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Statistical energy analysis is used to predict the sound transmission loss, the radiation
resistance and the vibration amplitude of a partition. Agreement between theory and
experiment is shown to be good. The “mass-law”’ sound transmission is seen to be due to
non-resonant modal vibration while the increased transmission in the coincidence region is
seen to be due to resonant modal vibration. The observed vibration amplitude is also shown
to be due to resonant modes. The previously observed discrepancy between the values of
vibration amplitude derived from the mass law and those observed experimentally which
has been described in the literature [1]is thus satisfactorily explained.

1. INTRODUCTION

In recent years new techniques have been developed for predicting the acoustic response and
radiation properties of complicated structures {2-6]. These techniques sometimes known as
“statistical energy methods” have been primarily applied to predicting the noise and vibration
levels in aircraft and spacecraft structures. In the past, the classical architectural sound trans-
mission problem has normally been approached theoretically with so-called “mass-law
theories” [7-11]. Often these theories neglect damping and stiffness in the partition, which is
assumed to be infinite in extent and to respond as a limp membrane. In this paper the classical
sound transmission problem is approached using statistical energy methods. This approach
includes panel stiffness and damping and the effects of finite panel size and successfully
predicts the panel vibration amplitude and the dip in the transmission loss curve at the
coincidence frequency.

Theory developed by Lyon [12, 13] and Ungar [14] is used to predict the partition trans-
mission loss and vibration amplitude in section 5 of the paper. The present authors have
extended this theory in sections 4.2 and 4.4 of the paper to enable the partition radiation
resistance and its coupling with the transmission rooms to be determined. In order to predict
the partition transmission loss and vibration amplitude it is necessary to know the radiation
resistance of the partition. Both theoretical values (due to Maidanik [4]) and experimental
values (determined using the analysis developed in section 4.2) were used in the predictions.

Utley and Mulholland [1] have recently shown that the vibration amplitude of a partition is
very much greater than that predicted by mass law. This discrepancy is easily explained by the
present approach. As is shown in this paper, the vibration amplitude at any frequency is due
to the response of resonant modes. The vibration amplitude is thus governed by the total
resistance and by the radiation resistance of the panel at any particular frequency. It is found
that using a measured value of the partition total resistance, it is possible to predict the
vibration amplitude to within 1 or 2 dB throughout the frequency range 400 to 10,000 Hz.

2. MODAL BEHAVIOUR OF PANEL

The resonant modes of a panel can be divided into two classes. Modes with resonance
frequencies above the critical or coincidence frequency and thus having bending velocities
32 469



470 M. J. CROCKER AND A. J. PRICE

greater than the speed of sound in air are termed acoustically fast (A.F.). Modes with reson-
ance frequencies below the critical frequency and thus having bending velocities less than the
speed of sound are termed acoustically slow (A.S.).

It can be shown theoretically [4, 6] that the A.F. modes have a high radiation efficiency,
whilst the A.S. modes have a low radiation efficiency. The A.S. modes may be further sub-
divided into two groups. A.S. modes which have bending phase speeds in one edge direction
greater than the speed of sound and bending phase speeds in the other edge direction less than
the speed of sound are termed “‘edge” or ““strip’ modes. A.S. modes which have bending phase
speeds in both edge directions less than the speed of sound are termed *“‘corner” or “piston”
modes. Corner modes have lower radiation efficiencies than edge modes.

The theoretical results for the radiation efficiency and classification of modes can also be
given a simple physical explanation. Figure 1 shows a typical modal pattern in a simply-
supported panel. The dotted lines represent panel nodes.
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Figure 1. Wavelength relations and effective radiating areas for corner, edge and surface modes.
(a) Corner mode; (b) X-edge mode; (c) surface mode. M, Effective radiating area.

The modal vibration of a finite panel consists of standing waves. Each standing wave may be
considered to consist of two pairs of bending waves, the waves of each pair travelling in oppo-
site directions. Consider a mode which has bending wave phase speeds which are subsonic in
directions parallel to both of its pairs of edges. In this case the fluid will produce pressure
waves which will travel faster than the panel bending waves and the acoustic pressures
created by the quarter wave cells [as shownin Figure 1(a)] will be cancelled everywhere except
at the corners as shown. If a mode has a bending wave phase speed which is subsonicin a direc-
tion parallel to one pair of edges and supersonic in a direction parallel to the other pair, then
cancellation can only occur in one edge direction and for the mode shown in Figure 1(b), the
quarter wave cells shown will cancel everywhere except at the x edges. Acoustically fast
modes have bending waves which are supersonic in directions parallel to both pairs of edges.
Then the fluid cannot produce pressure waves which will move fast enough to cause any cancel-
lation and the result is shown in Figure 1(c).

Since A.F. modes radiate from the whole surface area of a panel, they are sometimes known
as “surface” modes. With surface modes the panel bending wavelength will always match the
acoustic wavelength traced on to the panel surface by acoustic waves at some particular angle
of incidence to the panel; consequently, surface modes have high radiation efficiency. This
phenomenon does not happen for A.S. modes, the acoustic trace wavelength always being
greater than the bending wavelength; A.S. modes have a low radiation efficiency.
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At the critical frequency (when the panel bending wavelength equals the trace wavelength of
grazing acoustic waves), the panel vibration amplitude is high (Figure 17). The radiation
efficiency which is proportional to the radiation resistance is also high (Figure 12). Thus at the
critical frequency the sound transmission is high and is due to modes resonant in a band
centred at this frequency. Since the modes are resonant the transmission can be reduced
effectively in this region by increasing the internal damping of the panel.

Well below coincidence the vibration amplitude of resonant modes is low and the radiation
efficiency is also low. In this region it is usually found that more sound is transmitted by modes
which are not resonant in the frequency band under consideration. Since these modes are not
excited at their resonance frequencies they are little affected by internal damping. The contri-
bution due to the non-resonant modes gives rise to the well-known “mass law” transmission.
Just above coincidence the panel vibration amplitude and the radiation efficiency are high and
the transmission is still resonant. However, as the frequency is increased further, the internal
damping increases rapidly, the non-resonant transmission becomes more important, and the
transmission again approaches mass law [15].

The relative importance of resonant and non-resonant transmission of course depends upon
the practical structure under consideration and upon the variation of internal and radiation
resistance with frequency. The radiation resistance is normally increased with the addition of
stiffeners which will usually increase resonant transmission. An increase of internal damping
which may be achieved in several ways including the use of rivetted structures or damping
material will decrease resonant transmission and increase the importance of “mass law”
transmission.

3. POWER FLOW BETWEEN COUPLED SYSTEMS

The power flow between coupled oscillator systems has been studied by several authors
{3, 12, 16-18]. It is assumed that the power flow from one system to another is proportional to
the difference in modal energies of the systems [3].

3.1. TWO COUPLED SYSTEMS

Consider the panel suspended in a reverberant room. The room may be considered as
system 1 and the panel as system 2 as shown schematically in Figure 2. Following Lyon and
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Figure 2. Block diagram representing energy flows between panel and reverberant room.

Scharton [12] the power flow balance for the two systems may be written {equations (1) to (4)]

Hinl ='deissz +H123 (1)
E, E

I, = wny Ey + wmypny (—‘l —_3) > 0))
n, Hay

Hlnz = Hdissz - HlZ’ (3)

Hinz = wn, E; ~ wyyym (;l—" 'Z

£ Ez), @
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where I1;,, and IT;,, are the rates of energy flow (in a frequency bandwidth of 1 rad/sec,
centred on w) into systems 1 and 2, respectively, supplied by a loudspeaker or shaker; ITy;q,,
and Iy, are the rates of internal dissipation of energy in systems 1 and 2 (in a bandwidth of
1 rad/sec); E, and E, are the total energies of systems 1 and 2 (in a bandwidth of 1 rad/sec). It
should be noted that the coupling loss factor 7, , strictly is only defined for zero energy in the
second system [19], E,/n, = 0, otherwise equations (2) and (4) do not balance. However, in
most practical situations E,/n, < E;/n; and 7,2 X 7121, _0-

3.2. THREE COUPLED SYSTEMS

Consider the transmission suite shown in Figure 3. This may be considered to consist of
three coupled systems as shown schematically in Figure 4. In a similar manner the power flow
balance for the three systems may be written

Hinlzndissl+H12+HIJ’ (5)
. E, E, E, Ej\

ITi,, = wn Ey + wnyyny (”1 nz)‘Hth”l(nl m)’ (6)

I, = Iy, — 11,; + 11,5, 0
- El E2 (E2 E3 .

I, = wny E; — wnypa (nl nz) + wna3ny nom) ®)

Hin3 = Hdlsss - HIJ - H239 (9)
_ Ey _Ey) E, _E

Hin; = w3 E3 — wn3n (nx n;) w3 M, ('lz n3) . (10)

The I1;; term represents power flow from system 1 to system 3 when there are no modes
excited in system 2 in the frequency band under consideration. Thus the power flow IT,; must

Transmission room(1) Reception room (3)

Ponel (2)

Figure 3. The transmission suite.
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Figure 4. Block diagram representing energy flows between coupled systems of transmission suite.
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be due to modes which are resonant outside of the frequency band under consideration. In
this situation system 2 is non-resonant and acts only as a coupling element between systems 1
and 3. Providing the coupling factor is defined (i.e. a limp mass giving ‘“mass law” power
flow) this non-resonant power flow can be calculated. Since “mass law” transmission is
derived assuming zero stiffness and damping in the partition and off resonance, these para-
meters are unimportant to the response; then Il can be derived from “mass law” trans-
mission [13, 20}].

4, PANEL RADIATION RESISTANCE AND COUPLING WITH ROOMS

4.1. RADIATION RESISTANCE OF PANEL IN REVERBERANT ROOM

Suppose a panel is suspended in a reverberant room and is excited by a shaker. The power
flow is given by equations (1) to (4) with I1,,,, = 0. Making this substitution, equations (1) and
(3) become equations (11) and (12), respectively:

0 =11y, + 11, (1)
IT,,, = My, — 11, (12)

Thus, combining equations (11) and (12),
IT,,, = Iy, + Iy, (13)

The total power supplied to the panel by the shaker is

Hlnz = EZ(Rtot/Mp) = Mp Sv(Rtot/Mp) = (Sa/wz) Rtou
where
Rioc = Rin¢ + Ry

The rate of energy dissipation by the panel in internal friction is
Hdlssz = EZ(Rint/Mp) = (Sa/wz) Rint’
and the rate of internal energy dissipation by the room is
Hdiss; = El lgl = [Vl Sm/(Pcz)] Bl'
Substituting these expressions in equations (13) gives

(Sa/wz) Rtot = (Sa/wz) Rint + [Vl Sm/(Pcz)] Bl’

w2

Rrad = W [Sm Vl /31] (14)

and, on rearranging,

Equation (14) was used in the measurement of the radiation resistance described in section
6.3.1. of this paper. But n, = (w? V,)/(27% c?), thus equation (14) may be rewritten

272 ¢
Rrad = “5; [Sm ny Bl] (15)
Equation (15) is the result obtained by Lyon and Maidanik [3].

4.2. RADIATION RESISTANCE OF PANEL BETWEEN ROOMS

Suppose a panel is clamped between two reverberant rooms (Figure 3) and is excited by a
shaker. The power flow is given by equations (5) to (10) with II;,, = 0 and IT,,, = 0. Thus,
with this substitution, equations (5) and (9) become equations (16) and (17), respectively:

0 =Ily, + I}, + 11,5, (16)
0=Hdissz_nl3—nz3' (17)
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Combining equations (16) and (17) and noting that since power flow must be directional,
I1,, = —I1,,, gives equation (18):

Ilgis, + Hyigsy = I, + I, (18)
In this instance equation (7) is rewritten as

1L, = Ny, + I, + I3, (19)
which becomes, on substituting equation (18),

IIin2 = Hdissz + Hdlss; + Hdissr (20)

Thus in a similar manner to section 4.1, equation (20) may be rewritten:

(Sa/®) Rior = (Sa/0?) Rine + [V1 S, /(0] By + [V3 S,/ (pcH)] Bs.
2

w
Ria= S.pc [Sp, V1 Bit Sps V3 B3], (21
2n%¢
Reas =[Sy B+ Syaits ] (22)

It is seen that equation (22) reduces to equation (15) if one of the rooms (system 3) is elimin-
ated. Equation (21) was used in the measurement of radiation resistance described in section
6.3.2.

4.3. COUPLING FACTOR FOR PANEL IN REVERBERANT ROOM

If a panel is suspended in a reverberant room and a loudspeaker is driven in the room, the
power flow is given by equations (1) to (4) with IT;,,, = 0. Thus equation (3) becomes

0= Hdissz - HIZ, (23)
_ E, E,
m Ey =n12m (”1 nz). (24)

Now Lyon and Scharton [12] and Ungar and Scharton [14] have shown that under most
conditions encountered in practice

N2y = N21 3. (25)
But 15, = 97 and 7, = 7,,, thus equation (24) may be rewritten:
v 47
= Mrad é) / (5) 26
K Nine + Nrad (”2 n)’ (26)
which may be rewritten using the expressions given for E,, E, and n, in section 4.1.:
®= [Sa/Sm]IL‘g ’ (27)
where
I' =27 [n,(w)/M,)(c/p)- (28)

Equations (27) and (28) give the result obtained by Lyon and Maidanik [3].

4.4, COUPLING FACTOR FOR PANEL BETWEEN ROOMS
If the panel is excited by driving a loudspeaker in each room, then the power flow is given by
equations (5) to (10) with IT,,, = 0. Thus equation (7) becomes
0=Hdissz ~H12_H327 (29)
E, E E, E
M2 By =mnpan, (n—:—'—z)‘f‘ﬂszns (—‘3——?)- (30)

n, ny n
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Thus in a similar manner to section 4.3, equation (30) may be rewritten:

) Mrad £, [El EJ] .
= == 3D
# Nint + 2Yraa nz/ ng. o on (
p=[So/(Sp, + Sp)) [, (32)

where I'is given by equation (28). Equation (32) reduces to equation (27) if one of the rooms is
eliminated.

5. SOUND TRANSMISSION AND PANEL RESPONSE

It is assumed that the panel is clamped between the transmission room and the reception
room of the transmission suite. Reverberant sound is produced in the transmission room by a
loudspeaker. In this case the noise reduction, E,/E;, and consequently the sound transmission
loss produced by the panel and also the panel vibration amplitude may be determined from
equations (5) to (10) with I;,,, = O and I1;,, = 0.

5.1. PANEL TRANSMISSION LOSS
Putting I, , = 0 in equation (8) and using equation (25), equation (33) is obtained:
5) (B
EE n, 721 Py N23 .

= ; (33)
) N2+ N21+ M2

but 1,3, = 723 = 1,24 and, except at low frequency where the present theory does not apply,
E,/n, > E,[n,, thus equation (33) becomes

EZ El [ Nrad ]
e el J L 34
n, ny | Mine + 27]rad ( )

Putting I71,,, = Oin equation (10) yields

E =E1’7|3 + Ey 73

. 35
N+ N3+ 732 (35

This is a similar result to that found by Lyon [13], except that no terms are neglected in the
present analysis. The term E, 7, represents the mass law or non-resonant transmission since
it occurs without the modes resonant in the frequency band under consideration being excited.
The term E, n,, represents the resonant transmission.

Substituting equation (34) in equation (35) gives

é — 13 + nl%ad(nZ/nl)/(nint + 27)m1)
Ey  m3+ (/ns)nys + (m2/n3) Neaa
Equation (36) gives the noise reduction from the transmission to the reception room. The
parameters 7,3, 7. and 7, can be evaluated from the following equations:
R
Nrad = pr ’ (37)
where the panel radiation resistance to half space R%7, is given by Maidanik [4] as

(A Ao/ 4,) 2/ (1) 8:1(f110) + (PAS A &:(fIf D), f<fes
RiZy=Appe. { (LAY + (LAY, f=f (38)
(=S Y13, f>fe

(36)
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where
@71 = 2B/l — )2, f<3f,
81 = {5 Jobe
&(1f) = 2m)2{(1 — A In [(1 + )/(1 — &)] + 2a}/(1 — a?)*'2,
o = (ﬂ 0)1/2'

It should be noted that the expression for f < f, given in reference 4 was in error, but the correct
expression [21] (communicated by Maidanik), is given in equation (38). The expression for
J>f. given in reference 4 was also incorrect and this has been corrected above.

The coupling loss factor 7,3 due to non-resonant mass-law transmission is obtained from
[13]:

1010g,073 = —T.L. + 10log,o (Zi:;:—i), (39)

where T.L. is the random incidence mass law transmission loss value for the second system
(the panel). Finally,
2:2
N3y = ]?3 .
If equations (37), (38), (39) and (40) are evaluated and a value for %;,, is chosen, or else
measured by experiment, then the noise reduction N.R. (in dB) can be evaluated by taking
logs of equation (36):
N.R. = 101log,o[13 -+ 7ias(t2/1)/(M1ne + 27rad)] —
—101og;0[n3 + (1/n3) n13 + (n2/13) Neaa), 41)

where the room modal densities are

(40)

7 o= Vl (l)2
S
_Vye? )
s = 2723’
The transmission loss is then
B AycT;
T.L. = N.R. + 10log,, [24V3 ln(lO)]' (43)

5.2. RESPONSE OF PANEL

The panel vibration amplitude is given by equation (34). For a reverberant field the total
energy in a 1 Hz bandwidth E, = S, ¥, /(pc?), and the total panel energy in a 1 Hz bandwidth
E, = M, S,/w?; hence equation (34) becomes

M 14 Sa S p1 Vl Nrad

“pa_Op 7t Ted 44

ny w? Pc2 1y Nine + 2Mraa (“44)
The modal density of the transmission room n,(w) = V, ?/(27% %), while the modal density of
the panel n,(w) = V' 34,/(2mhe;), and the critical frequency f, = V/3¢?/(rhc;), thus

2
Sn — Nrad ™ fc . (45)
Sm Nine + 27]rad Ps PC

If the panel responded as a limp mass, the response would be

S,

ama.

See P “9
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where S, is the pressure spectral density at the panel surface. Neglecting panel motion,
S, =2S,,, since there is pressure doubling for each wave arriving at the panel surface,
although at any instant only half the waves are travelling towards the panel. Thus,

Sama, _ 2
Sn o “n

Dividing equation (45) by equation (47) gives the panel response relative to mass law:

Sa — Mrad 772f;_- Ps
Sﬂm.l. Nine + 27]rad 2PC

(48)

6. EXPERIMENTAL MEASUREMENTS

Experiments were made to measure the radiation resistance, the total resistance, the
coupling factor, the modal density, the transmission loss and the vibration response of an
aluminium panel. The panel was } in. thick and measured 77-5 by 61-0 in. when clamped in
a frame. In some of the following experiments the panel was suspended from two corners in an
anechoic room or in a 4500 ft’ reverberant room. In these experiments the panel was
surrounded by a 2 ft wide baffle and the narrow gap between the panel and baffle was sealed

- Weld
03 e
o5
6lin.
ol 02
ol o4
o4
[ 775in. o]

Figure 5. Positions on panel.

with a plastic tape. In the other experiments described here the panel was clamped in a frame
between the transmission and reception rooms. The panel edge conditions were intended to be
fully fixed and the frame was attached to the reception room (Figure 3) which was vibration-
isolated from the transmission room with glass fibre. Unless otherwise stated the experiments
in section 6 were conducted by supplying 4-octave bands of white noise to the loudspeakers
or shakers in use. Panel measurement positions are shown in Figure 5.

6.1. MEASUREMENTS OF PANEL MODAL DENSITY

The panel was suspended in an anechoic room and excited by a loudspeaker producing
acoustic waves at grazing incidence and in a direction diagonally across the panel. The
experimental arrangement is shown in Figure 6, where the sine-wave generator was drivenata
very low speed from the level recorder. The output from an accelerometer was fed into the
level recorder. A typical result is shown in Figure 7. The modal density was computed by
counting the number of modes in a given frequency band and dividing by the bandwidth.

For a simply-supported panel the modal density is

V34,
Clh )

n(f) = (49)
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For aluminium, the speed of longitudinal waves is ¢, ~ 17,000 ft/sec, and for the panel,
A, =376 ft?, h = 1/96 ft. Hence the modal density is

n,(f) = 0-36 modes/Hz.

Loudspeoker—\

—

Sine wave y
generator Anechoic /1
BB K 1024 room
T
! gl
' Accelerometer -~
4 B&K 4335 pt
: weight 1279 - Preamplifier
. Panel B&K 1606
Level Microphone
recorder | w——-—-——  gmplifier -
B&K 2305 Ba&K 2112

Figure 6. Experimental apparatus to measure panel modal density.

Acceleration (dB)
I
=1
N
=
S
N

—=
N

=
b
M
=
-
-
-

Frequency (Hz)

Figure 7. Modal resonances in panel.

Figure 8 shows that except at very low frequency (<20 Hz) the agreement between theory and
experiment is good. The experiment was repeated with the panel clamped between the rooms.

200}

175}~
w
g 150}
-
S 125 \
2 0-35 Modes /Hz
B o0k
-]
c
S s
k]

501

25}-

1 | 1 1
0 100 200 300 200 500 600

Frequency (Hz)
Figure 8. Modal density of panel.
The clamping reduced the area to 32-9 ft?> and hence the theoretical modal density to 0-315

modes/Hz. This compared with a measured value of 0-303 in the mid-frequency range (about
500 Hz).
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6.2. MEASUREMENT OF TOTAL RESISTANCE

The apparatus used is shown schematically in Figure 9. The panel was clamped at its edges
between the two rooms and excited with a shaker near to one corner (Figure 5, position A).
The panel damping was determined from decay measurements when'excitation was abruptly
terminated. Use of discrete tone excitation instead of {-octave bands of [white noise ap-

Random 13 octave
noise source - filter t————®—— — Amplifier
B&K 1024 B&K 2109
Accelerometer ~ Loudspeaker
B&K 4335
Preamplifier
B&K 1606
Level Microphone 3
recorder - omplifier |—=—3
B & K 2305 BBK 2112 51

AN
{in.microphones
Tronsmission B &K 413|
suite
TABLE
Measurement : Switch positions
Total resistance } 2,3
Radiation resistance | 2,4and5
Noise transmission 1,4and 5
Vibration response 1,3

Figure 9. Apparatus used to measure panel total resistance, radiation resistance, noise transmission
and vibration response.

20
© 0-0l 14
e =0 [} o
K 7 ] )],. mEn
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Q‘ |
% ou | :
< 4;;5:9—:?’ .
~i0 . ‘
g 70005 | \
I
_a ; “
| |
00 1000 10000

Frequency (Hz)

Figure 10. Normalized total resistance of panel: direct measurement (0); measured using reduced
playback speed on tape-recorder (®).

peared to give rather inconsistent results, depending upon whether or not the frequency
coincided with a modal resonance [22]. Due to limitations in the writing speed of the level
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corder it was only possible to measure directly the total resistance of the panel up to 2000
Hz. Above this frequency it was necessary to use a tape-recorder and play back the signal at
a slower speed. The plot of normalized total radiation resistance is given in Figure 10. The
total resistancet was determined from

Ry = (13-8/T1) M,

6.3. MEASUREMENT OF RADIATION RESISTANCE

6.3.1. Baffled panel in reverberant room
The panel was excited by a shaker attached at position B. The pressure levels were measured
at two points in the room and the acceleration was measured at positions 2 and 3 on the panel

20
. I3 octave
[ average ©
4
[y

—
©
$ ° °
<
o o
? -1 A
Q‘- /
— .’K
g-ch 2 et TG
- 2 [+]

-30

-40| -

100 - 1000 10,000

Frequency (Hz)

Figure 11. Normalized radiation resistance—baffled panel.

(see Figure 5). The reverberation time of the room against frequency was measured. The
radiation resistance was calculated using equation (14) and averaged values of S, and S,.
The results are plotted in Figure 11.

6.3.2. Panel between rooms
The radiation resistance was measured in a similar manner to section 6.3.1. The panel was
excited by a shaker attached at position A. The pressure levels were measured at five positions

20
143 octave
101 average
Rl |
N M
g <
< 10/
o o I
% -0 5 4
lte ;O/"/
=
g: . o) (o] -
2 -20
Q N,
o ©
30
-4
0IOO 1000 10,000
Frequency{Hz)

Figure 12. Normalized radiation resistance—panel between two rooms.

1 It should be noted that the total resistance Rips = SM, = noM, = 26wM,,.
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in each room and the acceleration at five points on the panel (see Figure 5). The reverberation
times of each room were measured (as a function of frequency) and the radiation resistance
was calculated from equation (21) using averaged values of S,,, S,, and S,. The result is
plotted in Figure 12.

6.4. MEASUREMENT OF PANEL COUPLING FACTOR
6.4.1. Baffled panel in reverberant room

The panel was excited with reverberant white noise in 4-octave bands from a loudspeaker at
one corner in the room. The acceleration level was measured at five points on the panel and the
pressure level at five points in the room. The coupling factor was calculated using equations
(27) and (28) and arithmetically averaged values of S, and S,. The result is plotted in Figure
13,

6.4.2. Panel between rooms

The panel was again excited with reverberant white noise in 4-octave bands. The noise was
produced by feeding the same signal through different amplifiers to a loudspeaker in each
room. At the beginning of the experiment the amplifier gains were adjusted until the levels in
each room were approximately the same throughout the frequency range. The gains were then
kept constant throughout the experiment. The acceleration level was measured at five points
on the panel and the pressure level at five points in the room. The coupling factor was cal-
culated using equations (32) and (28). The result is shown in Figure 14.

6.5. MEASUREMENT OF TRANSMISSION LOSS AND PANEL RESPONSE
6.5.1. Transmission loss

The panel was placed between the two large reverberant rooms (Figure 3). 4-octave bands of
white noise were made in the transmission room with a loudspeaker (Figure 9) and the levels
recorded in each room. This was repeated at five positions of the microphone in each room.
The reverberation time of the reception room was measured as a function of frequency. A
plot of transmission loss calculated by the theory of section 5.1 is given in Figure 15.

6.5.2. Panel response

At the same time as the transmission loss experiment described above was performed, the
acceleration of the panel was measured for five different panel positions (Figure 5). The panel
response compared with mass law was calculated from equation (48) and is plotted in Figure
17.

7. DISCUSSION OF EXPERIMENTAL RESULTS

The total resistance of a panel R,,, is the sum of the internal resistance R;,, and the radiation
resistance R,,q. At low frequency, where the radiation resistance is small, the resistance of the
panel is mostly due to the internal resistance. At the critical frequency the resistance is
mostly due to the radiation resistance, but well above coincidence the total resistance again
normally becomes dominated by the internal resistance. The measured values of total
resistance, in general, tended to confirm the above hypotheses. Figure 10 shows that the total
resistance lies between 7,,, = 0-005 and 0-01, below coincidence. This value agrees fairly
closely with the value measured by Lyon for a similar sized aluminium panel of 4 in. thickness
[12].

The measurements of radiation resistance appear to agree well with the theory (Figures 11
and 12). The panel in Figure 11 was freely supported and baffled, while the panel in Figure 12
had clamped edges. The panel assumed in the theoretical comparison had simply-supported



*§00-0 = "t ‘— - — 100 = "tk “— {38eIoA® 2ALIO0-§ ‘-~
Uil JO sanfeA om) J0J PRy JO sonfea [ejudwiLadxa Suisn uonolpald

€00-0 = "' ‘—— ‘aBeIoAr 2ARIO-§ ‘——— 'UONOIPAId [BI112103Y] YIIM

Y1m sSO[ uoIssiwsuel) pued jejuswiradxs jo uosuedwo)) ‘9] d1ndig paiedwios sso uoisstusuel; [pued Jo san[ea [ejusuwitiddxy "¢ 2IMsiy

5 (zH) Kouanbasy 5
000'0! / 000! 001 00001 4 0001 [3.9]]
o
1 \.\O_
A l\\\oL =T o 0z
P / =0 o ©¢ R 4 &&\0‘
BN r LE
» % o
26 //o

A ov

0%

(BP) S5O} UOISSIUSUDY|



484 M. J. CROCKER AND A. J. PRICE

edges and the weld was assumed to act as a rib. It is probable that the difference in the
mid-frequency range between Figures 11 and 12 is due to the different edge conditions.
Maidanik states [4] that atlow frequencies the radiation resistance of a clamped panel should
be twice that of a simply-supported panel. The difference between the theoretical and ex-
perimental results in Figure 11 may be due to the inefficiency of the baffle at low frequencies.
The coupling of the panel with the rooms is shown in Figures 13 and 14. In the first case the
coupling factor u = Rp,a/[Rin + Reag]- As expected the coupling factor u — 1 above co-
incidence because R4 > R;,, at and just above coincidence when the panel was freely-
supported. However, when the panel was clamped between the two rooms, the coupling factor
became p = 4R,,4/[Rinc + Riaa] and the internal resistance was increased considerably. Thus,
as expected, at and just above coincidence u —> 0-5; also as the frequency increases above
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Figure 17. Panel response relative to mass law. i, = 0-005.

coincidence pu decreases again, due to the rapid relative increase in R,,,. The agreement
between the values of p given in Figure 14 found from experiment (section 6.4.2) and those
determined from experimental values of R4 and R, is satisfactory, except at low frequency
(<400 Hz). It is thought that the low-frequency disagreement, which is considerable, is due to
the low-frequency panel/room modal interaction. At low-frequencies there are insufficient
panel modes to make a correct average, a fact which is not included in the present theory.

Figure 15 shows a comparison between the transmission loss of the panel measured experi-
mentally and that calculated using the theory of section 5.1. The value of 7,,, used in the
theoretical calculation was 0-005 and the theoretical values of 7,4 used were determined from
Maidanik’s expressions for a simply-supported panel [equation (38)]. It is seen that agreement
between experiment and theory is good, with two exceptions. These are at low frequency
(<400 Hz) and just below coincidence. The low-frequency disagreement is again thought to be
due to room mode/panel mode coupling as also observed in the coupling factor experiment
and discussed above. The apparent discrépancy just below coincidence is removed if experi-
mental values of 7,4 are used in the calculations (see Figure 16).

The measured acceleration level of the panel above mass law as compared with that pre-
dicted by the theory is given in Figure 17. For the theoretical prediction a value of 7,
= 0-005, and 7,4 determined from Maidanik’s expressions were again used. A similar low-
frequency discrepancy to that observed in the other experiments was again apparent. The
agreement is otherwise remarkably good. Above coincidence the experimental values start to
fall below the theoretical curve; part of this disagreement above coincidence is probably
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due to mass loading of the panel by the accelerometer. No correction was made for mass
loading which was expected to be of the order of 1 or 2 dB in this frequency region.

8. CONCLUSIONS

“Statistical energy analysis” has been shown to provide a useful way of predicting the
transmission loss of a panel. This analysis obviously has its uses in classical architectural
transmission loss problems as well as in aerospace transmission loss predictions. The vibration
amplitude of a partition has also been satisfactorily predicted thus explaining the previously
observed discrepancy [1] between the experimental partition response and that predicted

by mass law.
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APPENDIX: LIST OF SYMBOLS

A, panel surface area
¢ speed of sound in air
¢; speed of longitudinal panel waves
E; total energy in ith system
f frequency
Jfe critical or coincidence frequency
g1, g2 functions of f/f.
h panel thickness
i,j integer subscripts representing system numbers (i =1,2,3andj=1,2,3)
L, I; length, breadth of panel
M, total panel mass modal density of ith system in radian frequency
n; model density of the ith system in radian frequency
n, modal density of panel
P perimeter of panel (including twice length of weld)
Ry, internal resistance of panel
R..a radiation resistance of panel to whole space
R?*7,  radiation resistance of panel to half space
R« total resistance of panel
S. spectral density of panel acceleration
S.... spectral density of panel acceleration predicted by mass law
S, spectral density of pressure in transmission room or reverberant room
Sp, spectral density of pressure in reception room
S, spectral density of panel velocity
T; reverberation time of ith system
¥V, volume of transmission room or reverberant room
Vs volume of reception room
B: energy decay constant for transmission room or reverberant room
Bs; energy decay constant for reception room
7; internal loss factor for ith system
7y coupling loss factor from ith to jth system
Tine  internal loss factor for panel
Tea radiation loss factor for panel (to half space)
n¥% radiation loss factor for panel (to whole space)
Mo total loss factor for panel
A, acoustic wavelength
A. coincidence wavelength of panel
¢ coupling factor between acoustic field and panel
I1,; power flow from ith to jth system
I, power dissipated internally by ith system
IT;,, power supplied to ith system
p air density
ps panel surface density
w angular frequency



