Acoustics 08 Paris

Sha

mm)»

en 1 euro
,iﬁcoustics'OS
= Paris

June 29-July 4, 2008
www.acoustics08-paris.org

Approximation of single equivalent mobilities of timber
joist floors

Andreas Mayr® and Barry Gibbs®

aStuttgart University of Applied Sciences, Schellingstrasse 24, 70174 Stuttgart, Germany
bUniversity of Liverpool, School of Architecture, Abercromby Square, L693BX Liverpool, UK
bmg@liv.ac.uk

5125



Acoustics 08 Paris

To estimate the structure-borne sound power of vibrational active machines or components two source
quantities, corresponding to the source activity and mobility, and one receiver quantity, the mobility, are usually
required. A practical, laboratory-based measurement procedure for the characterisation of mechanical
installations has recently been proposed, which yields single equivalent values of source strength and source
mobility. In order to predict the power in the installed condition, an estimate of the receiver mobility also is
required, again, for practical reasons, in the form of a single equivalent value. This paper considers the single
equivalent receiver mobilities for lightweight building structures - timber joist floors. The value obtained is in
the form of the average magnitude of the effective mobilities over the contact points. A simple prediction
method is proposed for point- and transfer mobilities (both are required to yield the effective mobility at each
contact) based on infinite beam and infinite plate behaviour. Estimates for point-, transfer- and single equivalent
receiver mobilities are discussed and compared with measured data.

1 Introduction

Mechanical installations in buildings are often combined
sources of airborne and structure-borne sound [1]. The
structural dynamics of both the source and receiving
systems are required for prediction of the structure-borne
transmission in the installed condition. The transmission
requires consideration of several contacts and up to six
components of excitation at each contact. In the case of
lightweight buildings, the magnitude of the receiver
mobility and that of the source mobility can have the same
value. The receiver mobility will vary significantly with
location and the transmissions at the contacts may then
differ greatly.

A laboratory-based measurement procedure for the
characterisation of mechanical installations recently has
been proposed [2], which yields single equivalent values of
source strength and source mobility. In order to predict the
power in the installed condition, an estimate of the receiver
mobility also is required, again, for practical reasons, in the
form of a single equivalent value.

This paper considers single equivalent receiver mobilities
for lightweight building structures - timber joist floors. The
value obtained is in the form of the average magnitude of
the effective mobilities over the contact points. Since it is
expected that this quantity will not be measurable in most
cases, a simple prediction method is proposed for point-
and transfer mobilities (both are required to yield the
effective mobility at each contact) based on infinite beam
and infinite plate behaviour. Estimates for point-, transfer-
and single equivalent receiver mobilities are discussed and
compared with measured data.

2 Timber joist floor

A timber joist floor was selected for this study because it
represented a case where the spatial variation in point
mobility is expected to be large. The floor, shown in Fig. 1,
was constructed from 21 mm chipboard sheathing
supported by seven Norwegian spruce joists 0.096 m x
0.192 m x 4.55 m, spaced 0.78 m on centre. The chipboard
was in 0.9 m x 2.05 m panes, joined by tongue and grooves
and secured to the joists using screws; no glue was used.
The overall floor dimensions were 4.55m x 4.95m. A
massive concrete test frame supported the ends of each joist
without additional fixing and intermediate layer. No ceiling
was installed.
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It was assumed that sources might be fixed directly onto the
joists or onto the bays between joists or in a combination of
these two conditions. It was recognised that sources may be
fixed with locating screws which do not penetrate to the
joist below. Indeed, there are situations where sources rest
on receiver structures without fixing.

Fig.1 Wood joist floor

The point mobility was measured along a line perpendicular
to the joists (x-direction in Fig. 1). Fig.2 shows the
measured point mobility normalized to that of an infinite
plate and plotted as a function of distance in wavelengths.
When the distance is less than one-quarter of the
wavelength, joist behaviour dominates. At distances greater
than one-quarter wavelength, the chipboard panel can be
considered as an uncoupled infinite plate [3].
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Fig.2 Point mobility as function of non-dimensional
distance between the drive point and nearest joist.
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To examine the effect of distance to the nearest screw point,
the mobility for positions above a joist was recorded above
and along a joist (z-direction in Fig. 1). In Fig. 3 again, the
measured point mobility is normalized to that of an infinite
plate and plotted as a function of the distance in
wavelengths to the nearest screw. The behaviour observed
in Figure 3 for distance from a screw is the same observed
in Figure 2 for perpendicular distance from a joist.
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Fig.3 Point mobility as function of non-dimensional
distance between the drive point and nearest fixing point

These similarities allow generalization. The distance, in
wavelengths, between the observation point and the nearest
screw is the determining factor. The infinite beam
assumption applies for distances below 0.1 bending wave-
length; the infinite plate assumption applies above 0.25
bending wavelength; between 0.1 and 0.25 straight-line
interpolation applies. It remained to consider how these
simple relationships could be predicted and incorporated
into a single equivalent value for the receiving structure.

3  Single equivalent excitation

Machines and machine components are connected to
supporting structures through multiple points, line and area
contacts. The expression for total power is,

(& Il D ] e ) 1 I T )
M
{\Zf} is the complex free velocity vector and [Ysl [)7R]the

Total __
Py =

complex mobility matrices of size N x N, where N is the

number of contacts. In this study, forces perpendicular to
the receiver structure only are considered.

As a first step to deriving a single equivalent formulation, it

is possible to re-express equation (1) by reference to the

concept of the effective mobility [4]. The total power, from

a source S to a receiver R, through all contacts is,

pioa :liv P Re(Y*r)
SR s sfi )72 2> .2
i ‘ si+ Y Ri

2

For both the source and receiver, the effective point
mobility at the i” contact is,
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e = F._
Fr=Y+4) =¥, &)

Y, ; is the transfer

2 is the ratio
F

of the forces at the /” and i contact, respectively. The
complex force ratio is not likely to be known and
simplifying assumptions are necessary [5]. The forces can
be assumed to be of equal magnitude. The phase difference
between forces depends on the vibration behaviour of the
source. If a zero phase difference is assumed, then

equation (3) becomes,

Y.

; is the point mobility at the i" contact,

mobility between the i and /” contacts and

Tra¥+3 Y, (4)
If a random phase is assumed then,
AR A
and Re(7," )~ Re(T)) 5)

Therefore, the two source quantities and the one receiver
quantity, required for prediction of the installed power, can
be expressed as single equivalent values. The first source
quantity, from equation (2), is the sum of the squares of the
magnitudes of complex free velocities at the source

N
contacts z * . The second source quantity is the single

Vo
equivalent source mobility, which is the average complex

N
effective source mobility over the contacts, y* — LZY_Z .
NS

This can be measured directly or obtained indirectly by a
simple reception plate method, but only as the magnitude of

the mean effective mobility ‘}75‘ [2]. Tt is demonstrated

that these real-value quantities are appropriate for
prediction of installed power for a range of source-receiver
mobility conditions [6,7]. The above discussion leads to the
associated single equivalent receiver mobility and how it
can be obtained.

4  Measured receiver mobility

The timber joist floor, described earlier, was used to obtain
the single equivalent receiver mobility for various source
locations indicated in Fig. 4.

&7
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Fig.4 Different mounting conditions
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Again, the timber joist floor was selected since large spatial
variations in receiver mobility were expected, depending on
if the source contacts are over a joist, between joists or if
there is a mix of contact conditions.

Fig. 5 shows measured single equivalent receiver mobility
for assumed mounting conditions according to Fig. 4. When
the source is assumed to have a higher mobility than the
receiver (force source situation), the equivalent receiver
mobilities show plate-like dynamic behaviour, although two
points are located on a joist.
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Fig.5 Equivalent single receiver mobilities of timber joist

floor for different mounting conditions
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However, there will be situations, e.g. rigidly fixing a
source with all contacts to a joist, where the equivalent
receiver mobilities indicate beam-like behaviour, at least in
the low frequencies as shown. When the source is assumed
to have a lower mobility than the receiver (velocity source
situation), the single equivalent receiver mobility is
obtained by summing impedances rather than mobilities in
order to account for lower joist mobilities,

(6)

5 Predicted receiver mobility

Again, the regular and repeatable dynamic behaviour of the
floor, indicated in Fig. 5, points to a simple prediction
method for point- and transfer mobility, and thence single
equivalent receiver mobility. The approach is based on
considering the reactive forces at the screw points, which
result from the forces generated at the contacts between
source and receiver [8].

5.1 Point mobility

The plate response velocities and forces (Fig. 6) are given
as

Vi Yzz ir, fz
= (7)
vrn Kn R K’n 3Ty _‘f;n
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where f, are the reactive forces at the screw points. The

first row of eq. (7) describes the excitation point, the second
row the contact points.

Screw Points

Fig. 6 Scheme of floor set-up used to predict point- and
transfer mobilities of timber joist floor

The forces and velocities at the joist are given by

{vBrn } = [YB ] {fBrn }

where Y, is the characteristic beam mobility matrix.

@®)

From eq. (7) and (8) and from continuity and equilibrium
conditions: v, =V, ; f, =f.

Vi 1,1 ir, f;
= -1 )
Vr’l Kn ’i TusTy _YB vrn
v, can be expressed in terms of f; as
-1
v, =Y, f,-Y, [Y + YB] Y . fi a0
and the point mobility at position i is given
-1
!
Yo=Y, =Y, Y, +Y ] Y,

Y

Lr,

With Y” the uncoupled point mobility, the transfer

mobilities from excitation point to contact points, ¥ . the

transfer mobilities from contact points to excitation point,
Y, the “point” mobility matrix of beam at contact points,

Y

. the point- and transfer mobility matrix of plate at

contact points. The excitation and response points can be
anywhere and the following assumptions are used:

Y, =YI1,,. Y, =YII, ;
Y, /'Y, = characteristic beam / -plate mobility;
Kn*rn = Yc Hrn’rn and Kn’i = }IC Hrn’i;

with the propagation function:
T(kd) = H,* (kd) - H,” (- jkd)
where HO(Z) is the second-order Hankel function, £ the

bending wave number and d the corresponding distances.
These assumptions imply that only basic material properties



and dimensions are required.
In Fig.7 is shown the predicted and measured point
mobility, 80 mm distant from the nearest screw position.
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Fig. 7 Predicted and measured magnitude and phase of the
point mobility 80 mm from the nearest screw position

With some manipulation, the contribution i.e. reactive
forces of three additional screw positions were included and
the results are shown in Fig. 8. The agreement between
prediction and measurement is little improved, if at all, and
an acceptable prediction is obtained from consideration of
the simplest case of one screw point.
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Fig. 8 Predicted and measured magnitude and phase of
point mobility 80 mm from the nearest screw position;
including the next three closest screw positions

5.2 Transfer mobility

The method described can be extended to predict transfer
mobility (see Fig. 6) by the addition of an extra line for v;

V; Yzz Yz/ i, f,
vir=1Ye Y, Y, 0 (12)
N I A A A | G A
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The transfer mobility follows

-1
!

Y=Y, -Y, [V, +Y, ]| ¥, 13)
The predicted and measured transfer mobility is shown for
two contact points midway between joists (in a bay), across
one joist. The distance between points is 1.02 m. Two
screw positions, and therefore two reactive forces, were
considered. The agreement is promising, in terms of magni-
tude. There is agreement in terms of phase at low frequen-
cies although there is under-prediction at frequencies above
125 Hz. As with point mobility prediction, additional screw
points were considered but there was little or no improve-
ment in agreement and these results are not shown. It was
observed that transfer mobility predictions are sensitive to
small changes in distance, both from the source to the screw
and from the screw to the response position. The method of
reactive forces is equally applicable to point and transfer
mobility estimates and equally accurate (compare Fig. 8
and Fig.9). The transfer mobility across a joist is
significantly lower in magnitude than that of the associated
point mobilities at mid and high frequencies, in this case in
the frequency range 125 Hz — 2.5 kHz. At low frequencies,
and for compatible distances, transfer mobility terms will
need to be included when assembling the associated single
equivalent mobility
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Fig. 9 Predicted and measured magnitude and phase of
transfer mobility between bays separated by a joist.

5.3 Single equivalent mobility

From previous measurements of point and transfer
mobilities, single equivalent receiver mobilities were
calculated for two different sources and various contact
conditions [6]. The case considered is for a fan unit on four
mounts when two feet are on a joist and two feet are in a
bay. In general, the spatial variation for different mounting
situations is not large and adds credibility to the concept of
a single equivalent value.

In Fig. 10 the associated predicted equivalent values are
shown for the case using the complex force ratio (see eq. 3)
obtained from measured free velocity and measured source-
and receiver mobilities. The discrepancy is due to the
spatial variation in contact force, which appears to be
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sufficiently small to allow the assumption of a single
equivalent value and the agreement is acceptable overall.
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Fig. 10 Predicted and measured magnitude and phase of
single equivalent receiver mobility using measured
complex force ratio

Since the complex force ratio is not likely to be known,
simplifying assumptions are necessary and the forces can
be assumed to be of equal magnitude.
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Fig. 11 Predicted and measured magnitude and phase of

single equivalent receiver mobility assuming unit force

ratio and zero phase difference
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Fig. 12 Predicted and measured magnitude of single
equivalent receiver mobility assuming unit force ratio and
random phase difference

5130

16 315 63 125 250 500 1000 2000

If a zero phase difference is assumed, the complex single
equivalent values are calculated according to eq.4 and
shown in Fig. 11. If a random difference is assumed, then
the magnitude is obtained according to eq. 5 and is shown
in Fig. 12. The real part of the single equivalent receiver
mobility is obtained from the average of the complex point
mobilities, again according to eq. 5.

6 Conclusion

The receiver mobility of ribbed timber floors can be
predicted in terms of characteristic plate and beam
mobilities. Both the point and transfer mobilities obtained
can be used for prediction of structure-borne sound
transmission at each contact, if the associated source data is
available.

Alternatively, a predicted single equivalent receiver
mobility can be assembled for use with the associated
single equivalent source mobility.
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