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An experimental method used to measure radiation resistance was developed, which was based on a lumped pa-
rameter model. Three probes (devices for measuring acoustical radiation resistance) were designed, and the test
system was built. To verify the accuracy of the experimental results and to find the application frequencies range
for each of the probes, self-resistance and cross-resistance measurements of baffled circular pistons were con-
ducted. The results show that this method is a practical way to obtain the acoustical resistance and that the probe
with a 57 mm speaker can obtain resistance values in the frequency range from 260 Hz to 1700 Hz. The probe
with a 50 mm speaker, on the other hand, presents resistance in the frequency range from 460 Hz to 1900 Hz; the
range of 700 Hz to 2600 Hz is for the probe with a 40 mm loudspeaker. To verify the actual application effects,
experiments measuring the resistance of a horn were performed. The results show that the measuring system with
three probes can be used to predict acoustical resistance of various structures with high accuracy in a convenient

and simple way.

1. INTRODUCTION

Active or passive noise control methods' are common
ways to lower the level of sound power radiated from vari-
ous products. Designing a quiet structure and considering the
mechanical vibration and acoustic characteristics in the design
stage of the product is the fundamental method to optimize
the radiation resistance of a structure based on the theory of
a lumped parameter model, which was developed by Koop-
mann et al.*® The resistance matrix of the structure can be
obtained by analytical and numerical methods, which are suit-
able for products with simple boundary conditions.>” There
are still accounts of acoustic boundary value problems that are
difficult to compute with the numerical method for the com-
plexity of the geometrical shape.®® The singularity problem
has not been totally solved, although some progress had been
made.!%13 However, the experimental method was not be af-
fected by this, but it also had the potential to give precise val-
ues of the radiation resistance in a frequency ranges. Arenas et
al.'*1 has studied the experimental method of measuring the
acoustic radiation resistance with good results obtained. Even
though some studies have been conducted,'* ! such as the
there is no other research work on the accuracy of the experi-
mental results and the optimal size of the experimental device
with its applicable frequency range. The research presented in
this paper is aimed to solve these two problems.

2. THEORY

2.1. Lumped Parameter Model

In a lumped parameter model*?° the acoustic power output

of a vibrating product can be written in the resistance matrix

with the volume velocities of the surface elements. Each of the
surface elements were assumed to be vibrating as pistons. The
equation of the power output was determined as

1
Wao = iUTSRU*; (1)
where, U = [U; ---Up]7T is the volume velocity of the sur-
R11 Rin

face elements and R = is the acous-

RNt Rvn
tic surface radiation resistance matrix. The resistance matrix
could be determined by the numerical method. However, due
to the huge amount of preparation work and time-consuming
calculations, the experimental method has some advantages in
determining the values of the resistance matrix.

2.2. Resistance Matrix Measurement Theory

In a lumped parameter model, the single term of resistance
matrix is defined as

Ramn = R [p (’?_’,”)} : ©)

“(Tn)

where p(7,,) is the sound pressure of a point m on the struc-
tures surface, and u(7),) is the volume velocity of a point n on
the structure surface. When m = n, it is called self- resistance
and when m # n, it is called cross-resistance.

In this experimental method, a small source with a known
volume velocity is needed to approximate a point simple
source, and it must meet two conditions. First, the size of
the source should be small enough so that the influence of its
shape can be ignored when it is installed on the structures sur-
face. Second, it must be able to radiate a sound pressure that
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is strong enough to be measured in a certain frequency range,
so that every point on the structures surface can be measured.
These two requirements are conflicting, because a source with
a smaller size means it will has lower power output at low fre-
quency. To simulate a point simple source,?! the loudspeaker
used must be small compared to the acoustic wavelength, so a
flat panel loudspeaker with a small diameter was used in the
present study. The loudspeaker was enclosed in a designed
cavity to guarantee it is working as a point simple source,
which is essential because the loudspeaker will be more rep-
resentative of a point dipole source if not enclosed. A point
dipole source has a very weak radiation output ability at low
frequencies.?

According to the acoustic theory, the sound pressure inside a
small volume cavity is determined by the harmonic oscillation
velocity of the cavity wall and it is defined as

Jpocs i
wV

p= 3
where py is the density of the medium, ¢ is sound velocity in
the medium, w is the circular frequency (27 f), V' is the cavity
volume, and # is the harmonic oscillation velocity of the cavity
wall.

In the analysis, ignoring the influence of a standing wave in
the cavity and given the condition that the volume of the cavity
and the response of the microphone measuring sound pressure
have no phase error, the volume velocity of the chamber wall
can be calculated from Eq. (3). In fact, the shape of the loud-
speaker is not regular, so it is difficult to measure the volume
of the cavity accurately. The microphone responses generally
have some phase error. Therefore, it is necessary to calibrate
the measurement devices prior to the experiment.

The calibration is conducted with a cavity (called calibration
cavity) whose volume is known and fixed on the source cavity.
The microphone fixed on the top of the calibration cavity is
used to measure the sound pressure in it. Figure 2 below is the
schematic diagram for the position of the calibration cavity and
the source cavity. The transfer function F,, referred to as the
sound pressure ratio between the two cavities, is determined
by

F.

P2 [J'Pocg%] [J'Pocgﬁl] ; @

P1 wVa wWi
Since the air compression in the source cavity corresponds

to the air expansion in the calibration cavity, this means @ =
—19. So the Eq. (4) can be simplified as

_b_ N

F, — - 5
D1 Va ©)

Thus, V; can be calculated by measuring the sound pressure
of the two cavities.

Assuming that the diameter of cavity V5 is d, the length
along the X axis is [ (Vo = mld?4), and the transmission of
acoustic wave inside of the cavity is in the form of the plane

wave, the sound pressure along the cavity axis (z axis) can thus
be determined by

_ 4pocdu cos(k(l — 2))
~ jmd? sin(kl)

(6)

where k is the free-field wavenumber. Since Vo = 7ld?4, so
Eq. (6) can be simplified as

. pocou kL
Pz = JjwVs sin(kl)’

(7

where ps is the sound pressure on the top of the cavity 2(z =
1). Using V; and V. to represent the volume of the sound cavity
and the calibration cavity respectively, and ps to represent the
sound pressure in the source cavity, gives

o wVe
U = ijch_ (8)
PoCh

The volume velocity of the arbitrary point & on the surface
of the structure can be calculated with Eq. (9)

- wVe o
u( k) :]%psO"k)Fc- 9
PoCh
When the sound pressure of point ¢ on the surface of the
structure is measured, then the acoustic radiation resistance be-
tween two arbitrary points can be calculated with

a3 -n28 2]

jw‘/c ps( k)
When i = k, it is called self-resistance, and if i #£ k, it is
called cross-resistance.
Then Eq. (10) can be further simplified as

(10)

PoCs [ p(7)

. 11
v, psm)] (v

Za,ik =

Thus, the acoustic radiation resistance can be calculated
with Eq. (11) by amending the phase error of the microphone
with F71 which was calculated by the calibration measure-
ment, and by multiplying the sound pressure of arbitrary points
on the surface of the structure and the pressure inside the
source cavity with the designed device.

3. THE MEASUREMENT SET-UP

A schematic of the instrumentation is shown in Fig. 1. It in-
cludes one probe, which is the designed experimental device to
measure acoustic radiation resistance and the NI cDAQ-9172
chassis, NI 9263 Analog voltage output module, NI 9234 dy-
namic signal acquisition modules, and the computer for data
acquisition and post-processing program. The loudspeakers
are flat panel types and their rated power output is 2 W. In
this study, three sets of experimental devices (probes) were de-
signed with the diameters of the three loudspeakers used are
57 mm, 50 mm, and 40 mm, respectively and their projected
diaphragm diameters are 52 mm, 46 mm, and 36 mm, respec-
tively. The name of the microphone is DGO9767CD, and the
sensitivities used are -26 dB, -30 dB, -32 dB, and -50 dB.

The data acquisition program, which was developed by Lab-
VIEW, can gather data automatically after the initial parame-
ters are set up.”> The data post-processing program was de-
signed by MATLAB. In each of the experiments, the input
volume of the loudspeaker was kept constant the loudspeaker
was driven with sinusoidal signals, and the frequency range
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Figure 1. Schematic of experimental set-up.
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Figure 2. Schematic diagram of the calibration and in-situ experimental set-
up.

was from 20 to 4000 Hz with frequency increments of 20 Hz.
The sampling rate was 25.6 KHz and the sampling number is
20000. The acoustical radiation resistance was calculated with
the actual experimental data and F. calculated by the calibra-
tion measurement.

Before the formal measurements, calibration of the exper-
imental devices is needed. As illustrated in Fig. 2, the ex-
perimental device was placed on the floor of a hemi-anechoic
chamber, which has an acoustical treatment on the walls and
ceiling only as well as feature hard floors with no acoustical
treatment.>* The design of the calibration cavity is based on
the calibration principle developed above. Its length is deter-
mined by the attenuation of sound pressure along the calibra-
tion cavity axis within 1dB. Thus, the loudspeaker stimulates
acoustic fields synchronously in the source cavity and the cal-
ibration cavity. The microphone fixed on the top of the cali-
bration cavity measures the sound pressure in the calibration
cavity. Based on former studies,”>>" after reducing the effect
of the major factors influencing the accuracy of the measure-
ment, the results obtained showed greater improvements. Each
of the three devices* transfer function between the calibration
cavity and the source cavity calculated by calibration measure-
ments is illustrated as in Fig. 3.

Recalling Eq. (5), the transfer function between the pressure
in the calibrator and the speaker cavities should be constant
as a function of frequency with its imaginary part identically
zero. However, it is known that the actual physical systems
always have some difference from their idealized models and
the difference will lead to the systems having some limitations
in their actual application. It can be seen from Fig. 3 that
the transfer function will vary with the frequency in the actual
measuring conditions, which is caused by the different phase
response between the two microphones together with other fac-
tors brought by the loudspeaker and the other associated elec-
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Figure 3. Results of calibration for the three devices: Loudspeaker, P =2 W,
(a) D =57 mm, (b) D = 50 mm, and (¢) D = 40 mm.

tronics, such as capacitors and resistors.

Even though the imaginary parts of transfer functions show
some fluctuations, they stay close to zero, tending to be linear
variation. The real parts approximation show straight lines in
the range of the interested frequencies, which suggests that the
loudspeakers have a good frequency characteristic. The stable
working range of frequencies for the loudspeakers will become
wider with the decreasing of the loudspeaker‘s diameter.

4. APPLICABLE FREQUENCY RANGE OF
THE PROBE

Two kinds of tests were conducted to verify the ability of
the experimental method determining the acoustical resistance:
verification of the self- resistance measurements and verifica-
tion of cross-resistance measurements.
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Figure 4. Self-resistance measurement of baffled circular piston.

4.1. Self-resistance of Baffled Circular
Piston

To simulate measuring the resistance of a piston in an infi-
nite baffled plate, the experimental device was placed on the
floor of the hemi-anechoic chamber, as illustrated in Fig. 4.
The influences of the device‘s height were neglected in this
study, as they have a relatively low height compared to the size
of the hemi-anechoic chamber.

Referring back to Eq. (11), the radiation resistance can
be calculated with the experimental data and F.. For the
convenience of comparison, the experimental solutions were
changed to a dimensionless quantity by multiplying the area
of the speaker diaphragm S; (below) and then divided by the
characteristic impedance of the acoustic medium pc. By as-
suming the diaphragm of the loudspeaker moves as a piston,
the self-resistance R;; of the baffled circular piston was calcu-
lated using the Eq. (12)?

Rii = pocSi (1 - Jl(%r)) ;

kr (12)

where J; is the first order Bessel function and r is the radius of
the loudspeaker‘s diagram. The measured self-resistances are
compared with the analytical values respectively, as shown in
Fig. 5.

It can be seen from the comparison in Fig. 5 that the exper-
imental values agree well with the analytical values in a wide
frequency range, which states that this experimental method is
able to obtain the acoustical resistance. However, there are sig-
nificant differences at the low frequencies. The experimental
results are far from the analytical values and also show some
natural random fluctuations, which will lighten with the di-
aphragm of the loudspeakers increasing from 36 mm to 52 mm.
This phenomenon only occurred at the low frequencies be-
cause of the lower SNR (signal-to-noise ratio). At certain fre-
quencies and currents, the smaller the diameter of the loud-
speaker‘s diaphragm, the lower the power radiated from the
diaphragm. Thus, the radiation resistance measurement is lim-
ited by the noise floor of this hemi-anechoic chamber, which is
at approximately RSpc = 1x1072. Therefore, the experimen-
tal results will not show good agreement with the analytical
values below 0.01. That is why the degree of agreement be-
tween the experimental and the analytical values declines. The
low frequency limitations will ascend at the same time.

In addition, the difference between them becomes bigger at
high frequencies, for example, above 2000 Hz, because the
condition of the lumped parameter model will not be satisfied
there. When the wavelength is shorter, the ratio of it to the
size of the probe is not big enough and the measuring probe
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Figure 5. Results for the normalized self-resistance of baffled circular piston:
Loudspeaker, P =2 W, (a) D = 57 mm, (b) D = 50 mm, and (c¢) D =
40 mm.

should not be viewed as a point simple source. This is not
in correspondence with the condition of the lumped parameter
model and thus the performance of the measuring probe will
be poor.

4.2. Cross-resistance of Baffled Circular
Piston

As stated in the Eq. (1), it is known that the cross-resistance
terms take a large proportion of the resistance matrix in
computing the average sound power of the vibration struc-
ture. Using the approach of the discrete calculation method,
Hashimoto (2001) presented the approximated values of the

cross-resistance between the ith element and the kth element,?’
Rik _ 2pock‘2SiSk Jl(kﬂ“i) Jl(krk) Sinkdik; (13)
™ k?”i k’f’k kdlk

where S; and S}, are the areas of the ith and kth elements re-
spectively, r; = /S;m and ry, = /S are the equivalent radii
of the ith and kth elements respectively, and d;j, is the distance
between the centers of the two circular vibrating piston ele-
ments.
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Figure 6. Results of the cross-resistance for two circular elements (r = r; =
rr =0.026 m;d = d;p =nD (n=1,2,3,4; D =0.057 m)).

Figure 7.
(d = 0.057 m).

Cross-resistance measurement of baffled circular piston

Thus, the two circular elements are taken as an example,
ri =71, =0.026 m, d;, = nD (n =1,2,3,4; D = 0.057 m),
and the absolute value of cross-resistance (C-R) for the ith and
kth elements are presented in Fig. 6.

It can be seen that the results of the cross-resistance decrease
when the distance between the two elements increase. There
are more valleys with the increasing of the distance, which will
seriously reduce the power radiated from the elements. Thus,
only the first 3 steps off- axis cross-resistance of the devices
were measured.

Similar to the self-resistance measurements, the device was
placed on the floor of the hemi-chamber, and the field point
was measured with the microphone at one, two and three d;y,
(57 cm, 50 cm and 40 cm) from the center of the loudspeaker.
The in-situ cross-resistance measurement of a baffled circular
piston is shown in Fig. 7 and the comparison of the experimen-
tal and analytical results are shown in Fig. 8.

The results show very good agreement between the exper-
imental and analytical results. The degree of the agreement
between the experimental and the analytical results goes down
with the diameter of the loudspeaker decreasing from 60 mm
to 40 mm, which resulted from the same reasons mentioned
above. The first one is the lower SNR due to the powder ra-
diated from the diaphragm, especially for the speakers with a
small diaphragms as the smaller the diaphragm, the lower the
powder radiated from it. Another reason is the frequency lim-
itation from the lumped parameter model as the requirements
for it will not be satisfied at high frequencies, which lead to the
big errors.

Based on the self-resistance and cross-resistance tests, the
applicable frequency range can be determined respectively.
The device with a loudspeaker of 60 mm can obtain resistance
values that agree well with the analytical solutions in the fre-
quency range from 260 to 1700 Hz, which is almost the same
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Figure 8. Results of Cross-Resistance Verification (Loudspeaker D = 57 mm,
d;r. = 57 mm): (a) One Step Off-Axis (n = 1), (b) Two steps off-axis (n =
2), and (c) Three steps off-axis (n = 3).

linear variation frequency range of the transfer function. The
device whose diameter of the loudspeaker is SOmm presents a
precise resistance value in the frequency range from 460 Hz to
1900 Hz, and, 700 Hz to 2600 Hz for the device with a 40 mm
diameter loudspeaker.

5. APPLICATION OF THE PROBES IN THE
PIPE AND HORN

The pipe is a critical application scenario for sound trans-
mission. One of its important functions is that it can be used
to amplify, silence or even eliminate sound. Take a horn with
high power output for daily use as an example. As is shown in
Fig. 11, the horn is circular symmetry with its radius varying
as a complex function of the distance along the centerline. It is
made of 2 mm aluminum alloy with length of 355 mm and the
radius at the throat and mouth are 128 mm and 500 mm, re-
spectively. There is a connection tube at the throat of the horn
with the same radius as the throat and its length is 40 mm.

During the test, the horn was placed on the floor of a hemi-
anechoic chamber and the gap between it and the floor was
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Figure 9. Results of Cross-Resistance Verification, (Loudspeaker D =
50 mm, d;; = 50 mm): (a) One Step Off-Axis (n = 1), (b) Two steps off-axis
(n = 2), and (c) Three steps off-axis (n = 3).

sealed by the BLU Tack. The measuring probe was placed at
the center of the throat of the horn, as illustrated in Fig. 11.

To verify the accuracy of the measured results, they were
compared to numerical values because the cross-section of the
horn changes continuously and therefore cannot be analyzed
using Webster ‘s horn equation which is applicable to exponen-
tial horns, conical horns and so on.!>!® The numerical values
were calculated with the boundary element method (BEM) us-
ing Virtual.Lab.Acoustics, in which the air is set as a homo-
geneous medium with density and velocity of the sound. The
boundary condition of velocity is exerted at the center of the
tube‘s bottom in a circular area with radius same as the di-
aphragm of the loudspeaker used in the tests. In acoustical
grid model, the field point and boundary condition of velocity
is shown in Fig. 12. The comparison between the measured
results and numerical values of the radiation resistance as a
function of frequency is shown in Fig. 13. The frequency in-
crement in both case is 2 Hz.

As can be seen from Fig. 13, the test results agree well with
the numerical results which indicates that the designed devices
can obtain the resistance of the horn with high accuracy. There
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Figure 10. Results of Cross-Resistance Verification, (Loudspeaker D =
40 mm, d;; = 40 mm): (a) One Step Off-Axis (n = 1), (b) Two steps off-axis
(n = 2), and (c) Three steps off-axis (n = 3).

are some differences at the low frequencies and high frequen-
cies, which has the same reasons as discussed above. In ad-
dition, the inaccuracy of the horn model might also results in
lead to the difference between the test and numerical values.
There would be some error between the model used in calcu-
lation and the actual size of the horn, because the detail size of
the horn is not easily measured accurately.

Through this application, it can be seen that the measuring
system can present the resistance results with high accuracy.
This will save a lot of time in building the model and mak-
ing calculations, especially when the structures have complex
shapes. The system is convenient and very easy to operate, and
thus can be used to determine the acoustical resistance matrix
of various structures.

6. CONCLUSIONS

In this paper, a method has been presented to measure the
acoustic radiation resistance. With the three sets of probes de-
signed, the self-resistance and cross-resistance of the infinite
baffled piston source had been conducted. Comparing the ex-
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Figure 11. In-situ measurement of horn.

Figure 12. Acoustic grid model of horn.

perimental and analytical results showed that this method is ap-
plicable to obtain the acoustical resistance and the applicable
frequency ranges for the three devices tested. The frequency
ranges 260 ~ 1700 Hz, 460 ~ 1900 Hz, and 700 ~ 2600 Hz
for the devices with 57 mm, 50 mm, and 40 mm loudspeakers,
respectively were obtained.

Then the resistance at the throat of a horn was tested to ver-
ify actual application effects. The results showed that the mea-
suring system with three probes can be used to measure vari-
ous structures* acoustical resistance with a high accuracy in a
convenient and simple manner.

The qualities of the loudspeakers, such as harmonic distor-
tion and characteristic sensitivity, have significant influence on
the experimental results. The results would be better at low fre-
quencies if the loudspeaker has a high quality with high power
output.
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