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Abstract

Circulation pumps are an important source of noise from domestic central heating systems. Pumps can
generate airborne, liquid-borne and structure-borne sound and although standards exist for airborne and
liquid-borne sources, none do for structure-borne sources. This is primarily because the structure-borne
acoustic power delivered by the pump not only depends on the pump but also on the connected receiving
system, which can be a complicated combination of pipes, valves and radiators. Also pumps deliver liquid-
borne and structure-borne acoustic power simultaneously and their relative contributions to the sound
radiated from the pipe system is not obviously obtainable. The approach proposed is to estimate the
emission from the pump into semi-infinite pipes of material and cross-section typical of heating systems.
Then to estimate the ‘mixing’ effect of bends, joints and other pipe discontinuities, due to wave mode
conversion, as described in a companion paper. In the present paper, it is demonstrated that the structure-
borne power can be calculated from the measured free velocity and mobility of the pump for each
component of vibration and from receiver mobilities of idealized pipe systems. The structure-borne power
is compared with the liquid-borne power measured directly by intensimetry.
r 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Circulation pumps and control valves are the main noise sources in modern hot-water heating
systems. The number of circulation pumps in the UK alone runs into tens of millions and they are
used in industrial processes, transportation and in homes. Pumps often are the cause of
complaints of excessive noise in domestic central heating systems. The problems are seldom the
result of direct radiation of sound from the pump housing but rather from liquid-borne sound
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transmission through to the pipe system and structure-borne sound transmission which directly
excites the pipe walls, radiators, etc., and supporting walls and floors. The installation, as well as
the pump, determines the noise.

Therefore, it might be appropriate to measure the radiated sound from a pipe–radiator system
typical of domestic installations and rate the pump accordingly. In a preliminary investigation, a
pipe–radiator system was assembled in the receiver room of a small transmission suite. Each of a
production batch of circulation pumps was installed in the source room and connected to the
pipe–radiator system. The pumps were rated according to the spatial average sound level
generated in the receiver room. However, the rank order of pumps changed if the pipe–radiator
system was altered [1,2]. This might be expected, since if the receiver system is altered, the
structural dynamics of the contact point is changed and thence the acoustic power delivered. A
further disadvantage of this approach is that it is not possible to establish a hierarchy of power
emitted from the pump i.e. is the pump primarily an airborne, structure-borne or fluid-borne
source? Each component initially must be treated separately.

For the case of airborne sound sources, characterization by sound power is straightforward and
methods are well established [3]. The source impedance is relatively large and the ‘constant
velocity’ source is unaffected by the surrounding air in most situations. This is not always the case
and the constant power assumption is tenuous for sources in tightly enclosed spaces [4]. There also
has been a large body of work on liquid-borne noise, leading to standards [5–7].

There has been little work on structure-borne sources. In particular, a characterization
equivalent to airborne sound power does not exist. There are several reasons for this. For
structure-borne sources, the source mobility may not appreciably differ from that of the receiver
and possibly may match it [8]. Mobilities are complex functions of frequency and depend on the
position of the contact points on source and receiver. In pipes, the structure-borne sound is
carried by a combination of bending, axial and torsional waves and there is fluid–structure
interaction [9].

The requirement for detailed knowledge of the receiving system can be partially circumvented
by considering idealized infinite or semi-infinite receiving structures [10]. This is analogous to
anechoic measures of airborne power and allows consideration of essential features of the
transmission. The source–path–receiver approach, common for airborne sound problems,
becomes a source–transmission–path–receiver approach [11]. Elsewhere, the transmission has
been considered in terms of an independent source descriptor [12,13] or the characteristic power
[14]. Both employ a matched mobility condition to estimate an upper limit to the power possible
from the source. The actual power, when connected to a specific receiving structure, then is some
lesser value, obtained by means of a coupling function, which is a function of the mobilities of the
source and receiver.

In a preliminary experimental study of pumps connected to pipe systems it was observed that
structural discontinuities: bends, supports and connections, plus imperfections in workmanship,
cause wave mode conversion, thereby mixing the input powers from the (up to six possible)
components of excitation. This leads to the speculation that if the power can be calculated from
each component of excitation, into an idealized semi-infinite receiving system, then a hierarchy of
contributions can be established which corresponds to that in real pipe system. In this context, the
transmission is the power into an idealized receiving system of infinite or semi-infinite extent. The
path then is treated as a fluctuation about the trend value obtained, due to reflections and
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attenuations at structural discontinuities. A similar approach has been used in estimating power
from vibrating machines into floors, where the floor is assumed to be of infinite area [15,16].

In this study, the structure-borne emission is obtained indirectly from measured free velocity
and mobility of the pump and from predicted mobility of a semi-infinite pipe of material and
cross-section typical of domestic pipes. For comparison, the fluid-borne emission is measured
directly by acoustic intensimetry.

2. Airborne sound emission from pumps

It is straightforward to confirm that modern domestic heating pumps are not significant
airborne sources. Each of six pumps from a production batch (240V, 50Hz, single phase, input
watts: 80–112, flow rate: 10–50 l/min for head 5–1.5m) was placed in a small reverberant room
and connected in-line to a pipe–radiator system, located in an adjacent reverberant room. The
spatial average sound pressure level was obtained in the room containing the pump under normal
operating conditions. In all cases, the spectrum was the same as the background.

3. Structure-borne sound emission

Central heating pumps usually are installed in-line with the piping. The piping, therefore, is the
primary transmission path to the far field. The path further divides into that through the enclosed
liquid and along the pipe wall.

The internal dynamic forces in a pump that generate vibrations can be termed the activity. The
vibrational velocity of the housing or at the contacts with the pipe-work is a map of the activity. If
the vibrating pump is unconstrained but otherwise operating under normal conditions, then the
free source velocity measured is an independent characteristic of the source if linear conditions are
assumed [17–19].

For the velocity measurements, the pumps were connected to pipes to form a circuit for liquid
flow. Rigid pipes affect the dynamical loading of the pump and thus the contact velocity. In order
to approximate the free source condition, flexible pipes were used to carry the pumped water. This
was confirmed by first measuring the velocities at the outlet of the unconnected pump while
running ‘dry’. The measurements were repeated when connected to the flexible pipes, again
without water in the system. The difference in velocity level was about 2 dB below 100Hz, and
1 dB between 100 and 1200 Hz.

With the pump operating normally (the flow rate typically was 1.2m/s), three accelerometer-
pairs were located on the outlet to record the three translational and three rotational components
of velocity. A typical set of results is shown in Fig. 1. The translational velocities have similar
values, with an overall slope of about �6 dB/oct. The three angular velocities have more
fluctuations, also with an average slope of �6 dB/oct. The rotational velocities are dimensionally
incompatible with the translational velocities. It is not possible to assess the importance of a
component of vibration, in terms of the structure-borne power delivered in an installed condition,
from inspection of these curves alone. Therefore, although the free velocity is a map of the pump
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activity, it is not a full structure-borne characterization. Pumps of the same free velocity may yield
different sound levels when installed, because the pumps may have different source mobilities.

Consider the active power from a pump of free velocity vsf and source mobility *Ys; connected to
a pipe system of receiver mobility *Yr:

P ¼
1

2

ðvsf Þ
2

*Ys þ *Yr

�� ��2 Ref *Yrg: ð1Þ

Three quantities are required, for each component of excitation and for each contact. The
mobility is the complex ratio of the translational or rotational response velocity taken at a point in

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

10 100 1000 10000

Frequency, Hz

F
re

e 
ve

lo
ci

ty
, m

/s

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

10 100 1000 10000

Frequency, Hz

F
re

e 
ve

lo
ci

ty
, 1

/s

(a)

(b)

Fig. 1. (a) Three translational components of free velocity: ——, vx; – � – � –, vy; - - - - - -, vz: (b) Three angular

components of free velocity: ——, wx; – � – � –, wy; - - - - - -, wz:
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a system, to the exciting force or moment phasor at the same point or another point in the system
[20]. Mobility is frequency dependent and is a function of structure geometry, boundary
conditions and material properties. The terms point, transfer and cross mobility designate a
location and direction with respect to the two vectors. In this study, the point force mobility was
most frequently used, where

*Y ¼
v

F
: ð2Þ

The force and response are on the same point and in the same direction. The translational
mobility was obtained using standard techniques [21] and one of the results is shown in Fig. 2
from a batch of nine compact pumps, made of iron with a mass of 2 kg. Also shown is the
predicted mobility for a rigid body of the same mass as the pump. A rigid bodied characteristic is
indicated, up to the anti-resonance at a frequency of 2 kHz. In this frequency range, point
mobility measurements are appropriate. Above this frequency the response is stiffness and
resonance controlled.

The corresponding moment mobility is given by

*Yo ¼
w

M
; ð3Þ

where M is the applied moment and w is the rotational response velocity. The co-ordinate system
is shown in Fig. 3. The moment mobilities were obtained by using a direct method according to
Petersson [22,23] where moment was imparted by means of a seismic mass and two giant
magnetostrictive rods, operating out of phase. The moment imparted is proportional to the
rotational acceleration of the seismic mass, recorded by means of an accelerometer pair. A second
accelerometer pair, attached to the pump, gives the rotational velocity. In Fig. 4 are shown results
for the three moment mobility components.

A full mobility matrix description of power is usually intractable and does not give a
transparent insight into the important transmission components [24,25]. An alternative is to
establish a hierarchy of input powers from consideration of the main components of structure-
borne propagation along semi-infinite pipes. The approach requires measurement or prediction of
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Fig. 2. Point force mobility magnitude: ——, measured; - - - - - - -, predicted.
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the pump mobilities, measurement of the pump free velocities and prediction of the infinite pipe
mobilities.

4. Source descriptor

Prior to considering power into semi-infinite pipes according to Eq. (1), the source descriptor
concept [12] was invoked in order to establish a preliminary hierarchy of excitation components.
The complex power, given in Eq. (6), is expressed as a product of the source descriptor *S
which describes the ability of a source to deliver power, and the coupling function *Cf which
relates to the dynamic properties of the contact point between the two structures. The two
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Fig. 3. The active power transmitted from pump to connected pipe. Also shown is the co-ordinate system.
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functions are given as

*S ¼
1

2

Vsf

�� ��2
*Yn

s

; ð4Þ

*Cf ¼
*Yn

s
*Yr

*Ys þ *Yr

�� ��2: ð5Þ

The complex power then is

*P ¼ *S *Cf ð6Þ

The active power is given by the real part of *P in Eq. (6). The source descriptor is an independent
source property. It requires only source variables, which are practically measurable for most
pumps. It has the units of power; different components of motion can be compared directly and
can be summed to form a single value.

In Fig. 5 are shown the six source descriptor components for the pump type investigated, for
the frequency range 10Hz to 2.5 kHz. The advantage of the source descriptor approach is
highlighted. A hierarchy of component powers is obtained without needing to consider a receiving
structure. Over most of the frequency range of interest, the rotational components are 20 dB lower
than the translational components. It therefore was assumed that the rotation components of
pump excitation could be neglected. This assumption is allowed because the treated receiving
structure is semi-infinite. However, in real pipe systems, the pump may be connected to a short
pipe and moment mobility and cross-mobility terms may assume importance [26]. The rotational
components then may become important and, therefore, the assumption must be treated with
some caution.

The important excitation components are influenced by the important propagation modes in
pipe systems, now described.
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Fig. 5. Six components of the source descriptor for the pump: (a) translational components, (b) rotational components.
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5. Vibration wave types in liquid-filled pipes

The theory of waves in fluid-filled cylindrical elastic shells is contained in Refs. [27–29].
The derivation of the equations of vibration of circular cylindrical shells can be found in Refs.
[30–32]. The free, simple harmonic motion of a thin-walled cylindrical shell containing an acoustic
field can be described by the Donnell–Mushtari shell equations [33]. A mode, in this context, is
defined as an allowed displacement variation with respect to circumference, which can exist
at a certain frequency in an infinitely long shell. It is independent of all other modes. To find
the modes that can exist on a pipe, the equations are derived and the solutions depend on
the approximations that are used for deriving the equations of motions. Leissa [32] sum-
marizes the results of the so-called zero-order approximations, which neglect shear de-
formation and rotational inertia in the pipe wall. An in vacuo vibrating shell exhibits three real
axially symmetric modes (out of four possible), while for liquid-filled shells this number is
unlimited [28].

Expressions are given in terms of a non-dimensional frequency O ¼ f =fring; where the ring
frequency fring ¼ 1=2pR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=rpð1 � m2Þ

q
: There are three axially symmetric modes that start at zero

frequency. They have real wave numbers at all frequencies and are measurable, as demonstrated
by Pinnington and Briscoe [33] who used external sensors to register the waves in liquid-filled
pipes. The first (n ¼ 0) corresponds to a torsional wave in a circular cylindrical rod. The
circumferential motion is uncoupled with the axial and radial motions. Also, because the viscosity
effects are small, the vibrations in the pipe wall are uncoupled with the contained liquid so that
this mode is equal to that in vacuo. The velocity of a torsional wave is independent of frequency
and is weakly dependant on the cross-section.

The second mode is close to the in vacuo quasi-longitudinal shell mode. There is no
circumferential motion but the axial motion is coupled with the radial motion by the Poisson
effect, and thus to the contained liquid. At frequencies well below the ring frequency, the mode
corresponds to a quasi-longitudinal wave in a thin plate [34]. The third mode approximates a
plane duct wave. However, because of flexibility of the pipe wall, the phase velocity is dependent
on wall thickness and frequency.

Consider a water-filled copper pipe with R ¼ 11 ðmmÞ; E ¼ 12:2 	 1010 ðPaÞ; rp ¼
8900 ðkg=m3Þ and for O51: From White and Sawley [35], the phase velocity c0fD0:45cf ; where
cf is the plane wave velocity in a rigid wall pipe (about 1500m/s in water). The pipe wall flexibility
lowers the velocity to less than half of that in the rigid pipe, but for copper pipe, commonly used
in central heating systems, the cut-off frequencies of higher order duct modes still remain far
above the frequency range of interest.

There is one first order mode (n ¼ 1) that starts at zero frequency. At frequencies far
below the ring frequency, this mode corresponds to a bending wave in a slender beam. Leissa [32]
and Fuller [34] show that the equivalence of the first order mode to a bending wave on a
slender beam is valid in the frequency range in which rotational inertia and shear can be neglected
[31].

The bending wave velocity is reduced due to the mass loading effect of the liquid. For h=R51
the mass per unit length may be approximated by

m0 ¼ 2pRhrp þ pR2rf : ð7Þ
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For a water-filled copper pipe with R ¼ 0:011 m and h ¼ 0:0009 m; m0 is increased by a factor of
1.7 compared with the in vacuo case. According to Eq. (7), this results in a reduction of the
wavelength by a factor

ffiffiffiffiffiffi
1:74

p
D1:14:

Zero order theories predict two second order modes that commence at non-zero frequencies.
Expressions for the cut-off frequency are summarized and presented by Leissa [32]. The lower cut-
off frequency for n ¼ 2 on the copper pipe with R ¼ 0:011 m and h ¼ 0:0009 m is 3630 Hz. A
formula for the lower n ¼ 2 cut-off frequency of liquid filled pipes can be obtained from Ref. [36].
For the water-filled copper pipes with dimensions as above, the lower n ¼ 2 cut-off frequency is
2915Hz. These frequencies are above the frequency range 20–2500Hz of interest, so that modes
for n ¼ 0 and 1 were considered only.

6. Energy distributions in liquid-filled pipes

From the previous discussion it can be seen that at low non-dimensional frequencies, four
propagating waves occur in fluid-filled pipes: torsional, quasi-longitudinal and two bending
waves. Each of these waves carries energy in the pipe wall, while quasi-longitudinal and bending
waves also carry energy in the liquid. The degree to which the energy is concentrated in the liquid
or the pipe wall depends upon the type of excitation of the pipe and the physical parameters of the
pipe wall and the contained liquid [33]. Fuller and Fahy [27] have found that at low frequencies
(Oo1) for the n ¼ 0 mode, the majority of energy is either in the shell or the liquid depending
upon whether the excitation is structural or located in the liquid. The ratio of powers between the
liquid and shell vibrational fields is given by

Erðn ¼ 0Þ ¼
Pfb

Psb

¼ OðknsRÞ
rf

rs

Ff

Sf

1

½kr
sRJ0nðkr

sRÞ�2
; ð8Þ

where Pfb is the liquid contribution and Psb the structural contribution to the energy flow due to
the bending motion, Ff is the fluid factor and Sf is the shell factor [27].

In Fig. 6 is shown typical energy ratios for normal propagating modes in a metal pipe filled with
water for the n ¼ 0 mode, where s is the branch number of the dispersion curves for a water-filled
shell. The s ¼ 1 is the fluid branch and the s ¼ 2 is the shell wave branch. At low frequencies
(Oo1) for the n ¼ 0 mode, most of the energy is located in the pipe wall for the structural
excitation. For excitation in the liquid, most of the energy remains in the liquid.

The first order mode, at frequencies far below the ring frequency, corresponds to a bending
wave in a slender beam and the vibrational energy is nearly all in the pipe wall [27]. Pavi!c [29] has
investigated the vibrational energy flow through straight pipes and has demonstrated that the
liquid contribution to the energy flow due to the bending motion will be usually negligible in
comparison with the structural contribution. The ratio between the two can be found from

Erðn ¼ 1Þ ¼
Pfb

Psb

¼
OZ

8
ffiffiffiffiffiffiffiffiffiffiffi
2 þ Z

p ; ð9Þ

where Z is the non-dimensional constant: Z ¼ ðrf =rsÞðR=hÞ: For a copper pipe with R ¼ 0:011 m
and h ¼ 0:0009 m; and for Op0:044; which corresponds to the frequency range 0–2.5 kHz, this
ratio is Erðn ¼ 1Þp4:1 	 10�3:
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7. Energy flow through straight pipes

The propagation of vibroacoustic waves in liquid-filled cylindrical shells is further complicated
due to the interchange of energy along the pipe not only between the different modes but also
between the solid pipe and the liquid. However, from the above discussion it can be seen that at
low non-dimensional frequencies, only those modes for n ¼ 0 and 1 need be considered. The total
energy flow in a liquid-filled cylindrical pipe for n ¼ 0 and 1 modes is

P ¼ PT þ PL þ PB1 þ PB2 þ PF þ PLF þ PB1F þ PB2F þ PFL þ PFB1 þ PFB2; ð10Þ

where PT is the energy flow by the torsional wave in the pipe wall. PL is by the longitudinal wave
in the pipe wall. PB is by the bending wave in the pipe wall; there are two bending terms because of
two allowed polarizations. PF is by the plane wave in the contained liquid. PLF ; PB1F and PB2F are
the structural energy components in the pipe wall generated by the plane wave in the contained
liquid. PFL; PFB1 and PFB2 are the structural contributions to the energy flow in the liquid. PB1F

and PB2F ; the liquid contributions to the energy flow due to the bending motions, are very small,
and can be neglected. For structure excitations, most of the energy is in the pipe wall, and PFL;
PFB1 and PFB2 can be neglected. For the case of excitation in the liquid, most of the energy is in the
liquid and PLF ; PB1F and PB2F can be neglected. The total structure-borne energy flow Ps and
total liquid-borne energy flow Pf can be estimated from

Ps ¼ PT þ PL þ PB1 þ PB2; ð11Þ

Pf ¼ PF : ð12Þ

For the case where both structural and liquid excitations occur, Eq. (10) can be simplified to

P ¼ PT þ PL þ PB1 þ PB2 þ PF : ð13Þ

Fig. 6. Distribution of vibrational energy in a water-filled steel shell of thickness h=R ¼ 0:05 for n ¼ 0 (after Ref. [20]).
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In a straight liquid-filled pipe with low turbulence, there will be little mode conversion. The energy
flow components on the right side of Eq. (13) can be assumed independent and practically
measurable.

8. Structure-borne power into semi-infinite pipes

Vibrating pumps will apply forces and moments to the connected pipes. The active power for
each component of excitation is obtained from Eq. (1), as illustrated in Fig. 3. The source data
include free velocity and mobility of the pump for six degrees of freedom; the receiver data are
force and moment mobilities at the connecting point of the pipe. For the co-ordinate system that
is shown in Fig. 3, a pump can apply the following excitation components to the connected pipe:

Fx excites a quasi-longitudinal wave in the x direction.
Fy excites a bending wave with displacement in the y direction.
Fz excites a second bending wave in the z direction.
Mx is the moment about the x-axis and excites a torsional wave about the cylindrical section.
My;z are the moments about the y-, z-axis that induce polarized bending waves in the y; z
directions.

Quasi-longitudinal, bending and torsional waves carry the most of the structure-borne energy
in the low frequencies and will be investigated in detail. Although, consideration of the source
descriptor has shown that the rotational components of the pump excitation can be neglected,
they are considered further in order to confirm this simplifying assumption.

A pump with an activity in the axial direction of a connected semi-infinite pipe will generate a
quasi-longitudinal wave with a power given by Eq. (1)

PL ¼
1

2

ðvsfxÞ
2

*YsL þ *YrL

�� ��2Ref *YrLg; ð14Þ

where vsfx is the pump free velocity in x direction, *YsL is point force mobility of the pump, and *YrL

is point force mobility of the receiving structure, a semi-infinite pipe. vsfx and *YsL were measured
directly. *YrL is obtained from [31]

*YrL ¼
1

rScLII

: ð15Þ

S is the area of the beam cross-section and cLII is the velocity of the longitudinal wave. For a semi-
infinite copper pipe with R ¼ 0:011 m and h ¼ 0:0009 m; the quasi-longitudinal power emission
has been calculated by using Eqs. (14) and (15) and a typical result is shown in Fig. 7.

In addition, two polarized bending waves will be generated with powers given by

PB ¼
1

2

ðvsf Þ
2

*YsB þ *YrB

�� ��2Ref *YrBg; ð16Þ

where vsf is pump free velocity in the y or z direction, *YsB is the component point force mobility of
the pump, and *YrB is the component point force mobility of the semi-infinite pipe. At low
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frequencies (for O ¼ oR=cLIo0:77h=R) the mobility of a pipe is very nearly equal to that of a
beam with radius of gyration R=

ffiffiffi
2

p
; given by [31]

*YrB ¼
1

rScB

2

ð1 þ jÞ
E

1

0:67rS
ffiffiffiffiffiffiffiffiffiffiffiffi
cLI hf

p 1

ð1 þ jÞ
; ð17Þ

where S ¼ ððR=
ffiffiffi
2

p
Þ

ffiffiffiffiffi
12

p
Þ2 ¼ 6R2 is the area of the beam cross-section.

For a water-filled copper pipe with R ¼ 0:011m and h ¼ 0:0009m; cB is decreased 10% on
average, compared with the in vacuo value. This did not significantly alter trends identified in
analysis of the in vacuo case, which was used subsequently.

The rotational excitations about the y and z axes also induce two polarized bending waves with
power

PBo ¼
1

2

ðvsfoÞ
2

*Yso þ *Yro
�� ��2Ref *Yrog; ð18Þ

where vsfo is free angular velocity of the pump about the y and z direction, *Yso is the component
point moment mobility of the pump, and *Yro is the component point moment mobility of the
semi-infinite pipe, obtained from [31]

Yro ¼
k2

B

rS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ocLI

Rffiffiffi
2

p
s ð1 þ jÞ: ð19Þ

For a copper pipe with R ¼ 0:011 m and h ¼ 0:0009 m; the bending powers induced through
forces and moments have been calculated by using Eqs. (16)–(19). A force-induced bending power
and a moment-induced power, in the same direction, are shown in Fig. 8. The moment-induced
power is of the order of 30 dB less than that induced by the force and confirms the earlier decision
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Fig. 7. Quasi-longitudinal power into a semi-infinite pipe.
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to neglect it, based on measured source descriptors. Similarly, the power induced by the torsional
component (not shown) was small and could be neglected.

9. Predicted and measured bending power

The structure-borne sound power was predicted according to Eq. (16). For the purpose of
comparison, bending power was measured using a structural intensity method. The bending
waves are the easiest to damp. A sandbox was used to absorb the bending waves on a copper
pipe so that the pipe could be treated as a semi-infinite system. Tests were conducted on a 6 m
copper pipe with R ¼ 0:011 m and h ¼ 0:0009 m: The pipe was partly buried in the sandbox
from 2.5 m onwards (Fig. 9). To confirm that the sandbox efficiently damped the bending
waves and that the structure-borne power was little influenced by liquid-loading, the bending
mobilities of the pipe were measured for the pipe when empty and when filled with water, using
a calibrated hammer method [37,38]. In Fig. 10 are shown measured bending mobilities for the
filled and empty pipes and predicted results. There is low frequency fluctuation about the
theoretical line, indicating that resonances are not fully damped. The agreement is better between
200 and 1500Hz. The fluctuation in value is greater for the water-filled pipe than that for empty
pipe. This is due to the effect of reflected liquid waves which are generated by the vibration of the
pipe wall.

The change in mobility due to liquid loading is of the order of 0.5 dB and can be neglected.
In the test rig, shown in Fig. 9, the pump was connected inline with the pipe and the inlet
of the pump and far end of the ‘semi-infinite’ copper pipe were connected by a flexible
pipe to allow circulation. The matched accelerometer pair was located at a distance greater
than one half-wavelength (for 20Hz, the wavelength is 3m) from the pump to avoid nearfield
effects.
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The time-averaged bending power, in the frequency domain, can be expressed as [39]

PB ¼
2ðBm0Þ1=2

D

Z
N

0

Im½Gða1; a2; f Þ�
o2

df ; ð20Þ

where B is the bending stiffness, m0 is the mass per length, D is the distance between the two
accelerometers and Im½G� is the imaginary part of the cross spectral density between the
acceleration a1 and a2:

The measured and predicted bending powers are shown in Fig. 11. In general, results are within
5 dB for most of frequencies above 100Hz. Below 100Hz, the difference can be as much as 20 dB.
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Fig. 9. Test rig for bending power measurement on a pipe.
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There are more peaks on the measured power curve, due to imperfections in the pipe system. Also
there are shifts in the pump rotation frequency, its harmonics and pump impeller ‘cut water’
frequency, between 350 and 400Hz. This was because of small changes in operating conditions
between the rig for the free velocity measurements and the present rig, despite efforts to control
flow speed (typically 1.2m/s), pressure and temperature. For the predicted power, the free velocity
was measured when the pump was connected to the flexible pipes, and for the power measurement
the pump was connected to a semi-infinite copper pipe, on its outlet side. The results show that the
mobility method can be used to calculate the bending power flow from a pump into a semi-infinite
pipe. The same therefore was assumed to apply for quasi-longitudinal waves.

10. Liquid-borne power into semi-infinite pipes

The liquid-borne sound, or pressure ripple, generated by pumps is transmitted via the liquid to
remote parts of the circuit where it can cause problems such as airborne noise, vibration and
instability. In domestic installations, liquid-borne and structure-borne transmissions occur
simultaneously and both may contribute significantly to the radiated sound in the far field, so that
it is important that both can be included on a power basis in a source characterization [1].

For the liquid-borne emission, direct measurement is a practical possibility because a semi-
infinite condition is relatively easy to produce in the laboratory. A flexible pipe can be used as a
non-reflecting receiver. The attenuation produced by a flexible rubber pipe of internal diameter
20mm, wall thickness 3 mm and of different lengths was measured, using an impulse method. The
measurement set-up is shown in Fig. 12. A small shaker was used to excite a pressure ripple in the
flexible pipe through a small cylinder. Two pressure transducers were located on a flexible pipe of
length of 20 m to measure the attenuation produced by the flexible pipe of different lengths Dl:
The two measured pressures, over a distance of 5m, are shown in Fig. 13. The level difference is of
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the order of 20 dB for frequencies up to 100Hz, and 30 dB for frequencies between 100 and
500Hz. Above 500Hz, the pressure ripple is attenuated to the background noise level.

Liquid-borne sound emission from the pump can be measured by using an intensity method
[40–43] analogous to Eq. (20) for bending wave intensity. The sound intensity in a frequency range
½f1; f2� is

IDf ¼ �
1

2prDr

Z f2

f1

Im½GABðpA; pB; f Þ�
f

df ; ð21Þ

where Im½GAB� is the imaginary part of the cross spectral density between the pressure pA and pB;
and Dr is the distance between the two pressure transducers. Errors increase as Dr decreases. For
an error of 70.5 dB, kDro0:8; or fDro189 [41]. In this study, Dr was set at 30mm.
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Fig. 12. Set-up for the measurement of flexible pipe attenuation.
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The measured liquid-borne sound power is shown in Fig. 14. The predicted quasi-longitudinal
power and that of one of the polarized bending waves are included for comparison. Below 200Hz,
the pump is predominantly a liquid-borne source. Above 200Hz, it is a structure-borne source.

All of the components of structure-borne power emission from a pump into a semi-infinite
pipe were obtained and are shown in Fig. 15. The moment-induced torsional emission and
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two moment-induced bending emission components are much lower than force-induced
quasi-longitudinal and two polarized bending emission components, and can be neglected. The
longitudinal wave is the dominant component of the structure-borne power and is at a similar
level as the liquid-borne power. Though the bending power is lower than the longitudinal and
liquid-borne power it cannot be neglected at this stage since the acoustic radiation in the central
heating system ultimately results from the bending vibration. In the central heating system, an
axial component or a bending wave excited by the pump will partially convert to other modes of
vibration at pipe junctions before energizing the radiator.

11. Concluding remarks

A method has been proposed to obtain the acoustic power from central heating circulation
pumps into semi-infinite pipe systems in order to characterize the pumps as structure-borne sound
sources.

At low non-dimensional frequencies and for straight pipes the total power can be described in
terms of the torsional, longitudinal, polarized bending and the plane pressure waves. The input
structure-borne power will remain as structure-borne propagation. The input liquid-borne power
will remain as liquid-borne propagation.

For the structure-borne source, the emission can be calculated from the measured free velocity
and mobility of the pump for each component of vibration and from receiver mobilities of
idealized pipe systems. For the pumps examined, the three moment-induced power components
are much lower than force-induced power components and therefore can be neglected. The total
structure-borne emission can be estimated from the quasi-longitudinal and two polarized bending
powers.

The pumps investigated are predominately liquid borne sources below 200Hz and structure-
borne sources above 200Hz.
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