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Abstract

Abrasive waterjet cutting is a manufacturing technology making use of a high-speed waterjet with abrasive particles in
suspension, for cutting materials with different mechanical properties. Product quality requirements are pushing towards an
improvement of tracking and stabilization methods of the relevant process variables. Amongst those, the jet kinetic power
defines the cutting capability and has a significant impact on the final cut features. This variable is subject to relevant fluc-
tuations versus time. Besides, the current state of the art does not provide means for its in-line monitoring. The aim of this
contribution is to monitor the airborne acoustic emission of an abrasive waterjet cutting head and investigate its correlation
with the jet kinetic power. The investigation is carried out by means of factorial studies, in which the jet is fired at various
water pressures and abrasive feed rates, providing different kinetic powers. The acoustic emission is synchronously monitored
by means of a condenser microphone, installed on the cutting head. Data at frequencies above 40 kHz is found to constitute a
robust and selective acoustic signature of the airborne jet. The acoustic signature is proven to be an effective in-line indicator
of the jet kinetic power and its pressure-induced variations, whilst abrasive-induced variations remain undetected. A calibra-
tion procedure is presented, for translating the acoustic data into a jet kinetic power. The method is validated by means of
further experiments that envisage its deployment in a real scenario. Overall, the presented method constitutes a robust tool
for monitoring pressure-induced variations of the jet cutting capability.
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Nomenclatures Q.  Water volumetric flow rate

p Water pressure P Kinetic power of the abrasive particles inside the

p Water density jet

m, Abrasive mass flow rate S; Jet cross-sectional area at the vena contracta

Vin Pure waterjet theoretical incompressible velocity d, Orifice nominal diameter

Ve  Pure waterjet theoretical compressible velocity Sy Orifice nominal cross-sectional area

v Pure waterjet real velocity T4 Abrasive loading ratio

v, Abrasive waterjet velocity

1174 Compressibility coefficient

o Contraction coefficient 1 Introduction

c, Velocity coefficient

Cq Discharge coefficient Abrasive waterjet cutting (AWJC) is acknowledged as a lead-
my, Water mass flow rate ing manufacturing technology in numerous high-end applica-

tions (e.g. aerospace, defense, automotive). AWIJC is charac-
terized by several interesting features including its relatively
low initial investment, no heat-affected zone on the workpiece,
no limitations in shape complexity, the absence of mechanical
Faculté Des Sciences, de La Technologie Et de La contact with physical tools making it very delicate on fragile
Com{nuni?‘fﬁon’ Université du Luxembourg, Avenue de and/or composite materials, narrow kerf (down to 0.3 mm),
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negligible burrs and good edge sharpness [1]. All these fea-
tures provide an edge with respect to alternative technologies.

P< Massimiliano Annoni
massimiliano.annoni @polimi.it

Dipartimento di Meccanica, Politecnico di Milano, Via
Privata Giuseppe La Masa 1, Milan 20156, Italy

@ Springer


http://orcid.org/0000-0002-5172-4282
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-022-10317-w&domain=pdf

2656 The International Journal of Advanced Manufacturing Technology (2022) 123:2655-2667

However, power-user segments require cutting-edge perfor-
mances from their manufacturing processes, in terms of stabil-
ity and product assurance, to tackle very stringent safety and
quality standards. Indeed, complying with such requirements
is a relevant challenge for AWJC, because of unstable process
conditions and limited monitoring and control capabilities of
current machines [2]. The present investigation lies in the field
of vibroacoustic process monitoring, as a means for extract-
ing relevant information that could benefit AWJC in these
instances.

The cutting head, i.e. the terminal component of an AWJC
system, is responsible for guiding the cutting jet towards the
workpiece and is shown in Fig. 1: water is fed and controlled
by means of an intensifier or direct drive pump with pres-
sure typically ranging between 300 and 400 MPa, although
pumps up to 600 MPa are available nowadays. The water
flows through the primary orifice and here pressure is con-
verted into kinetic energy, producing a high-speed (about
1000 m/s) waterjet. Downstream, the mixing chamber
receives a mixture of abrasive particles and air, at a rate
that typically ranges between 100 and 400 g/min (although
lower rates can be used in high-precision applications [3],
down to 3-5 g/min) and is controlled by various types of
feeders (belt-based, screw-based and others). The resulting
multiphase jet flows through the focusing tube, which is
responsible for transferring momentum from the water to the
particles. After leaving the focusing tube, the multiphase jet
gets airborne and subsequently impacts on the workpiece,
resulting in a material removal process [4].

In AWIJC, the Computer Numerical Control (CNC) soft-
ware is responsible for controlling several process variables,
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Fig.1 AWIJC head (PW1J: pure waterjet; AWJ: abrasive waterjet) [3]
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the most relevant being the water pressure (p), the abra-
sive feed rate (m,), the traverse speed (or feed rate) and
the standoff distance. The standoff distance is the distance
between the focusing tube’s tip and the workpiece; it is typi-
cally maintained between 1 and 2 mm, which constitutes
the optimal range for most of the applications. The traverse
speed, p and m, are selected according to CNC performance
models that are designed for maximising productivity; more
in detail, the traverse speed is generally pushed to the highest
value that complies with the target quality of the kerf walls
(basically the surface roughness and the kerf taper), whilst
the p and m, setpoints correspond to the maximum values
that can be delivered by the hardware.

The kinetic power P, is an important variable that defines
the cutting capability and has an impact on several process Key
Performance Indicators (KPIs) [5]. This variable becomes even
more critical in applications requiring top-notch accuracy and
absolute integrity of the cutting edge, e.g. no cracks on fragile
materials. The theoretical definition of P, corresponds to the
kinetic power of the abrasive particles, being the only phase
that contributes to the material removal process. The theo-
retical derivation of Py, is reported in Sect. 2 of the present
paper, as well as its correlation with p and m,, which are the
two process parameters that are used for its control. Machine
builders have delivered substantial efforts for stabilizing P,
in an attempt to improve productivity and the final product
quality. Indeed, further variables besides p and m, concur to
its fluctuation and drift versus time; these include the instan-
taneous fluid-dynamic conditions inside the mixing chamber,
which tend to fluctuate, the instantaneous feeding rate from
the abrasive line [6], which is affected by a relevant instability,
and the instantaneous focusing tube’s inner diameter, which
increases due to the wear phenomena occurring [7, 8], as it
accumulates operating hours. Disposing of an in-line P, indi-
cator available could enable the implementation of closed-loop
controls of p and m, specifically aimed at compensating said
fluctuations. Unfortunately, the monitoring infrastructure of
current AWJC machines cannot deliver this information. Such
deficiency has pushed the research towards the implementa-
tion of innovative monitoring techniques that can enrich the
available process dataset. The present investigation is intended
to demonstrate how the AWJC airborne acoustic emission can
be used for extracting a selective and robust acoustic signa-
ture of the waterjet, from which an in-line P, indicator can
be derived. The subsequent part of this section presents a lit-
erature survey about vibroacoustic process monitoring, with a
focus on AWIC applications.

1.1 Literature survey
The AWJC operational vibroacoustic emission has been the

object of several studies, aimed at extracting relevant pro-
cess information. The literature survey indicates that these
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methods can be categorized into two groups: a first, in which
the objective is to monitor process and workpiece variables,
including the final quality; a second, with a specific focus
on the diagnostics and condition monitoring of components.

The first category of methods relies on the extraction of
synthetic indicators from the monitored signals in various
domains (time, frequency, wavelet), which are proven to cor-
relate with the target variables. Several of these methods are
specifically intended to provide an indirect estimation of the
workpiece quality, i.e. the surface roughness and/or the cutting
depth, starting from the in-line vibroacoustic data monitored
at various positions, either on the machine or the workpiece
itself. In [9], the authors analysed the acoustic emission dur-
ing AWIC of AISI 1018 carbon steel, with the aim of moni-
toring the instantaneous cutting depth. Measurements were
carried out by means of two acoustic sensors attached on
the workpiece, in the proximity of the cutting area, and the
signals’ root mean square (RMS) linear correlation with the
cutting depth was subsequently proven. In [10] the authors
used four accelerometers for measuring an AISI 309 stainless
steel workpiece vibration, during AWJC operations at various
m,, finding a correlation between the workpiece quality and
certain spectral amplitudes. In [11], the authors measured the
operational acoustic emission during AWJC operations and
in the proximity of the cutting head; subsequently, the sig-
nals’ correlation with the transverse speed was proven, thus
enabling the implementation of a system for closed-loop con-
trol and supervision over the workpiece quality. In [12], the
authors carried out AWJC experiments on aluminium 5251
panels, at different traverse speeds, and assessed the impact
of this parameter on the surface quality, by means of off-line
measurements; synchronously, the acoustic emission origi-
nated from the workpiece was measured at very high frequen-
cies (up to 1 MHz) and recorded. Subsequently, the signals
were analysed in the frequency domain, finding a correlation
with the surface quality. The AW drilling of Inconel 718 and
AISI 1040 steel was the object of experimental investigation
in [13]; here the authors successfully proposed the operational
acoustic emission as a tool for monitoring the penetration
depth, as well as characterizing the type of worked mate-
rial. The same method was also proven effective in identify-
ing non-compliant worked pieces, by means of comparison
against benchmark acoustic data. In [14], the cutting head’s
vibration was measured by means of an accelerometer, dur-
ing cutting experiments on a titanium-alloy workpiece carried
out at various p, m,, standoff distances and traverse speeds.
At the same time, the slot depth was measured by means of
an optical microscope. In a first step, the optical measures
allowed to correlate the kerf characteristics with said process
parameters; subsequently, a correlation between the slot depth
and the measured vibration amplitude was proven.

Other contributions are more focused on the extraction of
indicators of process variables (e.g. p, m,, the traverse speed,

the standoff distance) that could provide the ground for new
control strategies aimed at improving process control and
stability: in [15], AWJC experiments were carried out on
aluminium alloy sheets using various standoff distances
and maintaining the other process parameters constant. The
operational acoustic emission was monitored by means of a
microphone; the signal processing consisted in the computa-
tion of two indices, namely the RMS and a power spectrum
integral, both of which were proven to be linearly propor-
tional to the standoff distance, for limited thicknesses of the
workpiece. In [16], an analogous experimental setup to the
one of [10] was used for demonstrating the correlations of
the workpiece vibration with m,, the transverse speed and
the focusing tube’s inner diameter. In [17], the authors car-
ried out an experimental investigation, in which Compos-
ite Fiber-Reinforced Panel (CFRP) materials were cut by
means of AWJC and the acoustic emission monitored by
means of two sensors, of which one installed on the cutting
head and the other on the workpiece. In the conclusions, the
authors observed a correlation between the transverse speed
(hence the surface roughness) and the signals’ amplitudes.
In [18], AWJC experiments on CFRP, titanium and CFRP-
titanium stacks were carried out, with the aim of correlating
the vibroacoustic emission with p and the traverse speed.
This investigation was successful in identifying frequency
ranges with a detectable sensitivity to the target variables;
amongst further conclusions, the authors mentioned the pos-
sibility of exploiting this method in innovative strategies
for process control and troubleshooting. In [19], AWIC of
titanium-CFRP stacks was carried out at various p and m,,
whilst the operational acoustic emission was monitored and
processed by means of a wavelet decomposition method.
Amongst the conclusions, the time-localized feature of the
wavelet filters was proven to be effective in extracting rel-
evant process information from the signals.

Further investigations specifically tackle the correlation
of operational vibroacoustic emission with energy perfor-
mance indicators of the AWJC process. Herein, the target
KPIs mostly consist in the jet input energy and its active
fraction, i.e. the amount that provides an effective contribu-
tion to the cutting process (hence correlates with the cutting
depth). In [20] a first attempt in the direction is presented,
in which a monitoring setup consisting of two acoustic sen-
sors at different locations was successfully exploited for
monitoring the active energy, as well as delivering a pen-
etration depth estimator and further troubleshooting data.
An analogous study is reported in [21]: here a similar setup
was used for measuring the active energy and the informa-
tion exploited in a subsequent step, for feeding innovative
closed-control loops of p and m,.

The AWIJC operational vibroacoustic emission has been
exploited as a source of relevant information for process diag-
nostics and condition monitoring, as well. In [6], the authors
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assert that information can be extracted from the monitored
signals, which is related with the health status of the primary
orifice and the focusing tube. The prior-art shows a vari-
ety of methods relying on AWJC operational vibroacoustic
emission and dealing with the monitoring of wear progres-
sion. The investigations reported in [22, 23] and [24] were
specifically intended to correlate the focusing tube’s wear
status with the AWJC operational acoustic emission. Herein,
experimental campaigns were carried out by using focusing
tubes with different inner diameters and measuring the opera-
tional acoustic emission, which was subsequently analysed
in the frequency domain. In the conclusions of the studies,
a frequency range was identified at about 20 kHz, in which
the power spectral amplitudes were proven to be sensitive to
the focusing tube’s inner diameter. In [25] a further experi-
mental study that deals with the monitoring of the focusing
tube’s wear status and makes use of a setup analogous to the
one used in [16] is presented, consisting of four accelerom-
eters attached to the workpiece. Vibration signals were gath-
ered during AWJC operations and analysed in the frequency
domain. In the conclusions, the authors identified character-
istic spectral peaks and demonstrated their sensitivities to
both the focusing tube’s inner diameter and m,. In [26], the
structure-borne acoustic emission of an AWJC nozzle was
measured at various operating hours and by means of a con-
tact sensor installed on its outer surface, finding a correlation
between the signal’s RMS and the wear progression, as well
as the integrity status. In [7], the AWJC operational vibration
was monitored by means of one accelerometer installed at the
focusing tube’s tip and the signal exploited for tracking the
focusing tube’s first resonant frequency, the latter proven to
constitute an effective wear status indicator.

1.2 Research gap and motivation of the present
work

The outlined literature survey seems to confirm the effective-
ness of vibroacoustic monitoring as a means for extracting
relevant process information that could help in tackling the
current AWJC limits and issues. In [5] one further setup is
discussed, which appears particularly relevant to the aim of
the present dissertation: here the authors made use of a spe-
cial focusing tube, hosting two accelerometers on its tip; an
experimental study was conducted, in which the jet was fired at
various p and m,. The operational vibration was monitored by
means of the two accelerometers, and subsequently analysed
in the frequency domain. A hypothesis was made, in which
one particle impact in the focusing tube’s inner bore triggers
a single vibration response that is quantitatively proportional
to the particle’s kinetic energy and the overall vibration is the
sum of the single responses per unit of time. The hypothesis
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was confirmed by the correlation of the high-frequency vibra-
tion amplitude with Py, notably above 10 kHz; a much lower
correlation was found at lower frequencies. The discriminant
factor amongst the two frequency ranges was identified in the
types of vibration modes involved: whilst the high-frequency
range only includes local modes of the focusing tube, the
low-frequency range appears affected by global modes of the
AWIC system, which do not bring relevant information for the
purpose of P, monitoring. Indeed, the method detailed in [5]
was proven effective in delivering a reliable P, in-line indica-
tor. However, the method relies on the deployment of sensing
hardware at the very tip of the focusing tube, which consti-
tutes a critical location, given its proximity to the jet impinging
point. On the other hand, a method based on a sensors’ deploy-
ment further away from the jet could represent a more robust
and user-friendly setup from the end-user perspective, hence
providing greater potential for market success.

In the present investigation, the authors intend to monitor
P by means of the airborne acoustic emission, measured
with a condenser microphone installed on the cutting head.
Factorial studies are presented, in which p and m, are varied
amongst different set points and the acoustic emission moni-
tored and processed in the frequency domain. The monitoring
setup appears much simpler compared to [5] as it does not
require the installation of contact sensors, as well as more
robust, being the microphone located further away from the
jet impinging point. Conclusions of this study are partially
coherent with [5] as a robust correlation between P, and
the measured acoustic emission is found, above 40 kHz.
Such high-frequency data is proven to constitute a robust
and selective acoustic signature of the airborne jet, relatively
unaffected by input disturbances and with good measurement
reproducibility. Overall, the presented method appears effec-
tive in monitoring p-induced variations of P, whilst the
impact of m, remains undetected. The method is expected to
represent a valuable tool for supporting innovative closed-
loop controls of the water pump, which could help in tackling
the end-user requirements for improved process stability.

The present contribution is structured as follows: in Sect. 2,
the theoretical definition of P, is presented; in Sect. 3, the
materials and methods are introduced; in Sect. 4, results are
presented and discussed; and conclusions are drawn in Sect. 5.

2 Theoretical definition of the jet kinetic
power

The jet kinetic power Py, can be derived from the typical
relationships existing amongst the AWJC variables, which are
taken from [4]. The Bernoulli equation (Eq. 1) provides the
theoretical waterjet velocity vy, from the pressure conversion
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into kinetic energy taking place through the primary orifice,
assuming no energy losses occur in the process and water
incompressibility. The water compressibility plays a signifi-
cant role at the very high pressures of AWJC applications; the
theoretical compressible velocity vy, . is expressed in Eq. 2,
which is derived from Eq. 1 and takes the water compress-
ibility into consideration by introducing the two constants C
and L; a coefficient y can be introduced for capturing the
water compressibility, being defined as the ratio between vy, .
and v,,. A further coefficient ¢, accounts for the energy losses
occurring through the primary orifice. The real jet velocity
v; can be expressed starting from vy, and by means of the two
coefficients y and ¢, (Eq. 3). In Eq. 4, the water volumetric
flow rate Q,, is expressed as the product of v; and the jet cross-
sectional area at the vena contracta Sj; the contraction coeffi-
cient ¢, is the ratio between S; and the nominal cross-sectional
area of the primary orifice S,; the discharge coefficient c is
defined as the product of the three coefficients c,, ¢, and .
Assuming that the coefficient c, for a certain primary orifice
is known, the water mass flow rate m,, can be expressed as
the product of ¢, S,, vy, and the water mass density p (Eq. 5).
The abrasive loading ratio r, is defined in Eq. 6 as the ratio
between m, and m,,. Equation 7 expresses the abrasive veloc-
ity v, at the focusing tube’s exit, using a momentum balance
between m,, m, and the mixed jet. Equation 8 shows the
expression of P, which considers the abrasive as the only
phase of the mixed jet that contributes to the material removal
process, in AWJC.

2,
=12 (1)
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2L P 1-C
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Vj = vath,c =CGWYWVy (3)
Qw = Sjvj = CcSnvj = CcSnCvWVlh = CdSnvth (4)
my, = pQw = pcdSnVlh (5)
m,
ra= ©
Vi
T T, @
P = imy?
part — Emava (8)

3 Materials and methods
3.1 Equipment

The AWIJC apparatus used in the present investigation is an
Intermac Primus 322 Metal, installed at the Department of
Mechanical Engineering of Politecnico di Milano (Italy). Its
technical details are reported in Table 1. The cutting head is
shown in Fig. 2. The experimental campaign has been carried
out by using 75-mm focusing tubes (Ceratizit Premium Line
design) and a Barton Garnet, mesh #80 abrasive.

Equations 1 through 8 can be applied to the present instal-
lation. The result can be appreciated in Figs. 3 and 4, which
show the P, theoretical trends versus p and m,, respec-
tively (step increases of 1 MPa and 1 g/min were used in the
numerical computations). Both trends can be approximated
as linear within the considered operational ranges.

The AWIJC airborne acoustic emission has been measured by
means of a PCB 130D20 condenser microphone, whose techni-
cal details are reported in Table 2. The microphone is shown
in Fig. 5: it is installed on the cutting head and at a safe dis-
tance from the jet impinging point, to avoid possible damages
from the backscattering of water and abrasive, thus providing
adequate robustness to the setup. The microphone delivers a flat
response up to 15 kHz; the sensitivity declines at higher frequen-
cies, preventing its usage in the ultrasonic range (> 20 kHz) for
quantitative measurements. Yet, the present application does not
require a quantitative assessment of acoustic pressure, but only
its qualitative correlation to a target variable; hence, the follow-
ing processing methods have been applied up to higher frequen-
cies, with respect to the microphone’s flat response range.

The acquisition module is a National Instruments PXI includ-
ing six Sound and Vibration modules PXIe-4492, with eight
channels each and a maximum sampling frequency of 102.4 kHz.

Table 1 Technical specification Intermac Primus 322 Metal

Pressure intensifier ~ Power 37 kW
Max p 380 MPa
Max m,, 3.5 I/min
Handling system 5-axis cutting head
Longitudinal stroke 3210 mm
Transversal stroke 2000 mm
Vertical stroke 200 mm
Cutting head Primary orifice d, 0.33 mm
Focusing tubes Inner @ 1.02 mm
Outer @ 7.14 mm
Length 75.0 mm or 101.0 mm
Mass 603 ¢g
Material Tungsten carbide
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Fig.2 Cutting head

3.2 Factorial tests

A first set of experimental tests has been intended to investi-
gate the correlation of the airborne acoustic emission meas-
ured by the microphone with P,,... To the scope, four facto-
rial test designs have been developed; these are reported in
Table 3 and consist of two p set points (330 MPa, 380 MPa)
and two m, set points (300 g/min, 350 g/min). In the first
test (Test 1), p has been maintained constant at 330 MPa
and m, varied according to a randomized sequence, with ten
replicates at 300 g/min and ten replicates at 350 g/min. The
second test (Test 2) is analogous to the first one, but here p
is maintained constant at 380 MPa. In the third test (Test 3),
m, has been maintained constant at 300 g/min and p varied
according to a randomized sequence, with ten replicates at
330 MPa and ten replicates at 380 MPa. The fourth test (Test
4) is analogous to the third one, but here m, is maintained
constant at 350 g/min. A total number of 80 tests has been
carried out. In fact, this experimental campaign can be seen

Theoretical Ppa VS P
= 300 g / min
1.9 s 350 g / min
18+
p=1000 kg / m®
[kW]H L =300 .
C=0.1368
1 =0.1368
151
c =1
v
14| Gp=1

330 340 [MPa] 370 380
Fig.3 Theoretical Py, Vs p
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Fig.4 Theoretical P, vs m,

as a full-factorial plan with two factors (p and m,) varying
on two levels (330 MPa and 380 MPa for p and 300 g/min
and 350 g/min for m,), where the experiments’ randomiza-
tion has been blocked. The studied variations of p and m,
are kept relatively small as the purpose of this paper is to
show the sensitivity of the proposed approach to parameters’
variations that could depend on typical drifts happening as a
consequence of components’ wear or malfunctioning.

From a practical standpoint and as it will be pointed out in
Sect. 4, these factorial tests can be envisaged as calibration
procedures of a simple model translating the acoustic data
into a P, estimation.

parf

3.3 Validation tests

Further tests have been included into the experimental plan,
to validate the method. Each validation test included ten repli-
cates, in which the jet has been repeatedly fired at a constant m,
and according to a randomized sequence of p set points, com-
prised within the 330-380-MPa range. The airborne acoustic
emission has been acquired and processed by means of the
calibration factors obtained from the previous tests. Subse-
quently, the values of P, foreseen by the empirical model
have been compared with the correspondent theoretical ones.

Table 2 Technical specification PCB 130D20

Model PCB 130D20 — ICP array
microphone

Nominal diameter 1/4"

Frequency response (—2 to+5 dB)  20- to 15,000-Hz free-field

Sensitivity (at 1 kHz) 45 mV/Pa
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Fig.5 Experimental setup and
detail of the near-field micro-
phone

Overall, the usage of randomized sequences during each
test has been expected to compensate the impacts of drifts and
interfering factors on the acoustic emission.

3.4 Methods

At each replicate, the jet has been fired for 5 s using the corre-
spondent p and m, set points, without workpiece and the head
maintained in a steady position. In general, the head position
has been maintained fixed throughout each test. After each
test, the AWJC machine has been turned off; hence, each test
has required the machine start-up and a reset of the handling
system, resulting in different head positions amongst different
tests. This procedure is useful to assess the method reproduc-
ibility in a real-case scenario.

At each replicate, the microphone’s signal has been acquired
using the following parameters: sampling frequency 102.4 kHz,
sampling period 5 s, trigger level 0.1 V and pre-trigger 0.1 s. The
waterjet cutting head has been switched on at every test making
sure that the abrasive was already present in the hose, which
makes transients negligible.

The signal processing has included a Welch’s estimate of its
power spectrum [27] using the following parameters, unless
stated otherwise: segments of 0.01 s, hamming window and no
overlap between adjacent segments. A further processing step
consists in the computation of the power spectrum integral on
a pre-defined frequency range.

Table 3 Factorial tests

P (MPa) m, (g/

min)
Test1 330 300 350
Test2 380 300 350

Test3 330 380 300
Test4 330 380 350

e — !
' ! n:‘y
! ]

4. Near-field microphonef

4

- ‘

The following notes of guidance throughout the results
should be considered: the shown signals have not been scaled
by the microphone sensitivity reported in Table 2.; hence their
physical quantity is volt (V). Indeed, the aim of this investiga-
tion is not a quantitative assessment of the acoustic pressure,
but only its qualitative correlation to a target variable. In the
frequency domain, the power spectra have been expressed
either in mV or decibel (dB). In the latter case, a dB refer-
ence of 2e —5 V has been used. It follows that the units of the
power spectrum integrals are mV-Hz.

4 Results

Before dealing with the present results, it is useful to look at
conclusions from [5]: here, high-frequency data (above 10 and
up to 50 kHz) was found to correlate with P,,; in particu-
lar, linear relations were found between the power spectra’s
integrals in such range and both p and m,. Hence, analogous
results are expected in the present investigation, given the
physical relation existing between the structural vibration and
the airborne acoustic emission, with the benefit of a more
user-friendly monitoring setup that does not rely on contact
Sensors.

The top plot of Fig. 6 shows the near-field microphone’s
signal during a 5-s jet firing, in the time domain. The 0.1-s
pre-trigger is evident, in the initial portion. The bottom plot
of Fig. 6 shows the spectrogram of the time signal, which has
been computed by using segments of 0.1 s, hamming win-
dow and no overlap between adjacent segments. The signal
appears reasonably steady, except for a brief transient period
of about 0.5 s immediately following the jet firing, in which
contributions at low frequency (<5 kHz) tend to rapidly dis-
appear. Hence, the Welch’s method can be licitly exploited for
esteeming the signal’s power spectrum, given its steadiness
during the firing period.
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Fig.6 Microphone’s signal during jet firing

4.1 Background noise characterization

A comparison of signals gathered before and during the jet
firing is important, to characterize the background noise and
identify the eventual presence of further acoustic sources,
besides the jet itself. To the scope, the signal of Fig. 6 has been
divided into two parts: the first chunk of 0.1 s, in which the
jet is not fired yet, and the remaining chunk of 4.9 s, in which
the jet is fired throughout the entire period. In a subsequent
step, the Welch’s estimates of the two chunks have been com-
puted, by using segments of 0.1 s, hamming window and no
overlap between adjacent segments. The results are shown in
Fig. 7: here the black and red curves correspond to the jet off
and on, respectively. According to these results, the waterjet
appears to dominate the overall measurement, with respect

Welch's estimatqs - jet off and on

Jet off
79+ Jet on |
J WO, aa g™,
JMMW\V' v \/\"\v’\\M
12 ™
[dB]H 3
-493 | m
dBref =2e-5V
Window length = 0.1 s
-68.4 - Hamming window
No overlap
5.1 15.4 [kHz] 35.8 46.1

Fig.7 Welch’s estimates of the power spectra with jet off and on
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to other background sources (notably the pump, which is on
throughout the entire acquisition period), especially at high fre-
quency. Hence, the microphone’s data can be licitly taken as a
jet acoustic signature, relatively unaffected by further acoustic
sources besides the jet itself. The acoustic signature is expected
to characterize the jet robustly and selectively, by carrying a set

of in-line information, possibly including P, .

4.2 Factorial tests

Hereafter, the results of the factorial tests are presented, which
are intended to assess the correlation of the acoustic measure-
ments with P, and extract calibration parameters that put
the two quantities into relation. As the factorial tests provide
measurements at different p and m, set points, it is possible to
investigate the separate effects of these two variables on the
experimental data.

Firstly, the effect of m, is addressed. To the scope, Test 1
includes ten replicates with m, set at 300 g/min and other ten
at 350 g/min, whilst p is maintained constant at 330 MPa. The
Welch’s estimates of the signals are shown in Fig. 8: here the light
curves correspond to the single replicates; the dark curves cor-
respond to the arithmetic averages, computed from the ten repli-
cates at the correspondent m, set point. Analogously, results for
Test 2, in which p is maintained constant at 380 MPa, are shown
in Fig. 9. These results indicate that 7, does not have a substantial
impact on the acoustic data, neither at low nor high frequency.

Secondly, the effect of p is addressed. Figure 10 compares
the curves from Test 3, in which m, is maintained constant
at 300 g/min and p varied between 330 and 380 MPa; an
analogous comparison for Test 4, in which m, is maintained
constant at 350 g/min, is shown in Fig. 11. Contrarily to m,,

ngch's estimates -Test1

——300 g/ min
——350 g/ min |

12.3 -

4.2

[dB]

122} p=330MPa

dBref =2e-5V
Window length = 0.01 s

-20.3 - Hamming window
No overlap
5.1 15.4 [kHz ] 35.8 46.1

Fig.8 Test 1. Light curves: single acquisitions. Dark curves: arithme-
tic averages
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) W_elch's estin_'nates -Test2
——300 g/ min
123+ ——350 g/ min |
4.2

[dB]

-12.2

p = 380 MPa

dBref=2e-5V
Window length = 0.01 s
Hamming window

No overlap

-20.3 -

5.1 15.4 [kHz] 35.8 46.1

Fig.9 Test 2. Light curves: single acquisitions. Dark curves: arithme-
tic averages

p has a detectable impact on the acoustic data, at high fre-
quency: indeed, a clear separation amongst the two sets of
curves appears in both tests, above 20 kHz. The separation
does not occur, or at least is not as much evident, at lower
frequencies.

Figure 12 shows the power spectrum integrals computed
for the curves of Fig. 10, using the 10 Hz—10 kHz frequency
range. Figure 13 shows analogous integrals for the curves of
Fig. 11. In Figs. 12 and 13, the dots correspond to the single
replicates, and the continuous lines are the mean values,
each computed from the ten replicates at the correspondent
set point. The areas correspond to the intervals of + 1 stand-
ard deviation across the correspondent mean values. As it

Welch's estimates -Test3

12.3 -

—330 MPa
——380 MPa |

4.2

[dB]

-12.2

ma=3009/min

dBref=2e-5V
Window length = 0.01 s
Hamming window

No overlap

-20.3 -

5.1 15.4 [kHz] 35.8 46.1

Fig. 10 Test 3. Light curves: single acquisitions. Dark curves: arith-
metic averages

Welch's estimates -Test4
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12.3 ——380 MPa |-
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ma=3509/min

dBref=2e-5V
Window length = 0.01 s
Hamming window

No overlap

-20.3 -

5.1 15.4 [kHz] 35.8 46.1

Fig. 11 Test 4. Light curves: single acquisitions. Dark curves: arith-
metic averages

can be appreciated, there is no correlation between p and the
acoustic data, in this frequency range.

On the other hand, Fig. 14 shows the power spectrum inte-
grals computed for the curves of Fig. 10, using the 40-50-kHz
frequency range. Figure 15 shows the analogous integrals for
the curves of Fig. 11. This time a detectable separation amongst
the two sets occurs, confirming a correlation between p and the
acoustic measurements, at higher frequency.

One interesting comparison can be drawn amongst measure-
ments from different tests, to assess the measurement repro-
ducibility. On this regard, Figure 16 presents data gathered
during various tests, at the p=330-MPa set point (for the sake
of clarity, only the averaged curves are shown). The total data-
set includes tests at the two different m, set points. However,

Integlfale power spectra - Test3

T

* 330 MPa
mean 330 MPa | |
std 330 MPa

* 380 MPa

-mean 380 MPa

std 380 MPa

797

6.2+ = - 2 =

[mV-Hz] - ]
ma=3009/min

f =10Hz
n

mi

f___=10000 Hz
1.1 max

12345678 910

[ n. acquisition ]

Fig. 12 Power spectrum integrals from Test 3. Frequency range=10 Hz

to 10 kHz
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Integr_als_ power spectra - Test4
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1234567 8 910 [ n. acquisition ]

Fig. 13 Power spectrum integrals from Test 4. Frequency range=10 Hz
to 10 kHz

this variable has already been proven to not have a substantial
impact on the acoustic emission. Besides, the effect of further
interfering factors occurring amongst different tests should be
considered in the total measurement variability, as it has already
been pointed out in Sect. 3.4. Figure 17 shows an analogous
comparison for data gathered at the p=380-MPa set point. In
both cases, the spread amongst curves from different tests tends
to reduce at high frequencies; above 40 kHz, it does not exceed
2 dB, indicating a good measurement reproducibility in such
range.

As a note to the reader, it should be considered that con-
tributions in such high-frequency range could be attenuated
by the anti-aliasing filter of the acquisition module. How-
ever, the filter does not prevent the detection of p-induced
effects on the same range, as proven in Figs. 10 and 11.

Integ(als_ power spectra - Test3

. e 330 MPa
o mean 330 MPa | |
std 330 MPa

- i + 380 MPa
0 mean 380 MPa

0.8+ o std 380 MPa

[mV-Hz] - 1

- - m_ =300g/min
05+ ¢ : 1

f n= 40000 Hz

mi

- f. o = 50000 Hz

m;

1234567 8 910 [ n. acquisition ]

Fig. 14 Power spectrum integrals from Test 3. Frequency range =40 to

50 kHz
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Fig. 15 Power spectrum integrals from Test 4. Frequency range =40
to 50 kHz

Hence, the previous considerations on the measurement
reproducibility are expected to remain valid, despite the fil-
ter’s impact has not been characterized.

The good measurement reproducibility above 40 kHz is the
discriminant factor for having chosen such value as the lower
limit in the high-frequency analysis. The upper limit of 50 kHz
is imposed by the Nyquist frequency (51.2 kHz), which comes
from the adopted sampling frequency (102.4 kHz). Conse-
quently, the low-frequency analysis has adopted a range from
10 Hz to 10 kHz, which disregards static contributions and
provides an almost identical bandwidth.

Based on the results so far, a few conclusions can be drawn
regarding the airborne acoustic emission: (1) data in the 40-50-
kHz range corresponds to a robust and selective jet acoustic

Welchfs estimates - Reprodqcibility

——Test 1
12.3; ——Test 3
Test 4

4.2
[dB]

122 p =330 MPa

dBref =2e-5V

Window length = 0.01 s
-20.3 - Hamming window

No overlap

[kHz] 35.8 46.1

51 154

Fig. 16 Measurement reproducibility between different tests (only aver-
aged curves) at p=330 MPa
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Welch's estimates - Reproducibility
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Fig. 17 Measurement reproducibility between different tests (only aver-
aged curves) at p=380 MPa

signature; (2) the acoustic signature appears not affected by
background noise, input disturbances and interfering factors;
and (3) the acoustic signature shows a detectable sensitivity to
the p set point, whilst the m, variations remain undetected. In
conclusion, the acoustic signature seems capable of delivering
arobust indicator of P, and its p-induced variations, also pro-
viding a good measurement reproducibility amongst different
test conditions.

4.3 Calibration procedure

Measurements from the factorial tests have been exploited for
extracting factors that translate acoustic data into an estimated
value of P, .. To the scope, it is useful to look at the theoreti-
cal trends of Figs. 3 and 4: as already pointed out, these can
be assumed as linear in the operational ranges of this inves-
tigation. Hence, the transduction of acoustic data into a P,
index can be hypothesized in the form of Eq. 9, in which ¢,
and ¢, are the two calibration factors and / is the experimental
value, corresponding to the power spectrum integral in the
40-50-kHz range. The hypothesis assumes a linear correla-
tion between P, and /; this assumption will be the object of
validation in the following subsection.

Ppart = Cl] + (<) (9)

One calibration can be done, by using data from Test 3: as
the aim is computing the two unknown factors ¢; and c,, two
equations can be set by using the mean values of Fig. 14 as the
I'experimental values, and the correspondent P, theoretical
values. The result is presented in Fig. 18, which shows the fit-
ting of the experimental values (red dots) against the theoreti-
cal trend (green line), after introducing the calibration factors.

The calibration factors are reported, as well. One analogous
calibration can also be done by using data from Test 4 at
higher m,, and the result is presented in Fig. 19. The calibra-
tion factors from the two tests are different; this is expected to
be the direct consequence of the acoustic signature’s unsensi-
tivity to m,. Hence, different calibration factors are required
to fit the experimental values against the theoretical trends,
where P, is influenced by m, too (Eq. 8).

4.4 Validation tests

Figure 18 also shows results for a validation test, in which ten
replicates are carried out with m, set at 300 g/min and p ran-
domly varied amongst ten set points linearly spaced within the
330-380-MPa range; the black dots correspond to the experi-
mentally foreseen P, values, which have been computed
by using the calibration factors from Test 3. An analogous
validation test has been carried out with m, set at 350 g/min
and the correspondent results are shown in Fig. 19; here the
experimentally foreseen P, values have been computed by
using the calibration factors from Test 4. The foreseen P,
values fit quite well the theoretical trends, in both cases.

An error can be computed, between each experimentally
foreseen P, value and the correspondent theoretical value.
The mean error and the standard deviation of the foreseen
P, values with respect to the theoretical trends can be sub-
sequently assessed, for both the validation tests. This statisti-
cal information is also reported in Figs. 18 and 19: the maxi-
mum mean error appears very limited, with respect to the
nominal P, indicating a relatively low bias. The standard
deviation of the method can be taken as the highest of the
two values shown in Figs. 18 and 19 (0.016 kW) and corre-
sponds to a 68.3% confidence interval (coverage factor equal

Experimental Ppa "t index

. | @ Calibration points |
1.9 m_ =300g / min ¢ Validation points ||
Theoretical trend
1.785 - PJ=c1-I+c2
c,= 564.8 kW/mV-Hz
[le, Cz=1.1 kW
x A
S
1.535 X
X i =0.024 kW
‘ error
X =0.014 kW
141 M Terror = ™
330 343 355 368 380 [MPa]

Fig. 18 Validation test at m, =300 g/min
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Fig. 19 Validation test at m, =350 g/min

to 1). In other words, a fluctuation of the experimentally
foreseen P, value equal to 0.016 kW can be associated to
an actual variation of P, ., with a confidence level of 68.2%.
By setting the target confidence level, it is possible to obtain
the method’s resolution, accordingly (Fig. 20).

The method presented in this paper enables an effective
monitoring, tracking and control of the abrasive waterjet
cutting capability. It is worth to remind that the present
investigation has been carried out with the head steady and
without cutting operations, as the head movement and the
jet impingement on the workpiece were found to negatively
affect the method’s performance. Hence, a new operational
stage can be envisaged, in which the waterjet is fired with
the head steady and before attacking the workpiece; once the
P, index has been delivered, p can be retro controlled, if
required. Subsequently, the machining operation can start.

Ppart [kW] L o p is set at the pump 1

& ¢ | is calculated from signals

Al |
+20 e P___is calculated from
”;’ [ the linear model

| |
-lor T a eif P__ (") is outside of the |
20 - part .

30 - confidence interval
we . we conclude that a p
- b Poar () fluctuation has occurred
Ap
p [MPa]

Fig.20 Method’s resolution
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5 Conclusions

An experimental investigation has been carried out, address-
ing the correlation of the airborne acoustic emission of an
abrasive waterjet cutting system with the jet kinetic power.
Data above 40 kHz were found to constitute a robust and
selective acoustic signature of the airborne jet, proven to
be relatively unaffected by input disturbances and interfer-
ing factors, as well as relatively reproducible under differ-
ent test conditions. The acoustic signature was found to
be correlated with the jet kinetic power and its variations
induced by the feeding water pressure, whilst variations
induced by the abrasive feed rete remained undetected. A
calibration procedure has been outlined, for computing fac-
tors that translate acoustic data into an in-line indicator of
the jet kinetic power. Validation tests have been carried out
by using theoretical definitions as benchmark, for compari-
son against the experimental indices. The proposed method
appears effective in delivering a robust and accurate in-line
indicator of the jet kinetic power and its pressure-induced
variations. The method relies on a single microphone and
appears more user-friendly with respect to prior-art setups
that require contact sensors. The information delivered is
expected to provide the ground for further investigations
aimed at implementing innovative control strategies, particu-
larly of the water pump, for improving the process stability.
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