumulator pressures is
here reported and shown in Fig. 11, as preiminary
validation of the actual model.
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Fig. 11: Comparison between experimental and theoretical
accumulator pressures and experimental inlet flow
rate

The rea evolution seems to be sufficiently repro-
duced, especialy with reference to the saw toothed
shape. As regards the working period, it is equal to the
experimental one (90 ms). Of course, such a remark
was desirable even if trivial.

In order to have only one value referring to the inlet
pressure, the averages of the experimental and theoreti-
cal signals were calculated according to the following
formulation

1
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Two values egual to 94 and 94.2 bar, as for the ex-
perimental and theoretical pressures respectively, were
calculated. When these values are multiplied for the
mean flow rate supplied by the pump of the hydraulic
circuit, it is possible to get information about the input
power P, to the bresker. These calculations may be
useful in order to evaluate the efficiency of the ma-
chine. Thus, considering the mean inlet flow rate (70
[/min), the input power P, results equal to 10.97 kW.

The comparison shown in Fig. 11 encourages to
present other results, referring to the dynamics of both
distributor and piston. Figure 12 shows the displace-
ments of these theoretical moving elements in the same
time window of Fig. 11.

5

Displacement [cm]
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\7 Distributor — Piston\

Fig. 12: Theoretical displacements of distributor and piston

It is possible to appreciate that when the downward
distributor opens the communication between high
pressure circuit and downward push chamber (x4 < 5
mm), the piston has reached its top dead center and the
start of percussion begins from this position. Later the
piston moves downward, crosses a certain position and
allows high pressure fluid to act at the bottom of the
distributor.
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Fig. 13: Timing allowing the distributor to leave its seat
before the impact between piston and chisel

Such a situation is better represented in Fig. 13
where an enlargement of Fig. 12 is shown and one can
clearly realize about this sort of timing previously men-
tioned and represented by means of the continuous
positioning valve at the middle of the equivalent hy-
draulic circuit reported in Fig. 2. Now the distributor
starts to move upward, whereas the piston keeps on
falling down till it strikes the chisel. At the instant of
the impact, the piston, after having crushed the top of

the chisel (x, < 0), bounces and the intensity of such an
event depends on the material to crumble (European
Patent no. 0426928). Owing to a considerable rebound,
the volume at the top of the piston, which is trapped
since the distributor has already closed any connection,
is subject to avery rapid pressure increase, allowing the
distributor to reach its higher position. Now, the vol-
ume where pressure has overshot just an instant before
may deplete because of the open communication to the
low pressure circuit. At the two extremities of the pis-
ton two different pressures act then its movement is
possible even if it moves slowly if compared to the
downward stroke. When the piston reaches and over-
takes the distributor, the downward push volume is
trapped again and the distributor begins to move
downward since the fluid at its bottom communicates
with the low pressure circuit. Meanwhile, the piston
keeps on climbing even if a considerable change in its
velocity has occurred. Then, the downward distributor
opens the communication between downward push
volume and high pressure circuit and another cycle
takes place (Fig. 12).

As for the velocities of the two masses, Fig. 14
shows the results of the model. Here attention should
be paid to the velocity of the piston just before the
impact against the chisel. The theoretical value is equal
to 11.15 m/s.
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Fig. 14: Theoretical velocities of distributor and piston

Thus, considering Eq. 16 (the mass of the piston is
equal to 10.5 kg) and the working frequency as well, it
is possible to evaluate the power transmission as

P =Ef (18)

Energetic considerations lead to an efficiency ex-
pressed by the ratio between the power transmitted to
the chisel and the input power:

n="2066 19
R

The previous value should not strictly represent the
global efficiency, since mechanical transmission losses
may occur when the blow energy moves from the im-
pacted extremity of the chisel towards the material to
crumble. Thus, the real efficiency should be a bit lower.
Of course, higher values of efficiency may be achieved
with an optimized design of the hydraulic machine.
However, it is to be underlined that part of the hydrau-
lic power supplied by the pump of the hydraulic circuit
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to the breaker is inevitably thrown away to move the
distributor. Moreover, leakage flow rates represent
another source of loss and the actual fluid is compressi-
ble. At least three causes of energy losses are just men-
tioned to justify the value returned in Eq. 19.

Another noteworthy result suggested by the model
concerns the pressure evolution inside the downward
push chamber (V1 in Fig. 1). Fig. 15 shows this pres-
sure together with the accumulator pressure. For the
sake of greater clearness, the window was cut on its
upper part, even if pressure overshoots up to 400 bar.
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Fig. 15: Theoretical pressures inside the downward push
chamber and the accumulator

Pressures evolutions reported in Fig. 15 are consid-
ered to be particularly interesting since the two pressure
levels are direct responsible for the piston movement,
then for energy transmission to the chisel. As a matter
of fact, the accumulator pressure constantly acts on the
upward push chamber (V2), in spite of waves propaga-
tion inside the pipes connecting the chamber itself and
the accumulator, or rather the breaker inlet. From Fig.
15 it is possible to appreciate that the pressure inside
the downward push chamber is lower than the accumu-
lator pressure for a considerable time interval. More-
over, as for thistime interval, ssmulation suggested that
pressure in the downward push chamber (V1) is charac-
terized by high frequency oscillations, as long as the
chamber itself results trapped. Such oscillations should
be caused by pressure waves in the pipes connecting
the inlet of the breaker with the upward push chamber
(V2), reflecting on the piston acceleration, then on
pressure inside the downward push chamber. The latter
is amost equal to the accumulator pressure, following
its shape, once the downward distributor opens the
communication with the high pressure circuit and the
start of percussion occurs. Of course, from this instant
pressure levels in both accumulator and downward
push chamber decrease since a large amount of fluid is
required to fill this chamber, which has a strongly posi-
tive volume variation. However, when the piston has
reached its bottom dead centre and struck the chisel, its
rebound causes a very quick pressure rise, which may
find vent directly to the inlet of the breaker, thanks to
the anti-shock valve (RV) intuitively put inside the
downward push chamber, as shown in Fig. 1.

One could object that the results proposed in the
previous figures depend on the particular waveform
characteristic of the inlet flow rate, since al the pre-
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sented theoretical results come from such aflow rate. In
order to meet this right objection, another simulation
was run replacing the actual inlet flow rate with its
mean value. As unexpected result, no considerable
variations with respect to the previous results appeared.
The only exception consisted of a longer working pe-
riod, increasing from 90 msto 92 ms, leading to arela-
tive error equal to 2.2%. This is a very remarkable
result since, when running a simulation, fixing constant
inlet flow rate is an obliged choice. Flow rate oscilla-
tions and period are unknown a priori. Moreover, fixing
different constant values of inlet flow rate allows to
better understand the hydraulic behaviour of the
breaker, with particular reference to working pressure,
frequency and piston velocity at the instant of the im-
pact.

5 Conclusion

This case study dealt with the simulation of the
working behaviour of a hydraulic breaker. The objec-
tive was to build a very detailed parameterized model
that would allow the reproduction of physical phenom-
ena and measurement results. Experimental data were
used to verify the model predictions, with reference to
the accumulator pressure. An appreciable agreement
between experimental and theoretical pressure and
frequency encouraged about the quality of the model,
so the dynamic behaviour of the moving masses was
presented and discussed.

Once certain physica behaviours have been fully
understood, the current model may be used to test and
validate several design solutions and to provide valu-
able help to propose some innovating solutions for the
optimisation of at least the hydraulic system of the
breaker, being the breaker itself a complex multi-body
mechanical system.

Thus, the current work represents the first step to-
wards further theoretical and experimental research.
The theoretical research will be oriented to a more
complex model eventually taking into account possible
movements or vibrations of the bresker casing, influ-
encing the hydraulic system of the machine. The ex-
perimental research will be carried out in order to equip
the breaker with all those measurement instruments
allowing for a better and exact validation of the simula-
tion model.
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Nomenclature

A A, Flow passageareas (k = 1...3) [m?]
As  Chisel cross sectional area [m?]
Cqy Discharge coefficient [-]

d Pipe diameter [m]
E Y oung’'s modulus of elasticity [Pa]

Ex Kinetic energy of the pistonat the  [J]
instant of the impact against the

chisd

f Working frequency [sY]

Fq Damping force [N]

Fo Generic force acting on the piston  [N]

Ken Chisel stiffness [N-m™]

Len Chisel length [m]

my, M, Distributor and piston masses [kd]

pi Pressure level insidethei-thcham-  [Pa]
ber

Paccm  Accumulator mean pressure level [Pa]

Pe Power supplied by the pump [W]

Py Power transmitted to the chisel [W]

Q Volumetric flow rate [m?s?

Qacc Volumetric flow rate entering or [m3s?]
exiting the accumul ator

Q Volumetric flow rate entering or [m*s!]
exiting the i-th chamber

T Working period (<

v Fluid velocity [ms7]

Vpi Piston velocity at theingtant of the  [m-sY]
impact against the chisel

vV Volume of the i-th chamber [m?]

X4, X, Distributor and piston displace- [m]
ments

Vg, V,  Distributor and piston velocities [ms1]

as, @ Distributor and piston accelerations  [m-s?]

Ap Pressure drop [Pa]

Q Inner cross sectional areaof apipe  [m?]

B Fluid bulk modulus [Pa]

0 Radial gap [m]

y Polytropic index [-]

n Efficiency in power transmission [-]

A Friction factor [-]

u Fluid dynamic viscosity [Pasg]

p) Fluid density [kgm?|
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