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Hydroacoustic projectors are useful for generating low frequency sounds in water. Existing works on hydroa-
coustic projectors require two significant enhancements, especially for designers. First, we need to understand
the influence of important projector design parameters on its performance. Such insights can be very use-
ful in developing a compact and efficient projector. Second, there is a need for an integrated model of the
projector based on easily available and user-friendly numerical tools which do not require development of com-
plex customised mathematical analogs of projector components. The present work addresses both such needs.
Towards these goals, an experimentally validated, easy-to-build projector model was developed and used to
conduct design sensitivity studies. We show that reductions in pipe compliance and air content in oil, and an
increase in orifice discharge coefficient can yield remarkable improvements in projector’s SPL. We also show
that reductions in pipe length and cylinder diameter cause moderate improvements in performance in mass
and stiffness controlled regions, respectively. In contrast, the projector performance is insensitive to changes in
pistonic mass, cylinder length, and diaphragm stiffness. Finally, we report that while pipe compliance and air
content in oil can sharply alter system resonance, the effects of changes in pipe length and pistonic mass on it
are moderate in nature.
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Nomenclature

A – area,
c – speed of sound,
C – capacitance,
Cd – coefficient of discharge,
Cd – average coefficient of discharge,
F – force,
Ff – Coulomb friction,
f – frequency,
k – stiffness,
l – length,
L – inductance,
m – mass,
p – pressure,

pw – working pressure,
q – volumetric flow rate,
r – radius,
R – resistance,

Rm – viscous friction,

t – time,
tp – thickness of the piston,
u – velocity,
V – volume,
Vf – volume fraction,
w – flow area gradient,
x – displacement,
Z – impedance.

Greek alphabet
β – bulk modulus,
γ – specific heat ratio,
µ – dynamic viscosity,
ρ – density,
ω – angular frequency.

Subscripts/Superscripts
AC – accumulator,
C – compliance effect,
cl – piston to cylinder radial clearance,
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cy – hydraulic cylinder,
D – diaphragm,
H – hydraulic,
L – inertial effect,
m – mechanical,
p – piston,
r – radiation,
R – dissipative effect,
v – valve.

1. Introduction

Low frequency sound is widely used in several un-
derwater applications. Amongst different types of low
frequency projectors used to produce low frequency
sound, hydroacoustic projectors have the best perfor-
mance for a given size and mass (Dubus et al., 2013;
Decarpigny et al., 1991). While there is sufficient
literature available on modelling of individual com-
ponents of the projector, there are not many works
(Bouyoucos, 1987; Sreejith, Tiwari, 2016a; 2016b;
2020) describing a unified model for the entire sys-
tem. Such a unified model can be developed either
through use of bond graphs (Busch-Vishniac, Payn-
ter, 1989), or by employing the lumped parameter
approach (Bauer, 1954; Smith, 1994; Schönfeld,
1954; Beranek, 1993) where mathematical equiva-
lences between different operational domains are used
to predict projector’s behaviour. Amongst the latter,
the work of Sreejith and Tiwari (2020) offers a de-
tailed methodology for developing an electrical analog
of the projector. However, their work can be signif-
icantly enhanced in two ways, especially for design-
ers. First, there is a need to develop insights regarding
the influence of different design parameters on projec-
tor performance. Such insights can be very useful in
developing a compact and an efficient hydroacoustic
projector. Second, the unified model for the projec-
tor should use standard and easily available numeri-
cal tools. Such a modelling approach will not require
significant efforts in developing customised mathemati-
cal analogs of components. The present work addresses
both such needs.

In this work, we have used a MATLAB’s Simscape
FluidsTM (MATLAB, n.d.) based model of a hydroa-
coustic projector to conduct exhaustive design sensi-
tivity studies related to eight important design param-
eters through more than 3000 simulations. These pa-
rameters include pipe compliance, air content in the
oil, length of pipes, diameter and length of the cylin-
der, stiffness of the diaphragm, total pistonic mass, and
orifice flow discharge coefficient. MATLAB’s Simscape
FluidsTM has been used earlier for modelling several
hydraulic systems (Sui, Lu, 2018; Ding et al., 2016;
Kim et al., 2012; Pea, Leamy, 2015). However, it
has never been used to model acoustic systems such
as a hydroacoustic projector.

2. Modelling of the hydroacoustic projector

A hydroacoustic projector is made up of several
pipelines, a bi-directional flow control valve, cylinder
piston assembly, a diaphragm acting as a radiator, air
behind diaphragm, and an accumulator. The working
of such a projector has been discussed in detail in
(Sreejith, Tiwari, 2020) and is also explained in Ap-
pendix A. Our model developed in Simscape FluidsTM

is shown in Fig. 1 and is described further.
Pipelines and working fluid : The pressure drop

(∆p) across a short pipe due to viscous (∆pR), iner-
tial (∆pL), and compressibility (∆pC) effects is expres-
sed as:

∆p(t) = ∆pR(t) +∆pL(t) +∆pC(t). (1)

Mathematical relations for these pressure drops
(Akers et al., 2006; Merritt, 1967) are as follows:

∆pR(t) =
8µl

πr4
q(t) = RHq(t), (2)

q(t) =
lπr2

β

dpC(t)

dt
= CH

dpC(t)

dt
, (3)

∆pL(t) =
ρl

πr2

dq(t)
dt

= LH
dq(t)
dt

. (4)

As the standard pipe element in software does not ac-
count for ∆pL, an additional element (fluid inertia)
was attached to each pipe element in series to account
for it.

Next, properties of working fluid (density, bulk
modulus, and viscosity) were defined in the custom
hydraulic fluid element. To account for the presence
of air, the effective bulk modulus of working fluid was
adjusted based on the model proposed in (Yang et al.,
2011) using Eq. (5):

βeffective = (β−1
oil + Vfairβ

−1
air)

−1
. (5)

Here βair is the bulk modulus of air. It is the product of
absolute working pressure (ppump) and ratio of specific
heats of air (γair).

Bi-directional control valve: It has been represented
in our model by the 4-way directional valve element.
Inputs to this element were maximum cross-sectional
area of valve opening, flow discharge coefficient (Cd),
and initial position of the spool. Since valve opening
area varies with time, it was defined as a function
through the valve excitation block. For an orifice of
constant size, the relation between pressure and flow
rate is given by Eq. (6) (Liu et al., 2019; Merritt,
1967; Pan et al., 2011; Wu et al., 2003):

∆p = q
q

(Cdwvxv
√

2
ρ
)

2
= qRv. (6)
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Fig. 1. Model developed in MATLAB Simscape FluidsTM.

However, in this work the size of the orifice varies con-
tinuously, and thus the resistance offered by the open-
ing is time dependent and a function of q(t). For such
orifices the relation between pressure and flow rate may
be expressed as (Sreejith, Tiwari, 2020):

∆p(t) = q(t)
q(t)

(Cdwvxv(t)
√

2
ρ
)

2
= q(t)Rv(t). (7)

Thus, in lieu of Cd, we provided the experimentally de-
termined value of average coefficient of discharge (Cd)
as an input to the 4-way directional valve element.

Cylinder-piston assembly : The standard double-ac-
ting hydraulic cylinder block in Simscape FluidsTM

formed the basis for representing cylinder-piston as-
sembly in our model. Inputs to this block were piston
area, piston stroke length, and initial location of the
piston. However, such an element does not account for
mass of the piston, fluid present on either sides of the

piston in the cylinder, and the friction between the pis-
ton and the cylinder. Thus, hydraulic pipelines 3 and 4,
fluid inertia 3 and 4, mass, and translational friction el-
ements were added to the double acting cylinder block
to account for such effects. These details are shown in
Fig. 1. It may be noted that the translational friction
block accounts for Coulomb friction present between
the piston and the cylinder. Inputs to this block, was
the experimental value of peak force beyond which mo-
tion starts. Finally, viscous friction between the pis-
ton and the cylinder was also modelled through use of
a transitional damping block. The force-velocity rela-
tions for such friction is given in Eq. (8). Thus, the
input to this block was mechanical resistance (Rm):

F (t) =
2πrptpµ

rcl
u(t) = Rmu(t). (8)

Diaphragm: The projector’s diaphragm is made up
of a moving mass and a suspension element. It also
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sees radiation impedance from the surrounding media,
which has an inductive component (related to moving
mass of air) and a dissipative component. To account
for these effects, the diaphragm block (see Fig. 1) was
created. In this block, the experimentally determined
stiffness of the diaphragm was represented through
a translational spring. Also, the dissipative component
of radiation impedance was modelled as a translational
damper 1 with a value as defined in Eq. (9) (Beranek,
1993):

Rr = πr
4
Dρair ω

2
/(4cair). (9)

Finally, the mass attributable to air loading was com-
puted through Eq. (10) (Beranek, 1993), and its
value was added to the mass element in the cylinder-
piston assembly block:

mr = 2ωr3
Dρair. (10)

Air behind diaphragm: There is a small volume
of air behind the diaphragm which is connected to
the atmosphere through a small air vent hole. These
details are as shown in Fig. 6. The compliance of
this air volume based on acoustic-mechanical analogy
is Vair/(ρairc

2
airA

2
D) (Sreejith, Tiwari, 2020). This

value was used as an input to the translational spring 1
block. Further, the air in the small hole has some mov-
ing mass (ρair lhole/(AholeA

2
D) (Sreejith, Tiwari,

2020)). Here, lhole and Ahole corresponds to the length
and the cross-sectional area of the hole. This mass is
represented as mass 1 in the model. Together, these
two elements of the air behind diaphragm block are
shown in Fig. 1.

Accumulator : A gas-charged accumulator block
was used to model the accumulator of the hydroacous-
tic projector. The inputs to this accumulator were vol-
ume, pre-charge pressure, and specific heat ratio of the
accumulator gas.

While developing the mathematical model of the
hydroacoustic projector, we reviewed the results of
several earlier works related to mathematical model-
ling of different projector components. Specifically,
Bauer’s (1954) work on modelling of acoustical and
mechanical components and the works of Akers et al.
(2006), Merritt (1967), and Schönfeld (1954) on
mechanical and electrical equivalences of hydraulic el-
ements were very useful. For modelling fluid flow in
pipes, we referred to works of Mikota (2013), Krus
et al. (1994), Lin and Holbert (2009), and Matko
et al. (2000). Also results of Larson and Jönsson
(1991), Cho et al. (2000), Akkaya (2006), Ruan
and Burton (2006), Karjalainen et al. (2012), and
Totten (2011) were useful in understanding the
nature of influence of entrapped air, operating pres-
sure, temperature, and pipe material on effective bulk
modulus of the oil. To understand the role of friction
between the hydraulic cylinder and the piston, work of
Heinze (2008) was helpful. Also the works of Akers

et al. (2006), Merritt (1967), and Borutzky et al.
(2002) were found useful in terms of understanding the
nature of fluid flow through an orifice of a bi-directional
valve. Finally, simulation models for hydraulic accumu-
lators (Edge, Johnston, 1991; Kajaste et al., 2002;
Barnwal et al., 2014; Ijas, 2007) were also very use-
ful. The model developed in such a way was validated
experimentally. The experimental setup for this was
similar to the one used in (Sreejith, Tiwari, 2020).
For reader’s convenience its details are provided in Ap-
pendix B.

3. Results and analysis

The mathematical model as described earlier was
used to simulate projector performance for twelve test
cases and validated against test data. Details of the
test cases are shown in Table 1. While conducting
these tests three parameters were varied. These were
frequency of valve displacement (f), valve displace-
ment amplitude (xvmax), and pressure produced by the
pump (pw). An important consideration during the se-
lection of test parameters was that maximum operat-
ing frequency of the direction control valve was 2 Hz.
Hence, most tests were conducted below 2 Hz. Howe-
ver, we also conducted some tests at 3, 5, and 10 Hz.
While conducting experiments we noted that the mo-
tion of valve spool was periodic but not harmonic,
even though the force excitation provided to the spool
through the shaker was sinusoidal. We attribute such
a phenomenon to the presence of friction between the
spool and the valve block, and generation of pressure
surges in the pipeline at valve closure time. Such effects
could be minimised by using a more powerful electro-
dynamic shaker and a better accumulator. To account
for such phenomena in simulations we used measured
displacement data of spool as an input to the model.

Table 1. Comparison of simulation and experiment data.

Test cases f [Hz] xvmax [mm] pw [MPa] Cd

T1 1 1.50 0.36 0.28
T2 1 1.55 0.42 0.28
T3 1.4 1.36 0.36 0.31
T4 1.4 1.60 0.43 0.28
T5 1.7 1.55 0.32 0.29
T6 1.7 1.63 0.44 0.27
T7 2 1.63 0.35 0.29
T8 2 1.74 0.50 0.26
T9 3 1.59 0.35 0.30
T10 3 1.66 0.44 0.28
T11 5 2.06 0.46 0.26
T12 10 1.96 0.24 0.28

Figure 2 compares experimental and simulation re-
sults for steady state diaphragm displacement and its
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Fig. 2. Diaphragm displacement and spectra of diaphragm displacement from simulations and experiments.
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Fig. 3. Results from simulation on harmonic distortion in diaphragm displacement for cases T1 (a), T7 (b), T11 (c),
and T12 (d) when valve spool displacement signal was purely harmonic.

FFT, respectively, for all test cases. Table 2 compares
1st harmonic amplitudes received from experiments
and simulation for all test cases. These figures show
that a good agreement exists between experimental
and simulation results. It is also noted that the dif-
ference between numerical and experimental results
somewhat increases at higher frequencies.

Table 2. Comparison of simulation and experiment data.

Test
cases

Amplitude of 1st harmonic
[mm]

Difference

Experiment Simulation % dB
T1 2.50 2.74 −8.6 −0.8
T2 2.73 2.95 −7.7 −0.7
T3 1.73 1.88 −8.1 −0.7
T4 2.08 2.29 −9.4 −0.9
T5 1.44 1.53 −6.4 −0.6
T6 1.72 1.90 −9.9 −0.9
T7 1.28 1.45 −12.2 −1.1
T8 1.58 1.75 −9.7 −0.9
T9 0.87 0.99 −11.8 −1.1
T10 0.97 1.09 −11.5 −1.1
T11 0.64 0.72 −11.3 −1.0
T12 0.18 0.24 −25.1 −2.5

% = (experiment-simulation)× 100/(simulation)
dB = 20 log (experiment/simulation)

For the 12 test cases studied, we also explored
the extent of distortion in terms of magnitudes of

higher order harmonics generated by the projector
had the valve spool displacement been truly harmonic.
These studies were based on simulation only. Figure 3
shows that distortion introduced in the output, i.e. di-
aphragm displacement, is very small. Thus, we would
expect the hydroacoustic projector to behave linearly
across a range of frequencies.

Next, the performance of the hydroacoustic projec-
tor in terms of SL (source level) was calculated. The
results from these exercises are presented in Fig. 4. In
the figure, three sets of data are presented. The first
two sets correspond to SL data based on experimental
and simulation data for 12 test cases. The figure shows
that good agreement exists between the experiments
and simulations. The third set of data corresponds to
SL expected from the projector based on simulations
with valve displacement, where the inlet pressure was
set at 1.4 mm and 0.4 MPa, respectively. This curve
was used as the baseline while conducting design sen-
sitivity studies for the projector.

Frequency [Hz]

S
L

 [
dB

]

Experiments (T1
_T12)

Simulations (T1
_T12)

Simulation curve for baseline

Fig. 4. SL produced by the projector.
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3.1. Sensitivity studies

To learn the effects of different design parame-
ters on projector performance, several sensitivity stu-
dies were conducted. Towards this, over 3000 simula-
tions were conducted. Figure 5 shows detailed results
from such studies. A detailed discussion of the same is
provided further.
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Fig. 5. Sensitivity of the device to different parameters: a) orifice flow discharge coefficient, b) length of pipe, c) cylinder
length, d) cylinder diameter, e) pistonic mass, f) diaphragm stiffness, g) pipe compliance, h) oil compressibility due to

presence of air.

3.1.1. Effective orifice flow discharge coefficient

Figure 5 shows that the SL from the projector
increases with increasing Cd at all frequencies except
at resonance. This occurs because, as per Eq. (6), the
flow rate through the valve (q) is directly proportional
to

√
Cd. The value of Cd can be improved through

careful selection of better valves, especially those
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which have wider openings, and a better spool profile.
Since Eq. (6) also shows that q is directly proportional
to wv (valve spool land perimeter), a valve with larger
wv will also yield a higher SL.

3.1.2. Length of pipes

When the length of a pipe is reduced, hydraulic
capacitance (CH) and hydraulic inductance (LH) de-
crease as per Eqs (3) and (4). Thus, the resonance
frequency of the system value increases as it is in-
versely proportional to

√
LHCH . Such an increase is

clearly reflected in Fig. 5. Further, because of such
changes the overall SL level should increase and de-
crease in mass and stiffness controlled regions, respec-
tively. These, are indeed the trends seen in Fig. 5. In
the stiffness controlled region, SL decreases with a re-
duction in the pipe length because of increase in the
stiffness. In the mass controlled region, SL increases
due to reduction in the pipe length as inertial effects
get reduced. A reduction in the pipe length also de-
creases dissipation (RH), which leads to increased SL
at resonance. Such a trend is also seen in Fig. 5.

3.1.3. Cylinder length

The effect of changes in length of the cylinder is
very similar to that due to change in the pipe length.
However, the magnitude of such effects is small in
the former case. This is because the overall length
of the pipe (2550 mm) is about 3.31 times that of the
cylinder. The design is much more sensitive to frac-
tional changes in length of the pipe vis-à-vis the same
in the cylinder.

3.1.4. Cylinder diameter

Figure 5 shows that an increase in diameter of the
cylinder does not alter the resonance frequency. Such
insensitivity is attributable to the fact that the product
of CH and LH remains unchanged when the cylinder
diameter changes. The figure also shows that an in-
crease in diameter corresponds to reduced SL, espe-
cially prior to resonance, i.e. in the stiffness controlled
region. This occurs because mechanical stiffness at-
tributable to CH (i.e. A2

cy/CH)1 increases with increas-
ing diameter, thereby leading to a reduction in the flow
rate and SL.

3.1.5. Pistonic mass

We define pistonic mass as the total mass of piston
and diaphragm. It is seen that an increase in its value
corresponds to a reduction in the first resonance fre-
quency and vice versa. However, such a change does
not alter the performance at other frequencies because
the magnitude of the change is very small relative
to the overall dynamic mass of the system, which also
includes the mass of oil.

1Acy is cross-sectional area of the cylinder.

3.1.6. Diaphragm stiffness

Figure 5 also shows that the effect of the diaphragm
stiffness on projector performance is not significant.
This is because the stiffness offered by oil inside the
cylinder is an order of magnitude larger than that of
the diaphragm.

3.1.7. Pipe compliance

The resonance frequency of the projector should
expectedly decrease with a reduction in βeffective. A re-
duction in βeffective should also lead to a lower SL be-
cause a large fraction of input energy gets locked due
to cyclic compression and expansion of the working
fluid and pipes. To explore such effects, design sensi-
tivity studies involving change in pipe compliance were
conducted. Amongst these, the baseline case involved
rigid pipes as in reality pipes were made of 2.5 mm
thick steel. For such a case, the value of βeffective as
per Eq. (5) works out to be 23 MPa. However, if rein-
forced rubber pipes are used in lieu of steel pipes, then
Eq. (5) needs to be modified to account for pipe com-
pliance. The modified equation as per (Sreejith, Ti-
wari, 2020; Akkaya, 2006) is given below:

βeffective = (β−1
oil + β

−1
pipe + Vfairβ

−1
air)

−1
. (11)

In such a case the value of βeffective can drop to a mere
3 MPa (Sreejith, Tiwari, 2021), thereby causing
a reduction in resonance frequency, and SL. Figure 5
indeed shows that projector SL can degrade signifi-
cantly due to such a reduction in pipe stiffness.

3.1.8. Oil compressibility due to presence of air

As per Eq. (5), the value of βeffective of oil can get
dramatically reduced if air is present in oil even in
small amounts. Figure 5 shows the effect of air content
on projector performance through analysis of three
cases: oil with no air, oil with 3% air (reference), and
oil with 6% air. We see that resonance frequency shifts
downwards with increasing air content. We also note
that projector SL decreases sharply as air content in
oil is increased. This occurs because βeffective exhibits
a strong reduction with increasing air content.

4. Conclusions

An easy to build model of a hydroacoustic projec-
tor has been developed and verified against experimen-
tal data. Such a model was used to conduct detailed
sensitivity studies to understand the influence of eight
design parameters on projector performance. These pa-
rameters are: orifice flow discharge coefficient, length
of pipes, cylinder length and diameter, pistonic mass,
diaphragm stiffness, pipe compliance, and oil compres-
sibility due to presence of air. Our studies show that
reductions in pipe compliance and air content in oil,
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and an increase in orifice discharge coefficient can yield
remarkable improvements in projector’s sound pres-
sure level. The study also shows that reductions in
pipe length and cylinder diameter lead to moderate
improvements in projector performance in mass and
stiffness controlled regions, respectively. In contrast,
the projector performance is more or less insensitive
to changes in pistonic mass, cylinder length, and di-
aphragm stiffness. Finally, we report that while pipe
compliance and oil compressibility can sharply influ-
ence system resonance, effects of changes in pipe length
and pistonic mass on it are moderate in nature.

Going further, the proposed projector model can be
further improved by accounting for stick-slip friction in
cylinder-piston assembly, non-linearities in diaphragm
stiffness and damping, influence of bends and cross-
sectional changes in pipes, and temperature changes
in oil. A good analytical model of the valve can also
be used to improve the current projector model. Such
work can also help in development of better valves
which in turn, can enhance projector performance at
higher frequencies and flow rates. On the experimen-
tal side, the behaviour of projector can be improved
through use of a stronger actuation system for the
spool.

Appendix A. Working of the device

Figure 6 is a schematic sketch of the hydroacoustic
projector. The projector uses a low power electrody-
namic shaker to control the position of the spool of
a directional control valve. The spool’s back and forth
movement relative to its neutral position modulates
the unidirectional flow of oil emanating from the high
power pump to time dependent pulsating flow. Thus
if the spool is harmonically excited through a shaker,
then the pulsating flow of hydraulic oil causes the pis-
ton in the main cylinder to move back and forth as
well. Since the piston is connected to a diaphragm,
acoustic power gets radiated in the medium around
the diaphragm.

Fig. 6. Schematic of a hydroacoustic projector.

Next, we explain how exactly the unidirectional
flow from pump gets modulated into pulsating flow.

For this, Fig. 7 provides details on the working of the
direction control valve which has five external ports
(A, B, C, D, and E). The valve also has four orifices
O1, O2, O3, and O4 which when open connect Port A
to D, A to E, E to C, and D to B, respectively. When,
the valve spool is in neutral position all of its four ori-
fices are closed and no oil flows through the system.
However, if the spool moves rightwards of the neu-
tral positions, high pressure oil from the pump flows
from Port A to Port D via O1 and then to the left
(L) side of the hydraulic cylinder. Thus, the right (R)
side of the hydraulic cylinder moves outwards and the
oil exits from the main cylinder at low pressure and
returns to the reservoir via path P2-E-O3. The overall
direction of the flow reverses when the shaker drives
the valve spool leftwards of the neutral position. In
such a case the piston moves leftwards as well. In this
half-cycle the oil flow path is A-O2-II-E-P2-R-L-P1-D-
I-O4-B-reservoir. In this way, the periodic reversal of
pressurised flow drives the diaphragm of sound projec-
tor back and forth, which in turn leads to radiation
of sound into the external medium. The hydroacous-
tic projector also has an accumulator, which dampens
out water hammer phenomenon caused due to sudden
closure and opening of the direction control valve.

a)

b)

Fig. 7. Schematic of working of the device: a) spool is right-
wards of neutral position, b) spool is leftwards of neutral

position.
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Appendix B. Experimental setup
and its characterisation

To verify the mathematical model of the hydroa-
coustic projector, a prototype as shown in Fig. 8
was developed and tested. The projector used two-
position directional control valve (Yuken DSG-03-2B2)
to change the direction of flow. The mass flow rate,
maximum operating pressure, and maximum opera-
tional frequency for the valve are 2 l/s, 31.5 MPa, and
2 Hz, respectively. The valve spool was actuated by an
electrodynamic shaker (Data Physics GW-V20) powe-
red by an amplifier (PA300E). The input signal to am-
plifier was generated from a laptop. Table 3 lists all
the design parameters of the projector.

Cylinder, piston, and diaphragm assembly

Hydraulic power pack

Directional control valve
Electrodynamic shaker

Fig. 8. Prototype of the hydroacoustic projector
used in this work.

Table 3. Design parameters.

rcl = 1 mm Ff = 145 N
lcy = 335 mm VAC = 750 ml
rcy = 100 mm tp = 70 mm
rD = 175 mm Vf = 3%

kD = 30 kN/m wv = 0.050 m
cair = 340 m/s1 γair = γnitrogen gas = 1.4

ρair = 1.225 kg/m3 βeffective = 25GPa
µoil = 0.0370 Pa ⋅ s βoil = 1.48 GPa
ρoil = 805 kg/m3 Radius of piston rod = 10 mm
Mass of piston, piston rod, diaphragm, m = 4.46 kg
Accumulator precharge pressure = 0.3 MPa

Figure 9 lays out the schematic of the experimental
setup used in this work. Pressure sensors (Honeywell
TJE 1000PSIG) were used to measure the pressure just
before and after the valve. An accelerometer (Brüel &
Kjær 4517) was used to measure valve accelerations.
A high speed camera (Grasshopper 3 5.0 MP Mono
USB3, Edmund Optics) was used to capture shaker dis-
place images from a distance. These images were used
to calculate shaker displacement using a digital ima-
ge corelation software (VIC-2D, Correlated Solutions,
Inc.). A laser-based motion sensor (Keyence LK-H157)
was used to measure the diaphragm displacement at its

Electro dynamic
shaker

Cylinder

Direction control
valve

Hydraulic power
pack

Pressure
line

Return
line

1 & 2 _ Pressure sensors
3 _ Accelerometer
4 _ High speed camera
5 _ Displacement sensor 

3

5

2

1 4

Fig. 9. Location of sensors used in the experimental setup.

centre. Data from all sensors were acquired using an NI
DAQ chassis 9198 (National Instruments) with DAQ
cards NI 9215 (for displacement sensor), NI 9234 (for
accelerometer), and NI 9237 (for pressure sensors) at
a sampling frequency of 50 kS/s (kilo samples/second).

To determine air content in oil, oil sample from an
operating projector was collected and its volume was
measured. Later, the entrapped air in oil was removed
and the volume of oil was remeasured. In this way the
amount of air entrapped in oil was determined. Also
the value of Cd was calculated by measuring the instan-
taneous pressure drop across the valve, flow rate, and
valve displacement and using these values in Eq. (12):

Cd =
qaverage

∑(
√

∆Pixvi)/n
⋅

1

wv
√

2/ρ
. (12)

To estimate the value of friction between the pis-
ton and the cylinder, experiments as described in
(Sreejith, Tiwari, 2020) were conducted. In these
experiments the rubber diaphragm was detached from
the assembly. Also a displacement sensor (Keyence
LK-G5000) was used to record piston displacement,
and pressure sensors (Honeywell TJE 1000PSIG) were
used to record pressure inside the main cylinder. It was
found that when the force on piston exceeded a thresh-
old, it started moving. Figure 10 shows a plot of the
measured friction force between piston and cylinder,
as a function of piston displacement.

Experiment 1
Experiment 2

Displacement [mm]

F
or

ce
 [

N
]

Fig. 10. Friction acting between cylinder and piston.



V.S. Sreejith, N. Tiwari – Design Sensitivity Studies on a Hydroacoustic Projector. . . 123

Acknowledgments

This work was supported by Naval Physical and
Oceanographic Laboratory, Kochi, India.

References

1. Akers A., Gassman M., Smith R. (2006), Hydraulic
power system analysis, CRC Press.

2. Akkaya A.V. (2006), Effect of bulk modulus on per-
formance of a hydrostatic transmission control system,
Sadhana, 31(5): 543–556.

3. Barnwal M., Kumar N., Kumar A., Das J. (2014),
Effect of hydraulic accumulator on the system param-
eters of an open loop transmission system, [in:] 5th
International & 26th All India Manufacturing Tech-
nology, Design and Research Conference (AIMTDR
2014), IIT Guwahati, Assam, India, pp. 12–14.

4. Bauer B. (1954), Equivalent circuit analysis of mecha-
no-acoustic structures, Transactions of the IRE Pro-
fessional Group on Audio, AU-2(4): 112–120, doi:
10.1109/T-SP.1954.28249.

5. Beranek L.L. (1993), Acoustics, American Institute
of Physics, Acoustical Society of America.

6. Borutzky W., Barnard B., Thoma J. (2002), An
orifice flow model for laminar and turbulent conditions,
Simulation Modelling Practice and Theory, 10(3–4):
141–152, doi: 10.1016/S1569-190X(02)00092-8.

7. Bouyoucos J.V. (1987), Hydroacoustic apparatus, US
Patent 4,695,987.

8. Busch-Vishniac I.J., Paynter H.M. (1989), Bond
graph models of sound and vibration systems, The
Journal of the Acoustical Society of America, 85(4):
1750–1758, doi: 10.1121/1.397964.

9. Cho B.-H., Lee H.-W., Oh J.-S. (2000), Estimation
technique of air content in automatic transmission fluid
by measurign effective bulk modulus, Technical Re-
port, SAE Technical Paper.

10. Decarpigny J.N., Hamonic B., Wilson O.B. (1991),
The design of low frequency underwater acoustic pro-
jectors: present status and future trends, IEEE Journal
of Oceanic Engineering, 16(1): 107–122, doi: 10.1109/
48.64890.

11. Ding B., Cazzolato B.S., Arjomandi M., Hardy P.,
Mills B. (2016), Sea-state based maximum power
point tracking damping control of a fully submerged
oscillating buoy, Ocean Engineering, 126: 299–312, doi:
10.1016/j.oceaneng.2016.09.020.

12. Dubus B., Mosbah P., Hartmann J.-R., Garcin J.
(2013), Ultra-low frequency underwater acoustic pro-
jectors: present status and future trends, The Journal
of the Acoustical Society of America, 133(5): 3266–
3266, doi: 10.1121/1.4805296.

13. Edge K., Johnston D. (1991), The impedance char-
acteristics of fluid power components: relief valves and
accumulators, Proceedings of the Institution of Me-
chanical Engineers, Part I: Journal of Systems and
Control Engineering, 205(1): 11–22.

14. Heinze A. (2008), Modelling, simulation and control of
a hydraulic crane, M.S. Dissertation, Växjö University,
School of Technology and Design.

15. Ijas M. (2007), Damping of low frequency pressure os-
cillation, Publication 656, Tampere University of Tech-
nology, http://urn.fi/URN:NBN:fi:tty-200810021110.

16. Kajaste J.T., Kauranne H.O., Ellman A.U., Pie-
tola M.T. (2002), The effect of parameter uncertainty
on the reliability of pressure accumulator simulations,
[in:] ASME 2002 International Mechanical Engineering
Congress and Exposition, American Society of Mechan-
ical Engineers, pp. 75–84.

17. Karjalainen J.-P., Karjalainen R., Huhtala K.
(2012), Measuring and modelling hydraulic fluid dy-
namics at high pressure – accurate and simple ap-
proach, International Journal of Fluid Power, 13(2):
51–59, doi: 10.1080/14399776.2012.10781053.

18. Kim W., Won D., Shin D., Chung C.C. (2012), Out-
put feedback nonlinear control for electro-hydraulic
systems,Mechatronics, 22(6): 766–777, Special Issue on
Intelligent Mechatronics (LSMS2010 and ICSEE2010),
doi: 10.1016/j.mechatronics.2012.03.008.

19. Krus P., Weddfelt K., Palmberg J.-O. (1994), Fast
pipeline models for simulation of hydraulic systems,
Journal of Dynamic Systems, Measurement, and Con-
trol, 116(1): 132–132, doi: 10.1115/1.2900667.

20. Larson M., Jönsson L. (1991), Elastic properties
of pipe materials during hydraulic transients, Jour-
nal of Hydraulic Engineering, 117(10): 1317–1331, doi:
10.1061/(ASCE)0733-9429(1991)117:10(1317).

21. Lin K., Holbert K.E. (2009), Applying the equiva-
lent pi circuit to the modeling of hydraulic pressur-
ized lines, Mathematics and Computers in Simulation,
79(7): 2064–2075, doi: 10.1016/j.matcom.2008.10.008.

22. Liu Y., Dong J., Wu S., Wu D., Deng Y., Ji H.
(2019), Theoretical research on the dynamic charac-
teristics of electrohydraulic servo valve (EHSV) in deep
sea environment, Ocean Engineering, 192: 105957, doi:
10.1016/j.oceaneng.2019.04.038.

23. Matko D., Geiger G., Gregoritza W. (2000),
Pipeline simulation techniques, Mathematics and
Computers in Simulation, 52(3–4): 211–230, doi:
10.1016/S0378-4754(00)00152-X.

24. MATLAB (n.d.), Matlab simscape fluids, last accessed
June 07, 2020, https://in.mathworks.com/products/
simscape-fluids.html.

25. Merritt H.E. (1967), Hydraulic control systems, John
Wiley & Sons.

26. Mikota G. (2013), Modal analysis of hydraulic pipe-
lines, Journal of Sound and Vibration, 332(16): 3794–
3805, doi: 10.1016/j.jsv.2013.02.021.

27. Pan X., Wang G., Lu Z. (2011), Flow field simulation
and a flow model of servo-valve spool valve orifice, En-
ergy Conversion and Management, 52(10): 3249–3256,
doi: 10.1016/j.enconman.2011.05.010.

28. Peña O.R., Leamy M.J. (2015), An efficient archi-
tecture for energy recovery in hydraulic elevators, In-
ternational Journal of Fluid Power, 16(2): 83–98, doi:
10.1080/14399776.2015.1055991.

https://doi.org/10.1109/T-SP.1954.28249
https://doi.org/10.1016/S1569-190X(02)00092-8
https://doi.org/10.1121/1.397964
https://doi.org/10.1109/48.64890
https://doi.org/10.1109/48.64890
https://doi.org/10.1016/j.oceaneng.2016.09.020
https://doi.org/10.1121/1.4805296
http://urn.fi/URN:NBN:fi:tty-200810021110
https://doi.org/10.1080/14399776.2012.10781053
https://doi.org/10.1016/j.mechatronics.2012.03.008
https://doi.org/10.1115/1.2900667
https://doi.org/10.1061/(ASCE)0733-9429(1991)117:10(1317)
https://doi.org/10.1016/j.matcom.2008.10.008
https://doi.org/10.1016/j.oceaneng.2019.04.038
https://doi.org/10.1016/S0378-4754(00)00152-X
https://in.mathworks.com/products/simscape-fluids.html
https://in.mathworks.com/products/simscape-fluids.html
https://doi.org/10.1016/j.jsv.2013.02.021
https://doi.org/10.1016/j.enconman.2011.05.010
https://doi.org/10.1080/14399776.2015.1055991


124 Archives of Acoustics – Volume 47, Number 1, 2022

29. Ruan J., Burton R. (2006), Bulk modulus of air con-
tent oil in a hydraulic cylinder, [in:] ASME 2006 in-
ternational mechanical engineering congress and ex-
position, American Society of Mechanical Engineers,
pp. 259–269.

30. Schönfeld J. (1954), Analogy of hydraulic, mechan-
ical, acoustic and electric systems, Applied Scientific
Research, Section B, 3(1): 417–450.

31. Smith B. (1994), The modelling of underwater,
electroacoustic, sonar transducers, Applied Acoustics,
41(4): 337–363, Special Issue on Transducers, doi:
10.1016/0003-682X(94)90093-0.

32. Sreejith V.S., Tiwari N. (2016a), Modelling and si-
mulation of a hydro-acoustic projector, [in:] The 23rd
International Congress on Sound and Vibration,
pp. 4392–4399, International Institute of Acoustics
and Vibration (IIAV), Athens, Greece, http://www.sco
pus.com/inward/record.url?eid=2-s2.0-84987850929&
partnerID=MN8TOARS.

33. Sreejith V.S., Tiwari N. (2016b), Development and
simulation of an electrically analogous model for an
electro-hydro-acoustic projector, International Sympo-
sium on Acoustics for Engineering Applications NSA,
Gurugram, India.

34. Sreejith V.S., Tiwari N. (2020), Modelling of a hy-
droacoustic projector to produce low frequency sound,
The Journal of the Acoustical Society of America,
147(4): 2682–2693, doi: 10.1121/10.0001133.

35. Sreejith V.S., Tiwari N. (2021), Influence of compli-
ance, and effective orifice discharge coefficient on per-
formance of a hydroacoustic projector, Applied Acous-
tics, 177: 107921, doi: 10.1016/j.apacoust.2021.107921.

36. Sui H., Lu X. (2018), Nonlinear dynamic analysis
of complex hydraulic driving processes, Journal of
Sound and Vibration, 430: 115–133, doi: 10.1016/j.jsv.
2018.05.034.

37. Totten G.E. (2011), Handbook of Hydraulic Fluid
Technology, CRC Press.

38. Wu D., Burton R., Schoenau G., Bitner D. (2003),
Modelling of orifice flow rate at very small openings,
International Journal of Fluid Power, 4(1): 31–39, doi:
10.1080/14399776.2003.10781153.

39. Yang H., Feng B., Gong G. (2011), Measurement of
effective fluid bulk modulus in hydraulic system, Jour-
nal of Dynamic Systems, Measurement, and Control,
133(6): 061021, doi: 10.1115/1.4004783.

https://doi.org/10.1016/0003-682X(94)90093-0
http://www.scopus.com/inward/record.url?eid=2-s2.0-84987850929&partnerID=MN8TOARS
http://www.scopus.com/inward/record.url?eid=2-s2.0-84987850929&partnerID=MN8TOARS
http://www.scopus.com/inward/record.url?eid=2-s2.0-84987850929&partnerID=MN8TOARS
https://doi.org/10.1121/10.0001133
https://doi.org/10.1016/j.apacoust.2021.107921
https://doi.org/10.1016/j.jsv.2018.05.034
https://doi.org/10.1016/j.jsv.2018.05.034
https://doi.org/10.1080/14399776.2003.10781153
https://doi.org/10.1115/1.4004783

