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MATHEMATICAL SIMULATION AND MEASUREMENT OF EXPANSION OF HYDRAULIC
HOSE WITH OIL

Lumir HruZik, Adam Burecek, Martin VaSina

Preliminary communication
The paper deals with measurement and mathematical simulation of expansion of a hydraulic hose including the effect of oil bulk modulus. Young’s
modulus of elasticity of the hydraulic hose is experimentally determined by expansion method and by compression method. The modulus of elasticity of
the hydraulic hose obtained from the expansion method is determined by measurement of an oil volumetric gain, which is compressed inside the
investigated hose after the oil expansion. The Young’s modulus of elasticity of the hydraulic hose obtained from the compression method is determined by
measurement of oil flow and pressure increase vs. time in the hydraulic hose. The oil bulk modulus is experimentally determined by means of the
expansion method and the method of oil compression in a steel pipe. A hydraulic circuit for simulation of the oil expansion from the hose and the steel
pipe was created using Matlab SimHydraulics software. The oil volume increase after the expansion from the hydraulic hose and the steel pipe was
numerically simulated. Furthermore, time dependencies of pressure decreases during the oil expansion from the hydraulic hose and the steel pipe were
numerically simulated. Results of the mathematical simulations were compared with the experiment while using the Young’s modulus of elasticity of the
hose and the oil bulk modulus that were determined by the expansion method and by the compression method.
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Matematicka simulacija i mjerenje Sirenja hidrauliénog crijeva s uljem

Prethodno priopéenje
Rad se bavi mjerenjem i matematickom simulacijom $irenja hidrauliénog crijeva, ukljucujuci ué¢inak modula stlacivosti ulja. Youngov modul elasti¢nosti
hidrauli¢nog crijeva eksperimentalno je odreden metodom ekspanzije i metodom kompresije. Modul elasti¢nosti hidrauli¢nog crijeva dobiven metodom
ekspanzije odreden je mjerenjem povecanja volumena ulja, sabijenog u ispitivanom crijevu nakon ekspanzije. Youngov modul elasti¢nosti hidrauli¢nog
crijeva, dobiven metodom kompresije, odreden je mjerenjem protoka ulja i porasta tlaka u hidrauliénom crijevu u odnosu na vrijeme. Modul stla¢ivosti
ulja eksperimentalno je odreden metodom ekspanzije i metodom kompresije ulja u ¢eli¢noj cijevi. Hidrauli¢ni krug za simulaciju Sirenja ulja u crijevu i
celicnoj cijevi stvoren je primjenom softvera Matlab SimHydraulics. Povecanje volumena ulja nakon Sirenja u hidraulicnom crijevu i Celicnoj cijevi
numericki je simulirano. Nadalje, vremenske ovisnosti smanjenja tlaka tijekom Sirenja ulja u hidrauli¢cnom crijevu i ¢eli¢noj cijevi numericki su
simulirane. Rezultati matematickih simulacija usporedeni su s eksperimentalnim tijekom primjene Youngova modula elasti¢nosti crijeva i modula
stlac¢ivosti ulja odredenih metodom ekspanzije i metodom kompresije.

Kljucne rijeci: hiydraulicno crijevo, kompresija, ekspanzija; matematicka simulacija; modul stlacivosti; ulje; zracni mjehur; Youngov modul elasticnosti

1 Introduction considered as the multiphase substance, its

There are several approaches for mathematical
simulation of hydraulic lines at the present time. A system
of liquid and pipe or hose is considered as a hydraulic
line. This paper is focused on high-pressure hydraulics.
Mineral oil is the most used liquid in high-pressure
hydraulics. Steel seamless pipes or rubber hoses with one
or more steel braids are most often used for oil flow.
During implementation of hydraulic systems, their pre-
design by means of mathematical simulations is
increasingly taken into account. In this way, it avoids
possible complications during the actual system
realization. Two possible approaches to the mathematical
simulation of the hydraulic line are described in this
paper. These approaches differ the hydraulic oil as
homogenous or multiphase substance. Furthermore they
differ the pipe and the hose as solid or elastic body. These
different approaches have influence especially on
resultant dynamics of the mathematical model of the
hydraulic system [1, 2]. The mathematical model of oil in
a hydraulic system includes its main physical properties,
as is density, kinematic viscosity, bulk modulus and
content of undissolved air bubbles. The oil bulk modulus
is further divided into secant and tangent, as indicated in
[3]. If oil is considered as the homogenous substance in
the mathematical model, its compressibility is defined
only by the oil bulk modulus. This bulk modulus includes
the influence of undissolved air content. If the oil is

compressibility is defined by means of the bulk modulus
and undissolved air content, as indicated in [4-9]. This
bulk modulus does not include the effect of the
undissolved air content, which is separately entered. Air
bubbles occur in oil in dissolved and undissolved forms
[10]. Release and dissolution of air bubbles is given by
the Henry’s law [11]. The release of air or steam bubbles
during underpressure and their subsequent compression in
the high pressure region is an undesirable phenomenon,
which is called cavitation [12, 13]. The mathematical
model of a stiff steel pipe or a stiff hydraulic hose is
defined by their dimensions. The mathematical model of
an elastic pipe or an elastic hydraulic hose is further
defined by their Young’s modulus of elasticity and
Poisson ratio, as indicated in [14, 15]. The Matlab
SimHydraulics  software was selected for the
mathematical simulation of a hydraulic system due to
physical access and advanced mathematical models [16-
19]. This software is used in order to perform the
comparison of the mathematical models of oil as the
homogenous substance or the multiphase substance.
Furthermore the comparison is performed on the
mathematical models, where the hose is defined by the
Young’s modulus of elasticity, which is determined by
the expansion method or by the compression method.
Boundary conditions, as pipe (or hose) dimensions or oil
density and kinematic viscosity, can be determined
relatively easily. The determination of the oil bulk
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modulus and the Young’s modulus of elasticity of the
hydraulic hose is already rather difficult. For this reason
the determination of these boundary conditions is a part of
this article.

2 Methods for determination of oil bulk modulus and
hose elastic modulus

Two different methods for determination of the oil
bulk modulus and the Young’s modulus of elasticity of
the hydraulic hose, namely by means of the expansion
method and by the compression method, are described in
this chapter.

The expansion method consists in closing oil volume
in the steel pipe or the hose under a required pressure and
the subsequent oil expansion. The oil bulk modulus is
subsequently determined on the basis of knowledge of
dimensions of the steel pipe, the Young’s modulus of
elasticity of the steel pipe, the pressure gradient and the
oil volume increase after its expansion from the steel pipe.
The Young’s modulus of elasticity of the hose is
determined on the basis of knowledge of their
dimensions, the oil bulk modulus, the pressure gradient
and the oil volume increase after its expansion from the
hose. The quantities determined by the expansion method
are marked by the index "1" in the text.

The compression method consists in measurement of
the pressure increase vs. time during the oil compression
in the steel pipe or the hose. It is necessary to know an
exact characteristic of a pressure oil source (i.e. Ap — O
characteristic of a hydraulic aggregate) for this method.
Then it is possible to determine the oil volume increase
during its compression in the steel pipe or the hose on the
basis of knowledge of the actual flow O at the given
pressure gradient Ap and the compression time At. The
quantities determined by the compression method are
marked by the index "2" in the text.

2.1 Description of experimental equipment

The schematic diagram of the experimental
equipment is shown in Fig. 1. The hydraulic aggregate is
a source of the pressure oil and consists of the tank T, the
hydraulic pump HP, the relief valve RV, the check valve
CV, the directional valve V and the manometer M.
Furthermore, there is the steel pipe P, which enables to
determine the oil bulk modulus. The device further allows
determining the Young’s modulus of elasticity £y of the
hose H. The oil, which is under pressure, is closed in the
pipe P (or the hose H) by means of the stop valves SV1
and SV2 (or SV3 and SV4). The oil pressure is measured
by the pressure sensor PS1 in the pipe P and by the
pressure sensor PS2 in the hose H. The stop valves SV5
and SV6 are used in order to regulate oil flow during its
expansion from the pipe P or the hose H into the
measuring tube MT. A change of the height level A% in
the measuring tube MT is subsequently measured. Signals
from the pressure sensors are recorded by means of the
measuring equipment Hydrotechnik MS5050. The
maximum working pressures of the hose and the pipe are
given by manufacturers. In the case of the hydraulic hose,
the maximum pressure was exceeded during the
measurement. The hose must be for a short term resistant

to double pressure according to the test defined in ISO
1402. These hoses are damaged only after reaching the
quadruple working pressure.

Figure 1 Schematic diagram of experimental equipment

The parameters of the pipe, the hose, the measuring
tube and the oil are the following:

1) P —length Ip = 1.6 m, outside diameter Dp = 0.03 m,
inside diameter dp = 0.022 m, wall thickness sp =
0.004 m, Young’s modulus of elasticity Ep=2.1-10""
Pa [20], Poisson ratio v» = 0.3 [21], maximum
working pressure pp .x = 321 bar.

2) H — length Iy = 1.568 m, outside diameter
Dy =0.0234 m, inside diameter dy = 0.016 m, wall
thickness s;; = 0.0037 m, number of steel braids =1,
Poisson ratio vp=0.47 [22], maximum working
pressure py. max = 130 bar.

3) Measuring tube MT — inside diameter d, = 0.0098
m.

4) Oil — OH-HM 46, oil temperature 7o = 25 °C.

2.2 Determination of oil bulk modulus and Young’s
modulus of elasticity of hose by means of expansion
method

The method of determination of the oil bulk modulus
K, and the Young’s modulus of elasticity Ey; of the hose
consists in measurement of the oil volume increase AVp,
after its expansion from the steel pipe P or the oil volume
increase AVy, after its expansion from the hose H. The oil
volume increase AVp, after the expansion from the steel
pipe P is measured in such a way that the stop valves
SV1, SV3, SV4 and SVS5 are closed, the stop valves SV2
and SV6 are open, the valve V is in the position 1 and the
oil flows freely into the tank T. The valve V is
subsequently set to the position 2 and the required
working pressure p is adjusted by the relief valve RV.
After opening the stop valve SV1, the oil flows through
the pipe P into the tank T. The stop valve SV2 is
subsequently closed and the stop valve SV1 is closed after
pressurization of the system to the required pressure p. At
the same time the oil is compressed at the pressure p
between the valves SV1 and SV2 in the pipe P of the
volume Vp;. Furthermore, the valve SV6 is closed and the
valve SVS5 is open. The measuring tube MT is connected
in this manner. After opening the valve SV2, the
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compressed oil in the pipe P expands into the measuring
tube MT. During the expansion, the pressure in the steel
pipe P is reduced from the working pressure p to the
atmospheric pressure p,. The pressure change is
hereinafter referred to as Ap. Furthermore, the oil level in
the measuring tube is increased by the value Ah. The oil
volume increase AVp, is given by the formula:

AVp = —0L (1)

The oil volume in the steel pipe Vp at the atmospheric
pressure is given by the Eq. (2):

_n'dlz"lP

)

The volume increase AVp; at the given pressure
gradient Ap is directly proportional to the capacity of the
oil/pipe system Cp,_ p that is given by the sum of the oil
capacity Cy and the pipe capacity Cp:

CO,P :CO +CP. (3)

The oil capacity Cy, the pipe capacity Cp and the
capacity of the oil/pipe system Cp p are expressed as
follows:

V
CO :?Pa (4)
1
Cp=nde, )
Ep-sp
AV,
Cop=—"1 (6)
’ Ap

After substitution of Egs. (4), (5) and (6) into Eq. (3),
the oil bulk modulus K is expressed by the equation:

1
Vp-Ap  Ep-sp

K =

The Young’s modulus of elasticity of the hose Ey, is
further determined. The oil volume increase AVy, is
measured after the oil expansion from the hose. The
measurement process is the same as in the case of the
measurement of the oil volume increase AVp, after its
expansion from the pipe. The stop valves SV3 and SV4
are used instead of the stop valves SV1 and SV2 in this
case. The oil volume increase AVy, after its expansion
from the hose is given by the formula:

AV, =—20 0 (8)

The oil volume in the hose V3 at the atmospheric
pressure is given by the equation:

_n'dlzi'lH

(€))

The oil volume increase AVy, at the given pressure
gradient Ap is directly proportional to the capacity of the
oil/hose system Cpy that is given by the sum of the oil
capacity Cp and the hose capacity Cy:

Con=Cop+Cy. (10)

The oil capacity Cyp, the hose capacity Cy and the
capacity of the oil/hose system Cpy are expressed as
follows:

v
c,=-14, 11
0=%, (11)
Cy =t dn (12)
Ey sy
AV,
Con = Ah”. (13)
\p

After substitution of Egs. (11), (12) and (13) into Eq.
(10), the Young's modulus of elasticity £y of the hose is
expressed by the equation:

1
AV L) sy
Vi -&p K, ) dy

The values of the oil bulk modulus K; and the
Young's modulus of elasticity of the hose £y, depending
on the pressure gradient Ap determined by means of the
expansion method are shown in Fig. 2.

Ey = (14)
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Figure 2 Dependence of oil bulk modulus X, and Young’s modulus of
elasticity £y of hose on pressure gradient Ap

It is evident (see Fig. 2) that the oil bulk modulus K;
is slightly increasing with increasing the pressure gradient
Ap. It is mainly due to compressibility effect of air
bubbles that are contained in the oil. The compressibility
of air bubbles is decreasing with increasing the pressure
[23]. The bubbles are also partially dissolved and the
amount of dissolved air is increasing with increasing the
pressure [24, 25]. The oil volume increase AVp; after the
expansion is increasing with increasing the pressure at the
expansion method, but the size of this increment
decreases. As a result, the oil bulk modulus K; is
increasing with increasing the pressure gradient Ap. At
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the same time, the increase of the oil bulk modulus is
decreasing with increasing the pressure gradient.

It is also visible that the Young’s modulus of
elasticity Ej of the hydraulic hose remains almost
constant (Eg; = 3.9x10° Pa) in the measured range of the
pressure gradients Ap. The Young’s modulus of elasticity
of the hose depends on the inside and outside hose
diameters, the number and shape of their braids [26]. The
braids are performed in a similar manner as in the case of
pneumatic artificial muscles. The increasing internal
pressure leads to shortening the length and increase in
diameter of the hose due to these braids [27].

2.3 Determination of oil bulk modulus and Young’s
modulus of elasticity of hose by means of compression
method

This method for determination of the oil bulk
modulus K, and the Young’s modulus of elasticity £y, of
the hose consists in measurement of the pressure change
Ap depending on the time change Af in the pipe P or the
hose H. For this measurement, the hydraulic pump HP
was located as close as possible to the steel pipe or the
hose in order to minimize the oil volume between the
pump and the pipe or the hose. The required working
pressure p =230 bar was adjusted by the relief valve RV,
which is set 40 bar higher than the pressure for which is
evaluated the oil bulk modulus K,. For this reason, the
effect of gradual opening of the relief valve RV on the
pressure increase p in the evaluated area 50+190 bar is
minimized. The measurement of the time dependence of
the pressure p during the oil compression in the pipe is
performed in such a way that the valves SV3, SV4 and
SV5 are closed, the valves SV1, SV2 and SV6 are open
and the valve V is set to the position 2. The valve SV2 is
subsequently closed and the oil is compressed in the pipe
P up to the pressure, which is adjusted by the relief valve
RV (see Fig. 3). The pressure increase p during the time ¢
is expressed by the secant and the tangent. The secant
takes into account the oil compression including air
bubbles. The tangent takes into account the oil
compression without air bubbles that are already
compressed. This tangent corresponds to the area where
the pressure increase depending on the time ¢ has an
almost linear character.

250 1
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Figure 3 Time dependence of pressure increase p in pipe after closing of
valve SV2

The oil bulk modulus, which is determined by the
compression method and evaluated from this tangent, is
also called the tangent oil bulk modulus. The oil bulk
modulus determined from this secant is called the secant

oil bulk modulus. The oil bulk modulus, which is
determined by the expansion method in the previous
chapter, corresponds to the secant bulk modulus.

On the basis of a known Ap—Q characteristic of the
hydraulic pump HP, it is possible to determine the volume
increase AVp, as follows:

AVpy =0- AL (15)

The oil volume in the steel pipe V5 at the atmospheric
pressure is given by the equation:

_’T'di%'lp

4 (16)

Ve

The oil volume increase AVp, at the given pressure
gradient Ap is directly proportional to the capacity of the
oil/pipe system Cj p that is given by the sum of the oil
capacity Cp and the pipe capacity Cp:

Cop=Co+Cp. (17)

The oil capacity Cp, the pipe capacity Cp and the
capacity of the oil/pipe system Cpp are expressed as
follows:

Co =IV<—P, (18)
2
c,=trdr (19)
Ep-sp
AV,
CO,P - AP2 . (20)
\p

After substitution of Egs. (18), (19) and (20) into Eq.
(17), the oil bulk modulus K, is expressed by the
equation:

1
K2_—AVp2 4, . 21

Vo-Ap Ep-sp

The Young’s modulus of elasticity of the hose Ey, is
further determined. Time dependence of the pressure
increase in the hose is measured in order to determine this
Young’s modulus of elasticity. The measurement process
is performed in such a way that the stop valves SV1, SV2
and SV5 are closed, the valves SV3, SV4 and SV6 are
open and the valve V is set to the position 2. The valve
SV4 is subsequently closed and the oil is compressed in
the hose H. Then it is possible to determine the oil volume
increase AV by the equation:

AV, =0 At (22)

The oil volume in the hose V} at the atmospheric
pressure is given by the equation:

_n'dlzi'lH

(23)
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The oil volume increase AV, at the given pressure
gradient Ap is directly proportional to the capacity of the
oil/hose system Cp, y that is given by the sum of the oil
capacity Cp and the hose capacity Cy:

Con=Co+Cy. (24)

The oil capacity Cy, the hose capacity Cy and the capacity
of the oil/hose system Cy, y are expressed as follows:

V
c, =t 25
o X, (25)
cy :M’ (26)
Eyy sy
AV,
CO,H = AHZ . (27)
\p

After substitution of Egs. (25), (26) and (27) into Eq.
(24), the Young’s modulus of elasticity £y, of the hose is
expressed by the equation:

(28)

The values of the oil bulk modulus K, and the
Young’s modulus of elasticity Ey, of the hose depending
on the pressure gradient Ap determined by the
compression method are shown in Fig. 4.

6
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Figure 4 Dependence of oil bulk modulus X, and Young’s modulus of
elasticity Ex, of hose on pressure gradient Ap

It is evident (see Fig. 4) that the oil bulk modulus K,
remains almost constant in the measured range of the
pressure gradients Ap. The slight increase of the oil bulk
modulus K, during the increasing pressure gradient Ap is
given only by the oil compressibility. Compression of air
bubbles at the beginning of the compression process (see
Fig. 3) is not included for determining the oil bulk
modulus K, by means of the compression method. The oil
bulk modulus K, determined by the compression method
can be considered as constant (K, = 1.79x10° Pa). The oil
volume increase AVp, determined by the compression
method is increasing with increasing the pressure. The
size of this increase remains almost constant because
there is no significant volume change of air bubbles as in
the case of the expansion method. The oil bulk modulus
determined by means of the compression method is higher

than the oil bulk modulus, which was determined by
means of the expansion method.

The Young’s modulus of elasticity E;, of the
hydraulic hose remains also almost constant (Ep, =
4.82x10° Pa) in the measured range of the pressure
gradients Ap. It is evident that the Young’s modulus of
elasticity Ey, of the hydraulic hose determined by the
compression method is about 19 % higher than the
Young’s modulus of elasticity of the hose (E;; = 3.9x10°
Pa), which was determined by the expansion method.

As already mentioned, it is necessary to know the
experimentally determined oil bulk modulus for the
determination of the Young’s modulus of elasticity of the
hose. The same value of the oil bulk modulus is assumed
in the pipe and in the hose. Any difference, which is
caused by different amounts of air bubbles in the pipe and
in the hose, leads to inaccuracies in determining the
Young’s modulus of elasticity of the hose by means of the
expansion method. It may be a weakness of the expansion
method. The mentioned disadvantage of the expansion
method is eliminated by the compression method because
this method uses the oil bulk modulus, which resembles
the value without the content of air bubbles.

The compression method is based on determination
of the tangent in the almost linear area (see Fig. 3) during
the increase of the pressure p depending on the time ¢. In
the case of the steel pipe, the dependence of the pipe
stiffness on the pressure is constant. In the case of the
hose construction, which resembles a pneumatic artificial
muscle, the dependence of the hose stiffness on the
pressure is nonlinear, as indicated in [28]. The hose
stiffness is lower at the beginning of the oil compression.
The hose stiffness increases at higher pressures. It is
reflected in the linear increase of the pressure p depending
on the time ¢ at the higher pressures. The tangent is
subsequently determined for this almost linear area. Then
the Young’s modulus of elasticity Ey, of the hose
determined by the compression method does not include
the influence of the nonlinear area of the hose stiffness.

3 Mathematical model

A mathematical model of the experimental equipment
was created in order to verify the experimentally
determined oil bulk modulus K and the Young’s modulus
of elasticity £y of the hydraulic hose. This mathematical
model was created using Matlab SimHydraulics software
(see Fig. 5) [15, 29]. The results of the mathematical
models and the experimental measurements are
compared. The usability is determined of the oil bulk
modulus and the Young’s modulus of elasticity of the
hose, obtained by means of the expansion method (Kj,
E}p) or the compression method (K5, Epp).

The hydraulic pump HP is an oil pressure source. Oil
flows through the stop valve SV1, the pipe P or the hose
H and the stop valve SV2 into the reservoir R. In the case
of closing of the valve SV1 or the valve SV2, the oil
flows through the relief valve RV. The circuit also
consists of the blocks for valve control (i.e. Control of
SV1 and SV2), the block PS1 for pressure measurement,
the solver block (i.e. Solver Configuration) and the block
for liquid definition (i.e. Oil). The block Time was used in
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order to adjust the scanning time interval Az = 0.001 s as
in the case of the experimental measurements.

Control of 5V1 and SV2

HE SV1 E_ mﬁ sV2
1

@qﬁr

MT
RV o
o)
HP E_ Solver
i Configuration

]
L

Figure 5 Mathematical model of experimental equipment created using
Matlab SimHydraulics software

4  Simulation of oil expansion from pipe

The simulation of expansion of the compressed oil
from the pipe P was performed by means of the
mathematical model (see Fig. 5). The value of the oil
volume increase AVp after its expansion from the pipe P is
the result of this simulation. This simulation was
performed for two different boundary conditions of the oil
bulk modulus. In the case of the simulation of the volume
increase AVp;, there was considered the oil bulk modulus
Ki; determined from the expansion method in the
mathematical model. In the case of the simulation of the
volume increase AVp,, there was considered the oil bulk
modulus Kz, determined from the compression method in
the mathematical model.

The oil flow was defined by means of the block HP in
the mathematical model. The pressure gradient was
adjusted by the block RV. The pipe P was pressurized by
closing of the valve SV2. The valve SVI was
subsequently closed. The oil under the required pressure
is closed in the pipe. Then the valve SV2 is open and the
oil expands into the reservoir R, which serves as the
graduate. Then the oil volume increase after its expansion
AVp; (or AVp,) is monitored in this graduate.

Elasticity of the pipe or the hose is defined in the
mathematical model by means of the coefficient kp, which
expresses the dependence between the pressure p and the
inside diameter of the pipe dp or the hose dy. This
coefficient for the pipe P is given by the formula [15]:

2., g2
kpzd_P.[Dg;J"dg’JrVPj_ (29)
Ep | D}-d?

The effective oil bulk modulus is defined by means of
the block Oil in the mathematical model. This block
allows entering the oil bulk modulus as an associated
modulus K; in which an undissolved air volume is
included. This bulk modulus corresponds to the secant
(see Fig. 3) and is experimentally determined by the
expansion method (see Chap. 2.2). Then it is necessary to
define the appropriate oil bulk modulus K; (see Fig. 2) for
each simulated volume increase AVp; at the given
pressure gradient Ap. In this case the effective oil bulk
modulus K, is defined by the equation:

Kg =K. (30)

The effective oil bulk modulus can be further defined
by the oil bulk modulus K, without the influence of the
undissolved air and by the volume fraction a of the
undissolved air. This oil bulk modulus K, without the
influence of the undissolved air corresponds to the tangent
(see Fig. 3) and is experimentally determined by the
compression method (see Chap. 2.3). This oil bulk
modulus K, was evaluated as constant in the range of the
measured pressure gradients Ap. The effective oil bulk
modulus K, is defined in this case by the formula [9, 15,
30, 31]:

I/n
l+a~[ Pa j
PatD
Kgy =K, BE , (31
+p)(n+l) n

l+a-K,-
n'(pa

where p, is atmospheric pressure and »n represents
polytropic exponent. The simulated oil volume increase
AVpy (or AVp) is subsequently compared with the
experimentally measured oil volume increase AVp, after
the expansion depending on the pressure gradient Ap. The
undissolved air content in the oil AVp, was entered as
a=0.002 [10].

=™ AVp, -Measured |-------------=-= -
= AVp - Simulation|---------3 s n
Hm AVp, - Simulation|-- = - - s A

AVPI,Asz/XIO'() m
S = N WAk 30O
1
1
1
1
I
[

5 7 9 11 13 15 17 19
Ap / x10° Pa
Figure 6 Comparison of simulated and experimentally measured oil
volume changes AVp and AV, after oil expansion from pipe depending
on pressure gradient Ap

There are only slight deviations between the
simulated and the measured volume increases after the
expansion from the pipe P for the range of the measured
pressures (see Fig. 6). The maximum deviations of the
simulated and the measured volume increases were
founded for the pressure gradients Ap = 9 MPa and 17
MPa, i.e. about 5 %. For these simulations, there is not a
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big difference in differently specified boundary conditions
for the oil bulk modulus.

The pressure decrease during the oil expansion from
the pipe (see Fig. 7) was measured using the experimental
equipment. There was performed the simulation of
dynamics of the pressure decrease during the expansion.
This simulation was performed for the boundary
conditions of the oil bulk modulus Kz and Kjz. The
Young’s modulus of elasticity £p of the pipe was the
same for both simulation cases. The effect of opening of
the stop valve was taken into account. The opening of the
stop valve has an influence on the pressure change in the
area p = 140+170 bar. Further, from the pressure p = 140

bar, the time dependence of the pressure decrease is
mainly influenced by the oil bulk modulus, the
undissolved air content, the oil viscosity and the Young’s
modulus of elasticity of the steel pipe. It is evident from
the comparison of the measured and simulated pressure
decreases during the oil expansion, that the mathematical
model achieves better agreement in the case where the oil
bulk modulus is entered as Kx,. This is due to the fact that
this mathematical model includes the dynamics of the air
volume change depending on the pressure. For time-
dependent simulations, the use of the boundary condition
of the oil bulk modulus K, is more appropriate in this
case.
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Figure 7 Time dependence of pressure decrease during oil expansion from pipe

5 Simulation of oil expansion from hose
The simulation of the expansion of the compressed
oil from the hose H was performed using the

mathematical model (see Fig. 5). The result of this
simulation is a value of the oil volume increase AV after
its expansion from the hose. This simulation was
performed for two different boundary conditions. In the
case of the simulation of the volume increase AV}, there
were considered the oil bulk modulus Kz and the
Young’s modulus of elasticity of the hose £ determined
from the expansion method in the mathematical model. In
the case of the simulation of the volume increase AV,
there were considered the oil bulk modulus Kz, and the
Young’s modulus of elasticity of the hose Ej;, determined
from the compression method in the mathematical model.

The oil flow was defined by means of the block HP in
the mathematical model. The pressure gradient Ap was
adjusted by the block RV. The pressurization of the hose
H was performed by closing of the valve SV2. The valve
SV1 was subsequently closed. The oil under required
pressure is closed in the hose. Then the valve SV2 is open
and the oil expands into the reservoir R, which serves as
the graduate. Then the oil volume increase after its
expansion AV (or AVyp) is monitored in this graduate.

The simulated oil volume increase AVy, (or AVyp) is
subsequently compared with the experimentally measured
oil volume increase AV, after the expansion depending
on the pressure gradient Ap. The undissolved air content
in the oil for the simulation of the oil volume increase
AV, was entered as o = 0.002 [10].
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Figure 8 Comparison of simulated and experimentally measured oil
volume changes AVy;, and AVy, after oil expansion from hose depending
on pressure gradient Ap

The differences between the simulations are evident
in Fig. 8. The simulation with the boundary conditions
Kp, and Ej, corresponds more closely to the experimental
measurement of the oil volume increase after the
expansion. The deviation from the measured values
reached a maximum of about 7 %. In the case of the
boundary conditions Kz, and Ej;, the difference between
the measurement and the simulation is up to 20 %. This
deviation can be caused by an inaccuracy in determination
of the Young’s modulus of elasticity £, of the hydraulic
hose by means of the expansion method. For these
simulations, it is more appropriate to enter the boundary
condition of the Young’s modulus of elasticity of the
hose, which was measured by means of the compression
method (i.e. Ep).
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The pressure decrease (see Fig. 9) during the oil
expansion from the hose was measured using the
experimental equipment. There was performed the
simulation of pressure decrease dynamics during the
expansion. This simulation was performed for the
boundary conditions of the oil bulk modulus Kz, and the
Young’s modulus of elasticity of the hose Ej;. The
simulation was subsequently performed for the oil bulk
modulus Kj, and the Young’s modulus of elasticity of the
hose Ejyp. The effect of opening of the stop valve in the
simulation was taken into account. The opening of the
stop valve has an influence on the pressure change in the
area p = 140+170 bar. Further, from the pressure p = 140
bar, the time dependence of the pressure decrease is

mainly influenced by the oil bulk modulus, the
undissolved air content, the oil viscosity and the Young’s
modulus of elasticity of the hose. It is evident from the
comparison of the measured and simulated pressure
decreases during the oil expansion from the hose, that the
mathematical model achieves better agreement in the case
where the oil bulk modulus is entered as Kz, and the
Young’s modulus of elasticity of the hose as Eyp. This is
due to the fact that this mathematical model includes the
dynamics of the air volume change depending on the
pressure. The Young’s modulus of elasticity of the hose
E}p determined from the compression method corresponds
more closely to reality, which was also confirmed in the
case of the static simulation.
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Figure 9 Time dependence of pressure decrease during oil expansion from hose

6 Conclusion

The oil bulk modulus and the Young’s modulus of
elasticity of the hose by means of the expansion method
and the compression method were experimentally
determined in this paper.

The oil bulk modulus determined using the expansion
method increases with increasing the pressure. The oil
bulk modulus determined by the compression method is
almost constant in the measured range. Furthermore the
oil bulk modulus is higher in comparison with the oil bulk
modulus, which was determined by the expansion
method.

The Young’s modulus of elasticity of the hose, which
was experimentally determined by the expansion method,
is constant depending on the pressure in the measured
area. Similarly, the Young’s modulus of elasticity of the
hose determined by the compression method is also
constant depending on the pressure in the measured area.
However, its value is greater than the Young’s modulus
value, which was determined by the expansion method.

In the next section of the paper, the mathematical
model of the hydraulic system was created in order to
simulate the oil expansion from the hose and the pipe.
The oil volume increases were mathematically simulated
during the oil expansion from the pipe. Only slight
deviations between the simulated and measured oil
volume increases were found. Furthermore, the pressure
decrease vs. time was mathematically simulated during
the oil expansion from the pipe. It is evident from the

comparison of time dependencies of the measured and
simulated pressure decreases that better agreement was
obtained using the oil bulk modulus, which was
determined by means of the compression method. In the
case of the mathematical simulation of the dynamic
processes, it is more appropriate to apply the oil bulk
modulus determined by the compression method in this
mathematical model.

Subsequently, the oil volume increases were
mathematically simulated during the oil expansion from
the hose. Furthermore, the pressure decrease vs. time was
mathematically simulated during the oil expansion from
the hose. It can be concluded on the basis of the obtained
results, that it is possible to achieve better results in the
case of the hose occurrence in the mathematical model
during application of the Young’s modulus of elasticity of
the hose and the oil bulk modulus that were determined
by means of the compression method.
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