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Abstract

Pipeline systems are used for the transportation of
fluids in a wide range of engineering applications such
as water distribution, oil pipelines and marine vessels.
Noise from pumps and compressors can propagate
efficiently through such systems, often resulting in
sound being radiated far from the original source. Ex-
isting passive treatments are widely used in industry
to minimise the effect this has on radiated noise, but
the effective frequency range is limited by mass and
size constraints. In contrast, active control systems,
that use a secondary source to cancel the sound or
vibration from a primary source, generally exhibit
high performance at low frequencies. The inclusion
of a secondary actuator can, however, adversely af-
fect the fluid flow in the system or require complex
modifications to the pipeline. This paper proposes
a potential solution where the secondary actuator is
integrated into an orifice plate, which are commonly
used to reduce pressure or restrict flow in pipeline
systems. The actuated orifice plate is used in an
optimal feedforward control system to minimise the
downstream broadband sound pressure. This work
serves as a proof of concept that such an active orifice
plate has the potential for controlling fluid-borne noise
in pipeline systems.

Keywords: active control, pipeline, fluid-borne noise,
orifice plate

1. Introduction

Pipeline systems are used for the transportation and
distribution of fluids with widespread industrial ap-
plications, including marine vessels, oil pipelines and
water distribution. Many of the components used
in pipeline systems, such as pumps and compressors,
generate significant levels of noise that cannot be eas-
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ily attenuated without compromising performance.
At low frequencies relative to the cross-sectional di-
mensions of a pipe, sound propagates in plane waves,
meaning that propagation occurs entirely in one di-
mension and geometrical spreading does not occur.
This results in very little attenuation due to the dis-
tance the wave has travelled from the sound source.
Therefore, sound can efficiently propagate over large
distances in pipeline systems and can then be radiated
from the end of the system or via structural interaction
at some position downstream from the sound source.
The radiation of noise is often undesirable, since it
can result in annoyance, discomfort and disruption for
both humans and local wildlife. It is therefore of sig-
nificant interest to develop methods for the reduction
of sound transmission through pipeline systems.

Traditionally, passive methods for the reduction of
pipeline noise are employed, such as the use of pulsa-
tion dampers [1], which can be used to reduce the level
of sound transmitted from a periodic source such as
a pump or compressor. This is achieved by coupling
the fluid flow with a flexible membrane, bellow or pis-
ton which deforms to absorb the pressure fluctuations.
The drawback of this approach is that it impedes the
flow through the pipe and results in a loss of static
pressure. Another strategy, which has no impact on
the flow in the pipe, is to use viscoelastic damping
treatment to attenuate structural vibration, since pipe
vibration and fluid-borne sound are closely coupled [2].
However, this approach is only effective over a limited
frequency range and often adds significant mass and
volume to the structure and may be completely inef-
fective when the sound is transmitted via the fluid in
the pipe and then radiated from the pipe termination.
Active control offers an alternative approach to control-
ling sound in pipelines, where a secondary acoustic
source is used to produce sound that destructively
interferes with the unwanted sound, resulting in sig-
nificant attenuation. This concept has been applied
to fluid-borne pipeline noise by Kojima et al. [3], who
used a servo-actuated piston installed in a side-branch
of the main pipe as a secondary actuator. The feed-
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forward control system they implemented achieved
significant attenuation of tonal disturbances, but the
actuator affects the flow within the pipeline system
which may not be desirable. Later work [4] imple-
mented a fluid-wave actuator that excited sound waves
within the fluid inside a perspex pipe by applying a
constrictive force to the pipe itself, thus achieving
control without impeding the flow within the pipe.
One drawback of this approach, as well as later ap-
proaches applied to stiffer, steel pipe sections [1], is
that there exists a trade-off between controlling the
fluid-borne sound and enhancing the structural vi-
bration. The vibrations in the structure could then
radiate both into the fluid inside the pipe, and also
into the external environment, potentially creating
a new problem. In an attempt to address this, a
multi-channel control strategy has been implemented
that accounts for both the internal fluid-borne sound
and the externally radiated sound pressure [5]. This
system demonstrated that the level of enhancement
in the externally radiated sound can be limited at the
expense of a degradation in the performance of the
downstream fluid-borne sound control. More recently,
several different actuator designs have been applied to
the problem of actively controlling fluid-borne sound
in a pipe, including a fast-response valve [6] and a
hybrid active-passive actuator that combines a stacked
piezoelectric fluid actuator with a perforated plate [7].
However, none of the approaches listed here achieve
control of fluid-borne sound without affecting the fluid
flow or enhancing the structural vibration of the pipe.
This paper proposes an Actuated Orifice Plate (AOP)
as an acoustic control source in a feedforward, broad-
band active control strategy and presents an initial
feasibility study into the control potential of this de-
vice. Orifice plates are commonly used to control the
pressure and flow rate within pipeline systems so, al-
though the actuator is intrusive, it can be built into
existing components in a pipe system without increas-
ing the overall footprint. The experimental set-up
used to assess the performance of the AOP is detailed
in Section 2, along with the AOP design. Section 3
outlines the calculation of the optimal control filter,
before Section 4 presents the results of control simu-
lations using two different reference signals. Finally,
Section 5 draws conclusions from the paper.

2. Experimental set-up

2.1. Pipeline set-up

In order to assess the suitability of the AOP design
for active noise control applications, the actuator has
been installed within a water-filled circulatory pipe
flow rig as shown in Fig. 1. The system consists of a
straight pipe section with hydrophones placed both
upstream and downstream of the orifice plate, which
are used as reference and error sensors respectively.
The upstream hydrophones are denoted Hy, Hy and
Hs, with Hj closest to the orifice plate and H; furthest
away. Likewise, the downstream hydrophones are de-
noted Hy, Hs, and Hg, with H,4 closest to the orifice

plate and Hg furthest away. For both the upstream
and downstream sets of hydrophones, the spacing be-
tween individual sensors is 90 mm, as shown in Fig.
1. In this proof-of-concept study, the effects of flow in
the system will not be considered. Therefore in the
absence of a pump-generated acoustic disturbance, a
DataPhysics IV-40 inertial actuator is attached exter-
nally to the pipe wall upstream of the orifice plate to
act as the primary acoustic disturbance.

2.2. Actuated orifice plate

The AOP consists of four Visaton EX 30 S electrody-
namic inertial actuators housed within a sealed alu-
minium enclosure, as shown in Figure 2. The design
has filleted edges on the upstream side to minimise
the turbulent flow generated around the housing. The
actuator housing is attached to the perimeter of the
circular orifice in the plate, in order to maximise the
coupling of the inertial forces to the desired diaphrag-
matic motion of the orifice plate. This will in turn
maximise the electro-acoustic efficiency and acoustic
power output of the AOP. The AOP is installed be-
tween two flanged pipe sections with rubber gaskets
used to both ensure water tightness and to mechani-
cally isolate the AOP from the pipe structure.

3. Broadband optimal control

In pipe systems where the noise from a pump or com-
pressor is dominated by discrete tonal components, a
tonal controller can be employed [3]. However, this
paper considers the case of a broadband disturbance
where a broadband controller is required. Here, a
leaky FxLMS feedforward control algorithm will be
used due to its ease of implementation, relative ro-
bustness to challenges associated with practical im-
plementation and its widespread use as a benchmark
algorithm. In this study, a single channel FxLMS
algorithm is utilised with the optimal control filter
calculated based on measurements of the system. The
single channel system uses a single error sensor and
single control source, with the error signal provided
by the downstream hydrophone Hy, and all four actu-
ators in the AOP driven in-phase to provide a single
effective control source.

The error signal at the n-th sample, e(n), can be
expressed as

e(n) = d(n) + wlr(n), (1)

where d(n) is the disturbance signal, w is the vector of
control filter coefficients with length I and r(n) is the
vector of current and I — 1 past values of the reference
signal, x(n), filtered through the plant model, g. A
block diagram representation of the control strategy
is shown in Fig. 3. The cost function of the leaky
FxLMS controller is defined as

J=FE[e*(n)] =w"Aw +2w'b+c+ pw w (2)

where F denotes the expectation operator,
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Figure 1: Diagram of the pipeline set-up, showing the position of the AOP, the six hydrophones used to monitor the
fluid-borne sound and the inertial actuator used to provide a primary acoustic disturbance.

Figure 2: Pictures of the AOP showing (a) the arrange-
ment of the four actuators within the enclosure, (b) the
sealed enclosure on the orifice plate and (c) the minimised
connection area between the housing and the orifice plate.

A =E[r(n)rT(n)], b=E[r(n)d(n)], c= E[d*(n)]
and [ is a regularisation parameter used to constrain
the control effort, wTw. The optimal control filter
coefficients that minimise this cost function can then
be calculated as [8]

wop = —{E[r()r™(n)] + 61} Blr(m)d(n)]. (3)
where I is the I x I identity matrix.

4. Experimental results

In order to investigation the control performance for
the system described in Section 2 via offline simu-
lations, the acoustic response of the system to the
primary acoustic disturbance and to the AOP have
been measured experimentally. A sampling frequency
of 51.2 kHz has been used to minimise delays in the
system and to ensure that the relative time advance
of the reference signal is sufficiently large. The signals

d(n)

u(n) e

x(n)
—lt w

Figure 3: Block diagram of the single channel feedfor-
ward control system, showing the reference signal, x(n),
disturbance signal, d(n), error signal, e(n), control signal,
u(n), control filter, w and the system plant, g.

from the hydrophones have been filtered through anti-
aliasing low-pass filters at half the sampling frequency.
From the measured responses, the MATLAB function
inufreqz is used to calculate FIR filters that approxi-
mate the response of the system. With H4 defined as
the error sensor, these filters are then used to calcu-
late the optimal control filters according to the leaky
FxLMS algorithm outlined in Section 3. The regulari-
sation term, [3, is set to constrain the control force to
ensure the control actuators are operating within their
linear dynamic range and protected from overheating.
The resulting control performance is then evaluated
by calculating the error signal using Eq. 1. Although
only Hy is used as an error sensor in the control strat-
egy, it is important to also consider the response at
Hs and Hg to ensure that attenuation is not limited
to the location of the error sensor. It is also worth
noting that in a practical setting, a multichannel or
wave-based controller could be implemented to achieve
a more global control of downstream noise.

4.1. Actuator input reference

In the first instance, the input signal to the inertial
actuator used to generate the acoustic disturbance is
used as the reference signal in the control simulations,
giving the maximum possible time advance, as well as
good coherence with the error signal. The resulting
power spectral density (PSD) of the downstream hy-
drophone responses without control (solid) and with
control (dashed) are shown in Fig. 4. It can be seen
that the acoustic pressure at the error sensor, Hy,
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is significantly attenuated across the majority of the
frequency range, achieving up to 30 dB of attenuation
at higher frequencies. The performance of the con-
troller is, however, limited at lower frequencies, where
the level of attenuation is lower and some frequencies
experience enhancement. Below around 500 Hz, the
attenuation seen at the other two hydrophones, Hs
and Hg, is comparable to that at Hy. However, as
frequency increases above 500 Hz the attenuation at
Hs and Hg decreases, meaning that the controller is
only achieving local attenuation.

-10 . . : .
20k _
-30F o ] 11
— \“\A ‘ \
" Y \
S -0f | ’I\ Nk
[ 3 / MmN
an Ml ) | M oar N\
< ol M\v{;} A o Morpr b Jl \W
% w b A P , V“]
wilu v, p"‘ a \J X
&~ 60} | \(‘ L ad TP | R !
J |
70l ! |
-80 i | | | |
0 200 400 600 800 1000
Frequency, Hz
DH4 DH5 DH6
——— EH4 — - — EH5 EH6

Figure 4: PSDs of the downstream hydrophone responses
without control (solid) and with control (dashed) for the
controller using the disturbance actuator input signal as a
reference.

4.2. Upstream hydrophone reference

Although using the acoustic disturbance actuator in-
put as the reference signal has demonstrated good
performance, in most practical broadband noise con-
trol applications such a signal will not be available.
Therefore, the use of a practically realisable reference
signal in the form of one of the upstream hydrophones
is explored here. Fig. 5 shows the PSDs of the down-
stream hydrophone responses without control (solid)
and with control (dashed) from the implementation
of the controller using Hj as a reference signal. Hj
has been selected because it provided the highest co-
herence with the error signal compared to the three
upstream hydrophones. It can be seen from these re-
sults that the performance of the controller has been
significantly degraded compared to the idealised refer-
ence signal case, particularly below 500 Hz, where very
little attenuation is achieved. As frequency increases,
the controller exhibits up to 18 dB of attenuation at
the error sensor when the disturbance level is high,
but also shows significant enhancement when the dis-
turbance level is low. However, observation of the

acoustic response at Hs and Hg suggests that this
controller achieves more uniform downstream attenu-
ation compared to the actuator input case.
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Figure 5: PSDs of the downstream hydrophone responses
without control (solid) and with control (dashed) for the
controller using Hs as a reference signal.

4.3. Reference signal coherence and cross-
correlation

The coherence between the reference and error sig-
nals in a feedforward control system is known to limit
control performance [8], so it is useful to compare
the coherence for the two reference signals consid-
ered in the previous sections. Figure 6 shows the
coherence between the error signal and each of the
considered reference signals. From these results it can
be seen that the coherence is relatively consistent for
the two reference signals, with a slight degradation
at low frequencies for the Hs hydrophone reference
signal. These results suggest that the performance
degradation when using the Hs hydrophone signal as
the reference is not due to poor coherence. Instead, it
is likely that the shorter time advance provided when
using the Hj reference is responsible for the reduction
in attenuation performance.

The difference in time advance can be demonstrated
using the cross-correlation between each of the refer-
ence signals and the error signal. For the Hs reference
case the time advance is 2.2 ms between the reference
signal and the error signal. In the case of the actuator
input reference the time advance is 4.8 ms, meaning
that this reference signal has approximately double
the time advance of the Hj signal. This accounts for
the significant drop-off in performance observed when
the upstream hydrophone, Hs, is used as a reference
signal. This also means that, for a longer system
where an upstream hydrophone could be placed fur-
ther from the secondary source in order to increase
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the time advance of the reference signal, the control
performance could be significantly increased using a
practical reference signal.
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Figure 6: Coherence between the reference and error
signals for reference signal considered: the actuator input
and the signal from Hs.

5. Conclusions

The work reported in this paper has demonstrated
the potential of an Actuated Orifice Plate (AOP) for
the active control of fluid-borne sound in a pipeline.
Although the objective of the proposed AOP is to
control flow-induced noise, in this preliminary study
a broadband disturbance is provided by an inertial
actuator fixed externally to the pipe wall. Measure-
ments of the experimental set-up have been taken and
used to calculate optimal filter coefficients for a leaky
FxLMS controller in a single-channel feedforward con-
figuration. With the disturbance actuator input used
as the reference signal, significant attenuation of the
primary disturbance is achieved at the error sensor.
The sound pressure at the two hydrophones further
downstream is also attenuated, although to a lesser
degree, demonstrating that the control performance is
not limited to a single discrete position in the pipeline.
Implementation of the control strategy using the more
practical case of a hydrophone positioned upstream
of the AOP to provide the reference signal achieves
some control, but it is notably more limited than the
case with an idealised reference signal. This has been
shown to be due to the limited time advance available
in this case. However, the controller still achieves
up to 18 dB of attenuation at the frequency where
the level of the disturbance is highest. The control
configuration with a hydrophone as the reference sig-
nal also shows more uniform control across the three
downstream hydrophones at higher frequencies.
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