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Abstract: This paper presents the experimental characterization of the vibroacoustic fields and the
evaluation of noise performances of hydraulic pumps. Research on hydraulic pump noise has
traditionally focused on the fluid-borne noise sources, and very often the analyses of vibration
and noise have been performed focusing on a few local points. This trend results in the lack of
investigation on the overall behaviors of vibroacoustic fields of hydraulic pumps, and it has been one
of the obstacles to understand the complete mechanisms of noise generation. Moreover, despite the
existence of the ISO standards for the determination of noise levels, diverse metrics have been used
for the evaluation of noise performances of the pumps, but the adequacy of these metrics has not been
carefully examined. In this respect, this paper aims at introducing a way to characterize and interpret
the measured vibroacoustic field and providing proper methods which are also capable of applying
the ISO standards for the fair assessment of pump noise performances. For the characterization of the
vibroacoustic field, operational deflection shapes (ODS) and corresponding radiated sound fields are
visualized at harmonics of the pumping frequency by using a spectral analysis. Observations are
made regarding the motions of the pump and its mounting plate and the resultant radiated noise,
depending on the frequency, as well as their correlation. A numerical analysis using the Rayleigh
integral equation is also performed to further investigate the contribution of the mounting plate
motion on the noise radiation. For the evaluation of noise performance, two different units are
tested at multiple operating conditions, and comparisons are made based on their measured sound
power levels (SWLs) and sound pressure levels (SPLs). The results emphasize the importance of
SWL measurement for the fair noise performance evaluation, and the two methods are proposed as
practices to determine the minimum number of measurement points for practicability and to have
reliable sound power determination for hydraulic pumps.

Keywords: noise; vibration; hydraulic pumps; operational deflection shape (ods); vibroacoustic field;
sound power determination

1. Introduction

Excessive acoustic noise and vibrations are important detrimental aspects for fluid power systems,
and positive displacement machines (i.e., hydraulic pumps and motors) are known to be the dominant
source of noise and vibration. Recently, the noise issue is drawing more attention within the fluid power
technical community owing to the current trend of the machine electrification involving both off-road
and on-road mobile fields [1–3]. In fact, quiet electric machines are replacing internal combustion
engines as prime movers of hydraulic drive systems and thus the noise emissions from the hydraulic
units become more evident. As a consequence, the level of emitted noise and vibration has become
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an important metric to evaluate the unit performance along with hydraulic efficiencies parameters
(i.e., volumetric and mechanical efficiency). This is confirmed by the fact that the noise level is often
reported in the specification sheets of hydraulic pumps.

To mitigate the excessive noise and vibration of the fluid power systems, fundamental research and
modeling works have been carried out on noise generation and its propagation. Most of the successful
solutions are based on the minimization of the flow/pressure ripple at the delivery port, which is often
considered as the main source of fluid-borne noise (FBN). For example, for the case of axial piston
pumps, significant effort has been made to model and measure the source/line impedances [4–8] and
optimize the valve plate designs to reduce the flow ripple [9–12]. As pertains to external gear pumps,
similar analyses have been made by proposing different porting grooves [13], alternative gear profiles
spamming from standard involute [14,15] to non-involute [15–18], and considering the effect of fluid
compressibility [19,20]. From these analyses, the minimization of the pressure ripples at the delivery
port has been proved to be effective on the noise reduction in the system level. This is because
the pressure ripples propagate into the system connected to the pump. However, the effectiveness
of the pressure ripple reduction on mitigating the overall noise radiated through a pump case is
still questionable. This was widely discussed by Edge [21], who showed a case where no change
in the noise level is observed even with a large reduction in the amplitudes of the pressure ripple.
Therefore, the understanding of the underlining causes of the noise radiated from the pump casing,
as well as objective methods to quantify the noise emission, is still a topic of relevance for the fluid
power technical community.

In this area of research, there exists a growing body of literature on modeling the noise
emissions from the casing of the positive displacement machines. Significant works are given
by the references [9,22–30], and they have contributed to the advancement of the modeling capability
for the various aspects of dynamic behaviors occurring in the units. However, these works are generally
based on modeling approaches with high computational cost, which attempt considering all the
complicated interactions in fluid, structure, and air domain. Such approach does not allow performing
extensive studies on the effect of various design parameters as well as different operating conditions.
As a consequence, the complete mechanisms of noise generation and radiation from a pump case
still have not been clearly understood. Another limitation of most of these works is that the effect
of the pump mounting conditions is usually not considered. The lack of consideration about the
mounting elements (usually mounting plates) can be motivated to the purpose of maintaining a
more generic approach. This is because the mounting condition varies depending on the application.
Moreover, it has not been clearly proved that the mounting has significant impacts on noise and
vibration of hydraulic pumps. However, the mounting elements can affect the structural dynamic
behaviors of the pump as important boundary conditions, and there is a high chance that they can serve
as an additional noise radiator as the structure-borne noise of the pump propagates to these elements.
In this regard, an assessment on the contribution of the mounting elements have on the noise radiation
is an important matter to further advance research on pump noise modeling as well as for more
rigorous model validation.

The noise reductions discussed in several reports are obtained by using some treatments such as the
inclusion of additional damping elements [31,32], the change of stiffness by means of some modifications
of the casing structures [27,33,34], the replacement of the gears with different materials [35], and the
active control of the swash plate vibration [36,37]. Although these methods proved to be effective
in achieving noise reductions, their strategies focus on the certain aspects of the noise generation or
reduction of vibrations at few local points, such as the change of modal parameters or the transfer
path of the structural vibration [27,31–34] and the reduction of the particular noise source such as the
gear contact forces [35], or the swash plate moment in axial piston units [36,37]. The seeming lack
of the noise solutions based on the complete noise generation mechanism in the existing literature
also points out that the vibroacoustic field of hydraulic pumps necessitates of further investigation.
Therefore, an important goal of this paper is to fill this technological gap by providing an experimental
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method for characterizing and interpreting the vibroacoustic field generated from the pump casing as
well as the mounting plate, so that research towards silent pump technology can benefit from this study.

Furthermore, researchers in the fluid power community have been using different metrics
to evaluate the noise emissions. The evaluation of the noise performance of a certain solution,
sometimes even with the purpose of validating the results of a numerical model, often relies
on simple measurements of the sound pressure and acceleration at one or few measurement
points [21,23,26,29,31,34–37]. Actually, the ISO standards provide guidance as pertains to the evaluation
of the noise performance, but it seems to be used in very limited cases, most likely due to technical
implementation difficulty and cost reasons. Accordingly, relatively few studies exist that consider
the sound power determined by the measurements at multiple points, as suggested by the ISO
standards [9,22,25]. With the ISO standards, the noise levels can be determined with high fidelity.
On the other hand, simple measurements taken at few points are more practical and inexpensive,
but the questions still remain unanswered as to what is the possible error of this practice and how
many measurement points are required to determine the noise level within the acceptable range of
errors for practicability reason. Unless a proper justification is provided regarding these questions,
the results given by a simplified noise measurement can be misleading because the noise and
vibration of hydraulic pumps usually exhibit high spatial variations. Therefore, a proper and accurate
measurement method, which is also capable of evaluating the noise level according the ISO standards,
needs to be examined to have a balance between practicability and reliability for the fair assessment
of noise performances of hydraulic pumps. In this respect, this paper presents the experimental
investigations characterizing the overall vibroacoustic behaviors of the pump under actual operation at
harmonics of the pumping frequency and reviewing the proper evaluation of overall noise performance
of hydraulic pumps. To attain both goals, in theory, the vibroacoustic measurements should be
simultaneously taken at a large number of positions throughout the field. Taking as reference the
case of external gear pumps, tests are performed during the steady-state operation of the pump
(meaning constant shaft speed and port pressures) by moving the minimal number of sensors in a
semi-anechoic chamber at Maha Fluid Power Research Center. The analysis is accomplished under
the assumption that the noise and vibration do not change during the steady-state operation, and the
results prove that this assumption is valid.

The layout of this paper is as follows: The following Section 2 describes how the hydraulic
tests of this work are set up for the noise and vibration measurements. Then, Section 3 summarizes
the effort made to characterize the vibroacoustic field, by properly visualizing and discussing its
dynamic behavior at each frequency. The spectral analyses are used to extract their magnitude and
relative phase at different locations through a signal synchronization. The results of the visualized
vibrational motions, which are often called ODS, as well as the radiated sound field providing some
interesting observations including how vibrational motions change depending on the frequency and
correlation between ODS and radiated noise. The numerical analysis using the Rayleigh integral
equation is also performed to further investigate one of the observations as pertains to the contribution
of the mounting plate on noise radiation. After that, the potentials and limitations of this analysis are
discussed in the last part of the Section 3. Concerning overall noise performance evaluation, SPL and
SWL are compared in the Section 4. As the results highlight the importance of the sound power
measurement, Section 4 also discusses two practices (grid study and repeatability test) to help decide
the number of measurement points and ensure a reliable sound power determination.

2. Hydraulic Test Setup

A hydraulic open circuit configuration is used to test the noise and vibration of hydraulic pumps,
as shown in Figure 1. To isolate and measure only the noise radiated from the pump, the pump and
parts of connecting lines including the inlet temperature and pressure sensors are inside a sound
chamber (highlighted with the blue dashed box in the figure), while the other components are outside
of the sound chamber. A needle valve (variable orifice) is used to load the pump at the desired
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operating pressure, and a pressure relief valve is installed in parallel with the needle valve for safety.
The oil conditioning system (i.e., thermal and filtration system) is placed after the loading valve, and it
allows controlling the oil temperature and avoiding oil contamination issues. The detailed information
about each component is tabulated in Table 1.Energies 2020, 13, x FOR PEER REVIEW 4 of 26 
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Table 1. Details of hydraulic test rig components.

No. Description Details

1 Inlet temperature sensor Omega Thermocouple Type K (Ni-Cr),
Temperature range: −200–850 ◦C, Accuracy: +1 ◦C

2 Inlet pressure sensor Hydac HDA 4185-B-0050-000-F1—Piezoresistive type
—Range: 0–3.4 bar, Accuracy: ±0.5%

3 Variable electric motor SSB, Maximum operating torque: 500 Nm, Speed range: ±3000 rpm

4 Torque meter HBM T30FNA
Torque range: ±500 Nm, Speed range: ±3000 rpm,

5 Shaft speed sensor Accuracy: ±0.1%
6 Test pump External gear pumps

7 Outlet pressure sensor Hydac 4745—Strain gauge type—Range: 0–400bar,
Accuracy: ±0.25%

8 Outlet temperature sensor Omega Thermocouple Type K (Ni-Cr),
Temperature range: −200–850 ◦C, Accuracy: +1 ◦C

9 Outlet flow meter VSE VS4 GPO 12V—Fixed displacement volume (gear
type)—Range: 1–250 L/min, Accuracy: ±0.3%

10 Needle valve Sun Hydraulics NFECKEN, Capacity: 30 gpm (113.6 L/min),
Maximum operating pressure: 5000 psi (344.7 bar)

11 Pressure relief valve Sun Hydraulics RPICKCN, Capacity: 100 gpm (378.5 L/min),
Maximum operating pressure: 5000 psi (344.7 bar)

12 Heat exchanger Parker OAW 46-60, Cooling Capacity: 23–142 hp (17.2–105.9 kW)

13 Filter Parker 50AT, Nominal Filter Rating: 10 micron, Nominal Flow
Rating: 40 gpm (151.4 L/min)

14 Reservoir Buyers UR 70S, Capacity: 70 gallon (265.0 L), ISO 46 oil

3. Characterization of Vibroacoustic Field during Operation

The vibration of hydraulic pumps induces movements of air particles adjacent to the structures
and the noise to propagate to the surrounding air. For this reason, the understanding of vibrational
motions at the surface of the structure is a crucial step to properly understand the mechanism of the
radiated noise. Hence, the ODS and corresponding radiated noise field are measured simultaneously,
and how they are correlated will be discussed in this section.

Both ODS and radiated noise field can be described as the spatial variations of complex valued
physical quantities at the frequency of interest (periodic temporal variations are dropped out by courtesy
of the Fourier transform, and the physical quantities become complex-valued to represent the magnitude
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and phase in the frequency domain). Therefore, the procedures for obtaining ODS and the radiated
noise field at each frequency are essentially the same, except for the physical quantities to be measured:
ODS measures accelerations using accelerometers (velocities or displacements if corresponding
sensors are available) while radiated noise field measures sound pressures using microphones.
Because acceleration is a vector quantity whereas sound pressure is a scalar, a small additional effort is
required when mapping the measured signals in the correct directions for ODS. Due to this reason, the
following subsection mainly discusses the procedures to obtain ODS, but the same procedure can be
applied to obtain the radiated noise field unless otherwise mentioned.

The pump under the test for this analysis is a 22 cc/ rev, 12-tooth external gear pump (EGP)
for moderate- and high-pressure applications. The design includes lateral pressure-compensation,
according to a well-established technology for designing external gear pumps. More details on
gear pump design can be found in literature, such as [38]. The exploded view and specification of
this reference pump can be seen in Figure 2. The pump is tested at the shaft speed of nre f and the
delivery pressure of pre f where nre f and pre f denote the reference rotation speed and delivery pressure
representative of normal use of the pump (their values are not disclosed for confidentiality reasons, but
nre f and pre f are in the order of magnitudes of 1000 rpm and 100 bar, respectively). The fundamental
pumping frequency ( f1, gear meshing frequency for EGP) is given by f1 = n·z/60 where n is the shaft
speed in rpm and z is the number of pumping chamber per revolution (equal to the number of teeth
for EGP). In the same way, the symbol for the i-th harmonic of the pumping frequency is denoted by
fi(= i· f1) throughout the paper.
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3.1. Procedures to Obtain ODS and Radiated Sound Field

3.1.1. Steady-State Operation of the Pump

The steady-state operation of the pump is an important condition to determine the ODS and
radiated sound field. The steady-state operation of the pump implies maintaining a constant shaft speed
as well as constant inlet and outlet pressures during the measurements. Technically, acceleration and
acoustic pressure signals should be acquired simultaneously at all the measurement points.
However, in most of cases, it is not practical to arrange hundreds of sensors and corresponding
data acquisition systems due to physical space and cost constraints. Moreover, putting such a large
number of sensors all together on the system may result in measuring a distorted vibroacoustic
field (e.g., due to the high mass loading effects of accelerometers). Therefore, the measurements are
performed by moving the sensors to different positions and the signals are acquired at a different time
under the assumption that noise and vibration remain unchanged during the steady-state operation.
To ensure the hydraulic steady-state operation, the oil temperature at the inlet is maintained constant
at 50 ◦C under the maximum variation of ±0.5 ◦C using a heat exchanger, in accordance with the
ISO standard of hydraulic steady-state testing [39]. In this way, the measurement is performed with
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minimal number of sensors, and the following results demonstrate that the vibroacoustic field does
not change during the hydraulic steady-state operation.

3.1.2. Noise and Vibration Measurements

Before starting noise and vibration measurements, the measurement point locations for both the
structure and the air domain should be decided. Particularly, for the air domain, a hypothetical surface
enclosing the noise source on which the discrete measurement points lie should be chosen as well.
In this study, hemispherical surface is chosen because it is relatively easier to interpret the results
of radiated sound than other shapes as all the measurement points are at the same distance from
the source. The measurement points for structural and air domain are shown in Figure 3a, and the
corresponding measurement setup is shown in Figure 3b. The detailed procedures to determine the
measurement points for the air domain will be discussed in Section 4.2.1. For vibration measurements,
three triaxial accelerometers (PCB 356A16, PCB Piezotronics, Depew, NY, USA) are manually roved at
8 points on the inlet and outlet side of pump casing and 30 points on the mounting plate (total 114 DOFs,
3 axes/point × 38 points). To ensure that the accelerometers are positioned as correctly as possible,
the corresponding measurement positions are marked on the pump and plate before they are mounted.
In the air domain, the sound measurement is performed using an automated, custom-designed robot
arm [40]. The robot arm moves an intensity probe composed of three microphones (Type 40A0,
GRAS, Holte, Denmark) to 225 equally spaced grid points that lie on the hemispherical hypothetical
surface with radius of 1 m. The pump under the test is placed at the origin of the hemisphere.
Both the acceleration and the sound pressure signals are sampled at 51.2 kHz and acquired using a
data acquisition system (cDAQ-9178 with NI 9234 modules, National Instruments, Austin, TX, USA)
equipped with the software LabVIEW. The time length of measured signals for acceleration and sound
pressure at each point is 8 s and 4 s, respectively.
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3.1.3. Signal Processing of Measured Signals

Once the signals are acquired, their magnitude and relative phase information are extracted
from the measured signals at each point at the frequency of interest. This process is done based on
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the spectral analysis. Moreover, to verify that the hydraulic steady-state operation guarantees the
acoustical steady-state condition, the measurement is repeated for three times at the same points and,
it is checked whether each measurement yields the same results.

(a) Magnitude Evaluation

The magnitude of a frequency component is evaluated based on the power-spectral density (PSD)
of signals. Figure 4 shows the measured acceleration signals at the same position at three different
times (top) and their corresponding single-sided PSDs (bottom). It should be noted that the PSDs are
estimated using Welch’s method with the 215-sample-long Hann window and 50% overlap (averaged
24 times). It can be observed in the figure that PSD almost does not change from measurement to
measurement. Especially, peak values at each harmonic of the pumping frequency (frequencies of
interest) are consistent as they are completely overlapped in the zoomed-in plots. The same consistency
is observed with the acoustic pressure signals. This means that the same magnitude of the frequency
components always can be obtained during the steady-state operation at each point regardless of
timing of the signal acquisitions.
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Figure 4. Acceleration signals measured at a single point at three different times (top) and their
estimated power spectral densities (bottom).

From the estimated single-sided PSD (G̃xx(f)) of the signal (x(t)), the rms value (Arms) of the
frequency component at the particular frequency ( fa) can be calculated as follows:

Arms =

√√√√√√√√√ fa+q/T∫
fa−q/T

G̃xx( f )d f (1)

where T is the time length of the window used for the estimation of PSD and q is the integer that
determines the frequency interval for the integration. The choice of the integer q depends on the type of
the window used for PSD estimation, and here, q = 3 is used for Hann window. Lastly, the magnitude
of the frequency component is obtained by multiplying

√
2 to the rms value as the rms value of a unit

magnitude sinusoidal signal is 1/
√

2.
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(b) Relative Phase Evaluation

As opposed to magnitude evaluations, to obtain phase information at each point, a reference
signal is needed for all the measured signals to have the same time frame. In this work, an encoder
signal generated by an optical sensor is used for the reference signal. As shown in Figure 5a, a strip of
reflective tape is attached on the rotating shaft, and the optical sensor generates low voltages when the
sensor’s pointer is on the reflective tape and high voltages otherwise. As a result, a periodic rectangular
wave is generated, whose rising (or falling) edges ensure the same angular position of the shaft rotation.
This rectangular wave is recorded simultaneously at the same sampling rate at every measurement.
Figure 5b shows the acceleration signals (bottom) measured at the same position at three different times
along with simultaneously measured reference encoder voltage signals (top). The edges of reference
voltage signals appearing at the different timing indicate that the measured acceleration signals at
each measurement have a different time frame. However, the relative phase between acceleration and
reference signals should be maintained at each measurement as they are simultaneously acquired.
Therefore, cross-spectral density (CSD) between the response and reference signals is used to pick up
the relative phase at each frequency. Note that CSDs are estimated using Welch’s method with the
same parameters with PSD. Unlike PSD having real values and losing all the phase information, CSD is
complex valued and the physical meaning of the phase of CSD is the phase difference between the
two signals. Figure 5c shows that the phases of CSDs at each harmonic of the fundamental pumping
frequency are consistent at each measurement as they are completely overlapped. In this way, all the
measured signals are synchronized relative to the shaft encoder signal. Moreover, the consistency
of the magnitudes and phases confirms the validity of our assumption that the vibroacoustic field
remains unchanged during the steady-state operation.
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Figure 5. (a) Conceptual diagram of working principle of an optical shaft encoder which generates the
reference voltage signal, (b) simultaneously measured reference shaft encoder voltage signals (top) and
acceleration signals (bottom) at three different times, and (c) zoomed-in plots for the phases of their
estimated cross-spectral densities at harmonics of the pumping frequency.
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3.1.4. Visualization of ODS & Radiated Sound Fields

From the magnitude (Âi(ω)) and relative phase (φ̂i(ω)) at i-th point at the frequency ω obtained
in the previous subsection, the complex-valued field variables (ψ̂i(ω)), such as acceleration and
acoustic pressure, are first established at all the measurement points as:

ψ̂i(ω) = Âi(ω)e jφ̂i(ω) (2)

Then, for ODS, the integration of accelerations with respect to time is performed by dividing jω
twice to convert them into displacements. After that, the instantaneous motions at each position over
one cycle (0 ≤ t ≤ 2π/ω) are obtained by multiplying e jωt to the complex-valued displacements and
taking the real parts of them. For more effective visualizations, the linear spatial interpolation and
extrapolation of vibrational motions are performed throughout the pump and mounting plate surface
at each time step. In particular, the structural surface coordinate information for the interpolation
and extrapolation is obtained from the CAD file of the pump. In the same way, the instantaneous
acoustic pressures are obtained from complex-valued acoustic pressures and inter/extrapolated
throughout the hemispherical measurement surface. Lastly, the ODSs and the radiated sound fields
are visualized using the software Paraview (5.7.0-RC2, Kitware, Clifton Park, NY, USA) and MATLAB
(R2019a, MathWorks, Natick, MA, USA), respectively.

3.2. Results and Discussions

3.2.1. Results and Observations

Figure 6 shows the ODS at different viewpoints and the radiated sound field at the first, second,
fifth, and twelfth harmonics of the pumping frequency. The sequential snapshots at each frequency are
taken over one cycle with the interval of 90◦ in phase. For ODS, to indicate the equilibrium positions,
the structures without deflections are visualized transparently with the black lines representing
feature edges. Moreover, the actual measurement positions at which the accelerometers were placed
are shown with the dots connected with the wireframes. The shapes in color represent the deformed
shapes due to the vibrations. Note that the deformations are exaggerated for clarity in the figure. On the
right side of ODS, snapshots of instantaneous acoustic pressure over a cycle are shown with a linear
color scale, along with the rms values of acoustic pressure over the hemispherical measurement surface.
The measured acoustic pressure distribution can be also regarded as the noise directivity pattern
because the noise measurement is conducted in the farfield.

One thing to intuitively notice in the figure is that the dominant pump and plate motions get more
complicated and have higher spatial variations with increasing frequency. Regarding the pump motion,
at a relatively low frequency range up to 4th harmonic, the superposition of simple horizontal and
vertical bending motions is mainly observed as representatively demonstrated in the results of the 1st
and 2nd harmonics. The pump has the larger vertical bending motion superposed with the smaller
horizontal motion at the first harmonic whereas the larger horizontal motion is superposed with the
smaller vertical bending motion at the second harmonic. Then, starting from the 5th harmonic, the
torsional motion gets involved. As the frequency gets higher, the torsional motion superposed with the
additional simple bending motions are observed although they are not reported in this paper for the
sake of brevity. As the frequency is further increased, it is difficult to clearly distinguish the dominant
pump motion due to the lack of spatial resolution. Nonetheless, the contribution of higher order
bending motions appears to be involved as indicated with the dotted line in the result of 12th harmonic.
The mounting plate shows the similar behavior to the pump; at the first harmonic, the dominant
motion of the plate is close to the simple rocking motion at the top and bottom. As the frequency gets
higher, more complicated higher order flexural motions emerge as indicated with the dashed lines in
the results of the 5th and 12th harmonics.
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Figure 6. Snapshots of Operational Deflection Shapes and radiated sound field taken over a cycle along
with rms sound field at (a)1st, (b) 2nd, (c) 5th, and (d) 12th harmonics of the pumping frequency.

The variation of the sound field with the frequency is also in accordance with the vibrational
behaviors as it shows larger spatial variations when the frequency is higher. However, at a first glance,
the noise directivity patterns in the rms plots appear to be counterintuitive when they are compared



Energies 2020, 13, 6639 12 of 26

only with the dominant pump motion. If the pump motion predominantly determined the sound field,
the sound field would show dipole-like behaviors mainly radiating the sound in the directions in
which the dominant bending motions occur at the low frequency range such as 1st and 2nd harmonics.
On the contrary, the acoustical hot spots occur almost independent of the pump bending
motion directions. For example, at the 2nd harmonic, the rms values of the acoustic pressure
are especially small in the diagonal direction on which the pump bending motion occurs (right-top and
left-bottom regions). Moreover, the magnitudes of the noisy areas are highly asymmetric while
the simple bending motions of the pump at frequencies up to 4th harmonic appear to be in the
symmetric manner. Therefore, it can be concluded that the pump motion alone does not dictate the
radiated sound field.

Unlike the pump motions, some correlations are observed between the plate motion and the
radiated sound fields at the low frequency range. First, both the plate motion and the radiated
acoustic pressure are asymmetric as opposed to the symmetric bending motions of the pump.
Second, larger acoustic pressure in the rms plots is observed in the similar parts of area where the
larger vibration happens in the plate. For example, at the first harmonic, the larger motion occurs on
the top side of the plate, which coincides with larger acoustic pressure on the top side of the sphere.
Similarly, at the second harmonic, bottom side has larger vibrational motion than the other sides,
which again coincides with larger acoustic pressure on the bottom side. These instances are consistently
observed at the relatively low frequency range up to 4th harmonic. The last thing they have in common
can be noticed in the snapshots of the ODS and the radiated sound fields over a cycle. The out-of-phase
vibrational motion and acoustic pressure occur in the similar regions of the plate and the sphere.
For instance, at the first harmonic, the plate motions on the top and bottom sides are out of phase,
and the out-of-phase acoustic pressures take place at the top and bottom side of the sphere over
a cycle. Likewise, at the second harmonic, the left and bottom sides of both plate and sphere have the
out-of-phase vibration and acoustic pressure. These observations imply that the mounting plate plays
a significant role in noise radiation, and it leads to further investigation on the sound radiation by the
mounting plate, as it will be discussed in the next subsection.

3.2.2. Sound Radiation by the Mounting Plate

To further investigate the contribution of the mounting plate on the sound radiation, the sound
fields solely radiated by the vibrations of the mounting plate with the absence of the pumps are
predicted using a simple numerical analysis. The results of this analysis are compared with the
measured acoustic fields which result from the motions of both the pump and mounting. This analysis
helps in better explaining the considerations made in the previous subsection.

Figure 7a shows the schematic of the experimental setup inside the sound chamber and Figure 7b
represents the equivalent simplified model to predict the acoustic pressure field solely radiated by the
mounting plate when the pump is absent. The mounting plate without the pump is modeled as a baffled
rectangular panel; the reflecting wall of the sound chamber is idealized as a rigid baffle, and the medium
is assumed to be unbounded due to the anechoic environment. Since the complex-valued normal
velocity fields of the plate at the frequency ω (v̂n (xs,ω)) are known a priori from the measurement,
the resultant complex-valued acoustic pressure fields (p̂ (x,ω)) can be calculated by the well-known
Rayleigh integral equation [41]:

p̂ (x,ω) =
jρ0ω

2π

x

S

v̂n (xs,ω)
e− jk|xs−x|

|xs − x|
dS(xs) (3)

where ρ0 is the density of the air, k is the wavenumber, xs denotes a point on the surface of the mounting
plate, and x denotes a point in the unbounded medium. Note that the signs in front of the imaginary
number j in the equation are the opposite of those in [41] in which e− jωt time dependence is used
whereas e jωt time dependence is used in this work.
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Figure 7. (a) The schematic of the experimental setup inside the sound chamber and (b) the equivalent
simplified model to predict the acoustic pressure field radiated by the mounting plate with the absence
of the pump.

Figure 8 shows the magnitudes, phases, and snapshots over a cycle of vibration velocity normal
to the mounting plate surface at the first and second harmonic, which are served as the inputs of
the Rayleigh integral equation. They are obtained by extracting the complex-valued displacement
components normal to the surface from ODS (in Figure 6) and converting them into the velocities
by multiplying jω. The normal velocities at the area inside the border line of the pump flange
(indicated with the black solid line in the figure) are set to be zero to consider only the contribution of
the plate surfaces that are directly in contact with the air on the sound radiation. Then, the acoustic
pressures are calculated by feeding them into the Equation (3).
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Figure 8. Magnitude, phase, and snapshots over a cycle of vibration velocity normal to the mounting
plate surface at (a) the first harmonic and (b) the second harmonic.

Figure 9 shows the results of acoustic pressures radiated by the only mounting plate predicted
with Rayleigh integral equation and compares them with the measurement (acoustic pressures radiated
by both pump and mounting plate) at different harmonics of the pumping frequency. The snapshots of
acoustic pressures over a cycle at the first and second harmonics are also given in Figure 9a,b.
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Figure 9. Comparisons of root-mean-squared sound pressures between the measurement and the
results of Rayleigh integral using normal velocity of the only mounting plate at (a) first, (b) second,
and (c) higher order harmonics. The snapshots of acoustic pressure over a cycle are given in (a) and (b).

Some observations pertaining to the results are as follows. First, all the predicted acoustic
pressures at different frequencies are in the same order of magnitude as compared to the measured
acoustic pressures. Second, especially at the low frequencies such as the first and second harmonics,
the rms plots and the snapshots over a cycle show similar behaviors between the measurement
and prediction. Third, although some coincident noisy spots are observed between the measurement
and prediction at every frequency, the degree of agreements decreases as the frequency increases.



Energies 2020, 13, 6639 15 of 26

This is the expected result because the model of the Rayleigh integral equation (the pure plate radiation
with the absence of the pump) is getting more deviated from the reality as, even with the noise
from the pump aside, the effect of the diffraction by the actual existence of the pump increases at a
higher frequency. Nonetheless, the above observations further support the fact that the mounting plate
has a large contribution on the noise radiation, and that its contribution is easier to observe at the low
frequency range. Lastly, the Rayleigh integral results exhibit that the mounting plate has the tendency
to radiate the sound more toward the axial direction at higher frequency.

3.2.3. Discussion

Contrary to the traditional hydraulic noise research which has focused on noise sources in the fluid
domain inside the unit or noise levels at some local points as explained in the introduction, this work
has shown the more comprehensive approach to characterize the overall vibroacoustic behaviors of
hydraulic pumps. Based on the visualized vibroacoustic fields, some observations have been provided
with the support of the simple numerical analysis in the previous subsections. Some comments on
the observations, the potential and the limitation of the current analysis are in the following paragraphs.

The experimental finding of the mounting plate taking an important part in noise radiation is in
line with the results of previous numerical study using the combined finite element and boundary
element method (FEM/BEM) done by the authors [42]. In [42], the predicted acoustic field has
significantly changed and had way better agreements with the experiments after the mounting plate is
considered in the simulation. This finding is reasonable because the mounting plate as a baffled panel
is more likely to be an effective sound radiator than the pump as a cantilever beam so that it cannot
be neglected, especially at the low frequency range. In the future, the effect of the mounting plate can
be deeper studied by implementing BEM instead of Rayleigh integral equation. With BEM, the normal
velocities of the pump and the mounting plate can be separately fed into the Helmholtz-Kirchhoff

integral equation, and each contribution with the presence of the other component to the overall
radiated noise can be assessed. In addition, it can be interesting to see how the noise radiation
changes with the different mounting scenarios of numerical studies such as the different shapes, sizes,
thicknesses, and materials of the mounting plate.

Furthermore, the ODS can provide useful information when modal analysis is performed as ODS
appears to be the superposition of the structural modes. The similar responses, such as the simple
bending motions and torsional motions, are already observed in the simulation results in [42] in which
modal superposition technique is used to predict the structural response. Furthermore, it has an
important implication that it can be still valid to model the hydraulic pumps as the linear system and
the modal parameters play an important role in the vibration response during the operation.

The potential of this analysis is as follows. Once the clear correlation between vibration motions
and noise radiation characteristics is found, noise control can be reduced to the proper vibration control.
There has been an attempt to reduce the noise through active vibration control, but unfortunately,
the reported noise reduction is not significant whereas the vibration level significantly decreases [37].
This is probably because the attempt was made under the simple assumption that vibration level
reduction will result in the noise reduction, without a basing on the actual correlation between the
structural and the acoustic domains. In this regard, understanding the vibroacoustic field behaviors
and their correlations is important for more effective vibration control for noise reduction.

One limitation of the current analysis is the lack of spatial resolutions of the pump motion in ODS.
This makes difficult to clearly distinguish the major motion of the pump at high frequency, as reported
in the Section 3.2.1. In fact, more measurement points on the pump are desirable but were limited
because the flat magnet mounting bases of accelerometers were used for roving of sensors. The
pump body has limited area of smooth and flat surfaces, which are the required for flat magnet
bases to provide reliable acceleration measurement. This limitation can be overcome in the future by
manufacturing a special casing (e.g., parallelepiped shape with flat and smooth surfaces) or using dual
rail magnet base for the curved surfaces (although it results in the decrease of operational frequency).
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Nonetheless, the current measurement setup still provides valuable information to understand general
structural behaviors in an early phase of the study.

Another limitation is that the presented results are obtained from the measurements of a single
external gear pump in a controlled laboratory test environment, so the vibroacoustic behaviors
observed here may not be generalized and they may be different depending on the types of the pumps,
test setups, or real applications. Nonetheless, due to the similar nature of mounting of pumps with
the standardized flanges to the systems, in most of cases, the pumps are mounted as a cantilever
(fixed-free ends). Thus, it is expected that the similar vibration field behaviors of pumps such as
bending and torsional motions can be observed owing to the geometrical similarity (although the levels
and the extents of participation of each motion will be different), and the analysis presented in this
paper can be useful even with different types of hydraulic pumps and different test setups/applications.
However, it would be way more difficult to find the correlation between the vibration and noise field
behaviors when the acoustic environment of the system is more complicated.

4. Evaluation of Noise Performance

4.1. Sound Power Levels & Sound Pressure Levels

The evaluation of the noise performance of a hydraulic pump is a key aspect to be considered as the
pump usually represents one of the main noise sources in hydraulic systems. In general, SWL has been
traditionally used as a metric in the field of acoustics because sound power is one characteristic of the
sound source and insensitive to change with the measurement environment. The ISO standards (ISO
16902-1 and ISO 4412-1) for determination of airborne noise levels of hydraulic pumps also exist [43,44],
and they provide the guidelines for measuring SWLs of the pumps based on ISO 9614-1 and ISO
3744 [45,46]. However, as explained in the introduction, many hydraulic noise studies rely on simple
measurements of sound pressure and acceleration at one or a few measurement points. Especially in
hydraulic industry, nowadays it has become a common practice to measure simply SPLs at 1 m away
from the pump as shown in Figure 10, and uses them for noise evaluation as they are commonly found
in the specification sheets of hydraulic pumps provided by many manufacturers. Even though it can
be a simple and cost-effective way for the evaluation, SPL changes with the measurement position and
the acoustic environment (e.g., the presence of reflecting objects) and may not be the reliable metric for
the fair noise evaluation in some cases. In this regard, this section provides the comparison between
SWL and SPL for noise evaluation of hydraulic pumps.
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Figure 10. Simple measurement of sound pressure level at the distance of 1 m from the pump.

Two external gear pumps with the same displacement (22 cc/rev) and the same number of gear
teeth (12-tooth gears), but using a different tooth profile, are tested at 12 different operating conditions,
the combination of three shaft speeds (1/2 nre f , 3/4 nre f and nre f in rpm) and four delivery pressures
(1/4 pre f , 1/2 pre f , 3/4 pre f and pre f in bar). Again, nre f and pre f denote the reference rotation speed
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and delivery pressure as explained in the Section 3. Note that pump A is a non-commercial prototype
with a cast iron casing used in the previous section for the characterization of the vibroacoustic field
whereas pump B is the commercial one with an aluminum casing. For the determination of SWL,
225 grid points on the hemisphere are used as the same measurement points in Figure 3 in Section 3.1.2.
To replicate the common practice, the SPLs measured at the closest point to the center of the hemisphere
are picked up at each operating condition.

Figure 11a,b show the SPLs at the center of sphere and SWLs of pump A (circles with solid lines)
and pump B (diamonds with dashed lines) at different operating conditions. If SPLs at the center of
the sphere were only available data as in Figure 11a, it would be concluded that pump A is quieter
than pump B as the SPLs of pump A are smaller than those of pump B at most of operating conditions.
However, when SWLs are compared, the conclusion become the opposite: SWLs of pump A are higher
at every operating condition except one operating condition of 3/4 nre f , 3/4 pre f . The justification for
this result can be found by observing SPL fields of pump A (Figure 11c) and pump B (Figure 11d).
Pump A radiates sounds mostly toward the peripheral area of the sphere whereas Pump B radiates
loud sounds mainly toward the axial direction (despite higher spatial variations). This clear difference
of noise directivity patterns can be explained with sound power spectra in Figure 11e,f along with the
observations made in the Section 3.2. In the spectra, most of dominant sound energy of pump A are
centered in the relatively low-frequency range (mainly at the 2nd harmonic) below the 4th harmonic
while pump B has large high frequency components such as 8th and 10th harmonics. As demonstrated
in ODS analysis in the previous section, the dominant motion of pump A at low frequencies would be
simple bending motion along with the simple motion of the mounting plate. Thus, there is a higher
chance of radiating sound mostly toward the peripheral area. On the other hand, the vibrational
motion of pump B would involve the torsional motion or higher-order bending motions along with the
higher bending motions of the mounting plate due to large high-frequency components, and it may
make the noise radiation pattern more complicated and also have large axial radiation components.
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Figure 11. (a) sound pressure levels measured at the center of sphere, (b) sound power levels of pump
A (circles with solid lines) and pump B (diamonds with dashed lines) at different operating conditions,
sound pressure level distribution of pump A (c) and pump B (d), and sound power spectrum of pump
A (e) and pump B (f).
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The results provide some lessons about evaluations of noise performance of hydraulic pumps.
Unless the pumps are for specific applications where the certain direction should be quiet,
measuring SWLs is generally desirable for a fair noise evaluation. If measuring SWL is limited
due to some constraints of the measurement setup, it is recommended to put more microphones
(or move microphones) at different locations because it can significantly reduce the possibility of the
wrong conclusion coming from the directivity pattern, as it will be discussed in the next section.
It would be also a good practice to compare the noise spectra. If the frequencies which contain the
dominant acoustic power are far different between the pumps in comparison, there is a high possibility
that those pumps have greatly different noise directivity patterns, and special care may be needed.

4.2. Reliable Sound Power Measurement

The previous Section 4.1 discusses the importance of sound power determination for the noise
evaluation. This section illustrates the practices that are preliminarily performed before the serious
measurements in the authors’ Maha Fluid Power Research Center to ensure a reliable sound power
determination. The main relevant issues for these practices concern the number of measurement points
required to achieve reasonable measurement time and accuracy; and how stationary the sound field is
in time, which is an essential requirement for roving the sensors. Moreover, it will be also discussed
how these practices are applicable to examine the criteria of ISO 9614-1.

4.2.1. Grid Study

The necessity of a grid study is attributed to the fact that the sound field of the hydraulic pumps
usually has high spatial variations. If the number of grid points is not large enough, the determined
SWL may not be accurate. On the other hand, too many grid points pose challenges pertaining to the
measurement time and computational cost for post processing the data. In this regard, a grid study is
performed with the reference pump (pump A) to explore how the degree of accuracy of SWLs can
change with the number of grid points. It is also reported whether each of the selected grid points
meets the requirement and criterion of the ISO standard.

On the hemispherical hypothetical surface with the radius of 1 m, ten different sets of uniformly
distributed grid points (1, 3, 6, 10, 20, 36, 50, 100, 150, and 225) are selected. The last seven sets meet
the requirement of ISO 9614-1, which is 10 minimum number of grid points with the point density of
1 point/m2 (the point density of the chosen 10 points grid is 0.63 points/m2, so the larger number of
grid points than ten meets the requirement). The first three sets (1, 3, 6 points) smaller than 10 are
included to check how accurate the SWLs can be determined with such a small number of points
although it does not meet the requirement of the standard. To quantitively determine whether the
chosen grid points fit the sound field’s spatial variability, the criterion of ISO 9614-1 is also examined [45].
First, the field non-uniformity indicator F4 is calculated for each octave frequency band by dividing
the standard deviations by the mean values (i.e., the normalized standard deviations) of the sound
intensity measured at different positions. Then, the criterion N > CF2

4 is assessed where N is the number
of gird points and C is the factors having different values depending on the frequency bands and the
grade of accuracy. Note that the ISO 9614-1 provides three grades of accuracy (survey, engineering,
and precision), and the uncertainty of SWL for the survey grade is provided in the A-weighted levels
(dBA) while that for the engineering and precision grade is provided in non-weighted levels (dB) at
octave frequency bands.

As the main results of the grid study, the measured SWL differences from the level of the maximum
grid point, the total measurement time, and the grade of accuracy achieved by each case according
to the criterion of the ISO standard are tabulated in Table 2. The reason for choosing the SWL of
the 225 grid points as the reference of the SWL differences is because of the assumption that the
largest number of grid points provides the most accurate result. It should also be noted that the SWL
for a single point is calculated by assuming the point covers the whole hemispherical area only for
quantifying the uncertainties in terms of SWL. In Figure 12a, the corresponding SPL distributions are
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visualized on the color scale with the black dots representing the measurement positions. For the
SPL distributions, the each point covers.
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Figure 12. (a) Sound pressure level distributions, (b) overall sound power levels with different
number of grid points, and (c) sound pressure distributions at different configurations of measurement
positions that bring about the minimum, median and maximum sound power level for the three and
six grid points.

As shown in Table 2 and Figure 12b, the overall SWL converges to the level for the maximum grid
point as the number of grid points increases. Thus, it is reasonable to assume that the largest number
of grid points (225 points) can provide the most accurate SWL. Moreover, the SWL with the acceptable
error (0.56 dB) can be achieved even with three points while the single point measurement has a large
error (8.53 dB). Besides, the measurement time increases as the number of grid points increases but it
does not increase linearly with the number of measurement points because the traveling time of the
sensor from one point to other decreases as the distances between points decrease. When the criterion
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of the ISO standard regarding the spatial variability is checked, the first three sets (1, 3, 6 points) fail to
meet the criterion of all three grades of accuracy. Interestingly, starting from 10 points, which is the
minimum number of points required by the ISO standard, it satisfies the criterion for the survey grade
of accuracy (the largest value of CF2

4 is 8.58 at the octave band centered at 1 kHz, which is smaller than
the number of points N = 10). The engineering and precision grades can be achieved starting from
36 and 100 points respectively (the largest value of CF2

4 for N = 36 points for the engineering grade
is 33.6, while the value for N = 100 points for the precision grade is 66.1, both occurring at the octave
band centered at 1 kHz).

Table 2. Sound power level differences (reference: the level for 225 grid points), measurement time,
and the grade of accuracy according to ISO 9614-1 depending on the different number of grid points.

Number of
Grid Points (N)

∆SWL
(dB/dBA)

Measurement
Time (mins)

Criterion : N > CF2
4 (ISO 9614-1)

Grade 1
(Precision)

Grade 2
(Engineering)

Grade 3
(Survey)

1 −8.53/−7.97 0.1 No No No
3 −0.56/−0.56 1 No No No
6 +0.33/0.30 2 No No No

10 −0.47/−0.48 2.5 No No Yes
20 +0.03/0.00 4 No No Yes
36 −0.25/−0.24 7 No Yes Yes
50 −0.05/−0.07 10 No Yes Yes
100 −0.04/−0.05 19.5 Yes Yes Yes
150 −0.06/−0.07 28 Yes Yes Yes
225 0.00/0.00 41.5 Yes Yes Yes

For the cases which meet the ISO standard criterion, the uncertainties of overall SWL can
be evaluated based on the standard deviations for each frequency band given by the standard.
The calculated uncertainty of the survey grade is ±4 dBA (always fixed) while those of the engineering
and precision grade are around ±1.53 dB and ±1.03 dB (these two values can vary depending on the
frequency contents of the sound source). Considering that the maximum variation of SWLs from
100 points to 225 points, which achieve the precision grade of accuracy, is 0.06 dB, the uncertainty
that the ISO standard provides appear to be overestimated. Similar to our findings, Carfagni [47]
reported that the sound power levels from the extensive testing with difference sources exhibit much
less variability than the standard deviations of the ISO standard.

Unlike the last seven sets of larger grid points, the first three sets cannot quantitively determine
the degree of uncertainties based on the ISO standard as they do not meet the requirement and criterion.
Nonetheless, the SWLs of 3 and 6 grid points still show the acceptable errors (−0.56 and 0.33 dB). Since it
is desirable to find out the minimum number of measurement points within the acceptable range of
accuracy for the practicability, further investigations are performed to quantify the uncertainties of the
first three sets of grid points. The investigated uncertainty pertains to the variation of SWL depending
on the configurations of the measurement positions. To this end, nine different configurations of
measurement positions for three grid points and six different configurations for six grid points
are arranged. The arrangement of different configurations follows the rule that the measurement
positions should be distributed as uniformly as possible on the hemispherical surface. Then, the sound
intensity is taken from 225-grid-point results at the closest points from each configuration, and SWLs
are determined by integrating them over the surface area. For the single point measurement, it is
assumed that any of the 225 points can be the possible candidate in practice and the single point covers
the whole surface area. The obtained uncertainties are displayed with the error bar in Figure 12b,
and the SPL distributions and the measurement positions that bring about the minimum, median,
and maximum SWLs are shown in Figure 12c. It should be noted again that the error bar in Figure 12b
simply represents the range of variations in SWLs for each set of the grid points, not the statistical
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standard deviations as in the ISO standard. It can be seen that the range of variations in SWLs
decreases as the number of grid points increases; the ranges of variations are from −10.2 dB to 6.4 dB
for the single point, from −1.3 dB to 1.6 dB for the three points, and from −1.1 dB to 0.7 dB for the
six points. The results highlight that the range of uncertainties can be significantly reduced even with
the three-point measurement compared to the single point measurement.

Perhaps, a safe way to determine the reliable sound power as a metric for the assessment of the
noise performance would be according to the standards. However, it sometimes may be impractical
to follow all the required procedures for the technical and cost reasons. In this case, deciding the
number of measurement points when planning the noise measurements may not be straightforward,
so the grid study is recommended to be preliminarily performed to reduce the uncertainties of
the determined sound power coming from the spatial variability of the sound field. This can be
viewed as the analogous of a mesh convergence study of a finite element analysis, in which the
reasonable mesh size is determined by observing the convergence of physical variables depending
on the mesh size. Then, based on the results of the grid study, the reasonable number of grid points
can be decided depending on the purpose of the measurement. For example, if the purpose is to
thoroughly investigate the radiated noise field along with the determination of precise SWLs like
the analysis in the Section 3, the noisy spots, such as the dark red spot on the top part of the sphere
which is not captured up to 50 points in Figure 12a, should not be missed. In this case, more than
100 points, which also turned out to achieve the precision grade of the ISO standard in our study,
may be preferable. On the other hand, if many pumps need to be tested and compared at a large
number of operating conditions, the measurement time would be an important factor and the detailed
noise radiation patterns might not be of great interest. In this case, our results suggest that the number
of measurement points can be reduced as low as three points within the acceptable range of variations
(around ±1.5 dB difference from the level of 225 points). Although this result cannot be generalized for
the applications of all the hydraulic pump noise measurement, one clear and important lesson is that
the single point measurement as shown in Figure 10. Simple measurement of sound pressure level at
the distance of 1 m from the pump can introduce a large uncertainty for the assessment of hydraulic
pump noise performances whereas a few additional points can dramatically decrease this uncertainty.

4.2.2. Repeatability Test

Although it was shown the noise and vibration of hydraulic pumps generally remain unchanged
under the steady-state operation as shown in Section 3, it is still a good practice to ensure the
repeatability of the tests. Since checking the repeatability does not require fine details of sound fields
and the high grade of accuracy, 36 grid points are used for the test. As explained before, this is enough
to meet the requirement of the engineering grade (grade 2) according to ISO 9614-1. The measurements
are repeated with pump A for three times for the example chosen in this paper. Similar to the
grid study, SWL variations with respect to the level for the test 1 (first test) are tabulated in Table 3,
and corresponding sound power spectra and SPL distributions are shown in Figure 13. It can be seen that
the sound power spectra, SPL distributions, and SWLs remain almost unchanged at each measurement,
and the maximum SWL variance is 0.012 dBA as shown in the table. The results confirm the good
repeatability and reliability of SWLs and reassure the validity of steady-state assumption.

Table 3. Sound power level variations with the repetition (reference: the level for case 1).

Test 1 Test 2 Test 3

∆SWL (dBA) 0 0.004 0.012
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repeated measurement.

In essence, the purpose of the repeatability test is to examine whether the sound field to be
measured is stationary in time, which is the essential characteristics of the sound field for roving
the sensors. For the assessment of whether the sound field is stationary, the ISO standard suggests
choosing a typical measurement point and calculating the temporal variability indicator F1 at that point.
Then, the criterion F1 < 0.6 needs to be checked. Following the standard, the indicator F1 is calculated
at three positions by measuring the noise for ten times at each position: the center of the sphere
as a typical measurement point as the standard suggests and two additional positions where the
maximum and minimum SPLs occur. Similar to the field non-uniformity indicator F4 in Section 4.2.1,
the temporal variability indicator F1 is evaluated by dividing the standard deviation by the mean value
(i.e., the normalized standard deviation) of repeatedly measured sound intensities at the fixed points.
The calculated values of F1 are 0.1 at the center, 0.04 at the location of maximum SPL, and 0.03 at
the location of minimum SPL. The criterion is met with the values of F1 far less than 0.6 at all the
three positions in our test, which quantitively confirms that the sound field of our reference pump is
stationary in time. However, this result implies that the indicator F1 also can vary with the position.
Thus, to ensure whether the sound field is stationary enough in time, it would be also a good practice
to check the values of F1 at different positions or perform a repeatability test as shown in this section.
If either the indicator F1 or the repeatability test shows that the sound field of hydraulic pumps is
not stationary enough in time, the possible actions to take to mitigate the temporal variability can be
reducing the degree of cavitation or keeping the inlet temperature as constant as possible, which are
the common causes of the temporal variability of the hydraulic pump noise.

5. Conclusions

This paper discusses the experimental investigation of vibroacoustic fields and evaluation of
noise performance of hydraulic pumps. Both topics require a large number of measurement positions
in space, and the technique proposed in this paper uses only one intensity probe and a set of three
tri-axial accelerometers, which are roved under the steady-state condition. The results show that the
vibroacoustic remains stationary in time once the hydraulic steady-state is achieved.

For ODS and the corresponding radiated sound field, PSD and CSD with a shaft encoder signal
are used for evaluating magnitude and the relative phase. By properly mapping and interpolating
the magnitudes and phases at each point, the snapshots of vibroacoustic field taken over a cycle
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are visualized. Taking as reference the case of an external gear pump, some interesting observations
are made from the visualized fields as follows:

• As the frequency increases, the dominant pump body motion becomes the superposition of more
complicated motions in the following order: simple horizontal and vertical bending, torsion,
and the higher order bending. Similarly, the motion of the mounting plate and acoustic field have
larger spatial variations at the higher frequency.

• At low frequencies, noisy area exists independent of the direction where the pump bending
motion takes place. Furthermore, while the pump bending motions appear quite symmetric,
noise radiation pattern is asymmetric at the low frequency range. It concludes that the motion of
the pump does not predominantly dictate the sound field.

• The acoustic field and the motions of the mounting plate have several things in common at the
low frequencies. First, both of their distributions are in an asymmetric manner. Second, the rms
magnitudes of acoustic pressures are larger in the similar region in which the larger deflections
of the mounting plate occur. Third, the similar out-of-phase behaviors of the plate motion and
the acoustic pressure are observed in the similar regions of the plate and hemispherical acoustic
measurement surface.

To further investigate the contribution of the mounting plate on the resultant noise field,
the Rayleigh integral is performed only with the normal velocities of the mounting plate. The computed
sound fields show similar noisy area and similar behaviors over a cycle of the measured sound fields,
especially at low frequencies. This result highlights that the mounting plate plays a significant role
in noise radiation. Some supporting explanations regarding the observations and potentials of this
analysis are also discussed as well as the limitation of the current study.

Lastly, for the noise performance evaluation, SWL and SPL are compared. The results show
that the noise evaluation based on SPL at a single point can be misleading because noisy directivity
patterns can be different from pump to pump. Therefore, in general, it is more desirable to measure
SWL for the fair assessment of the noise performances of the hydraulic pumps. In addition, grid study
and repeatability test are discussed to have the reliable sound power determination. The grid study
results show that at least ten points are required to achieve the lowest grade of accuracy according to
ISO 9614-1. The further analysis is also performed to investigate the minimum number of grid points,
and the results highlight that, for the reference pump, even three points measurement can provide
the SWL within the reasonable uncertainty (around ±1.5 dB variations) whereas the single point
measurement exhibits the large range of SWL variation (from −10.2 dB to 6.4 dB). As a way to check
if the sound field of the pump is stationary in time, the example of repeatability test is introduced,
in which the negligible differences of SWLs, sound power spectra, and SPL distributions between
measurements are observed, and the ways to mitigate the temporal variability of the hydraulic pumps
are discussed.
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