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Similar to air reverberation chambers, non-anechoic water tanks are important acoustic measurement devices that can
be used to measure the sound power radiated from complex underwater sound sources using diffusion field theory. However,
the problem of the poor applicability of low-frequency measurements in these tanks has not yet been solved. Therefore,
we propose a low-frequency acoustic measurement method based on sound-field correction (SFC) in an enclosed space
that effectively solves the problem of measuring the sound power from complex sound sources below the Schroeder cutoff
frequency in a non-anechoic tank. Using normal mode theory, the transfer relationship between the mean-square sound
pressure in an underwater enclosed space and the free-field sound power of the sound source is established, and this is
regarded as a correction term for the sound field between this enclosed space and the free field. This correction term can be
obtained based on previous measurements of a known sound source. This term can then be used to correct the mean-square
sound pressure excited by any sound source to be tested in this enclosed space and equivalently obtain its free-field sound
power. Experiments were carried out in a non-anechoic water tank (9.0 m× 3.1 m× 1.7 m) to confirm the validity of the
SFC method. Through measurements with a spherical sound source (whose free-field radiation characteristics are known),
the correction term of the sound field between this water tank and the free field was obtained. On this basis, the sound
power radiated from a cylindrical shell model under the action of mechanical excitation was measured. The measurement
results were found to have a maximum deviation of 2.9 dB from the free-field results. These results show that the SFC
method has good applicability in the frequency band above the first-order resonant frequency in a non-anechoic tank. This
greatly expands the potential low-frequency applications of non-anechoic tanks.
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1. Introduction
The survival of covert underwater vehicles such as sub-

marines and underwater drones can depend on their acous-
tic stealth performance. As such, controlling and reducing
radiated noise is an important task in the optimal design of
underwater vehicles. Low-frequency sound waves propagate
over long distances due to their low attenuation in seawater.
Control of the low-frequency sound and vibration character-
istics of underwater structures is thus a subject that has re-
ceived great attention, and accurate measurement and evalu-
ation methods are required to establish how well these char-
acteristics are controlled. Sound power is an important pa-
rameter that is used to describe the acoustic characteristics of
a sound source, and this can directly characterize its radia-
tion intensity. Accurately measuring the sound power radiated
from complex sound sources such as underwater vehicles is an
important technical way to test the effectiveness of vibration-
and noise-reduction strategies.

Traditional measurement methods for low-frequency
acoustic characteristics tend to be carried out in an external

free field (such as a lake or ocean).[1–4] However, due to the
influence of external test conditions, such as wind, waves, and
water depth, the efficiency of these tests is low, their measure-
ment repeatability is poor, and they are expensive. In con-
trast, measurements in non-anechoic water tanks provide a
more efficient and cheaper means of understanding the acous-
tic characteristics of underwater sources. Blake and Maga[5]

were the first to demonstrate through experiments that a non-
anechoic water tank satisfies the diffuse-field conditions in the
frequency band above the Schroeder cutoff frequency; they
also demonstrated that the diffusion field theory commonly
used in a reverberation chamber in air is also applicable to a
non-anechoic water tank. On the basis of their research work,
after decades of development, non-anechoic tanks have been
widely used in many fields, including the calibration of under-
water transducers,[6–8] measurement of the acoustic parame-
ters of underwater acoustic materials,[9,10] and measurement
of the sound power radiated from complex structures.[11–14]

The premise of using diffuse-field measurement methods
in a non-anechoic water tank is that the modal density in the
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tank will be sufficiently high that the measurement of the re-
verberation time will have very good consistency. However,
in the frequency band below the Schroeder cutoff frequency,
the number of normal modes in the unit band is too small, and
the interference effects of the sound field cannot be removed.
In this case, there is large uncertainty bias in the measure-
ment of the reverberation time, and this means that the com-
monly used diffuse-field measurement methods are no longer
applicable.[15] In addition, the Schroeder cutoff frequency fs

is closely related to the tank volume V (the smaller the value
of V , the higher the value of fs). To date, because of practi-
cal limits on their size, the application of non-anechoic water
tanks in the low-frequency domain has been greatly restricted.

Theoretically, the application conditions of the diffuse-
field measurement methods at low frequency can be satisfied
by increasing the volume of the tank. However, with increas-
ing volume, the costs of constructing and using a non-anechoic
tank will increase sharply. In contrast, if it were possible to
establish new measurement methods applicable to the low-
frequency domain (below the Schroeder cutoff frequency), this
would be a highly cost-effective solution. In recent years, there
have been many research studies seeking to achieve this aim.

Zhang et al.[16] proposed a hybrid experimental and nu-
merical approach to predict the sound power radiated from a
vibrating structure in a non-anechoic tank. Since this method
requires very strict precision in the numerical model, the pre-
diction accuracy is relatively low when it is applied to a com-
plex structure. Barnard et al.[17] developed the supersonic in-
tensity in reverberant environments (SIRE) measurement tech-
nique, which can only be used to measure the narrow-band
sound power and directivity of the sound source. The SIRE
method relies on a large number of underwater vector sensors
to obtain the sound pressure and normal velocity at each posi-
tion on the measurement surface, which leads to high measure-
ment costs. Zhang et al.[18] proposed a low-frequency exten-
sion measuring technique, and they demonstrated through ex-
periments that the low-frequency sound power radiated from
a simple sound source can be accurately obtained using this
technique in a non-anechoic tank. However, whether this tech-
nique is applicable to complex sound sources has not yet been
studied.

Some researchers have proposed that one or a small num-
ber of hydrophones could be placed close to a target under test
for direct measurements. For instance: in a laboratory water
tank, Van de Loock et al.[19] measured the low-frequency un-
derwater acoustic radiation of a stainless-steel tube excited by
an impact hammer; Xu et al.[20] measured the radiated sound
generated by a steady gas jet from a submerged horizontal
nozzle; and Li et al.[21] measured the noise radiated from the
nozzle of a liquid-filled pipeline system. However, this kind
of measurement method is rather approximate because it does

not take into account the extremely uneven sound-field distri-
bution in the tank caused by normal-mode interference in the
low-frequency range; thus, the corresponding measurement
results can only be used for simple analysis of the radiation
characteristics of the tested target but not for accurate evalu-
ation of the sound power. Currently, in a non-anechoic water
tank, below the Schroeder cutoff frequency, finding a way to
accurately measure the sound power radiated from complex
sound sources is still a bottleneck problem in practical engi-
neering.

In this paper, we propose a low-frequency acoustic mea-
surement method based on sound-field correction (SFC) in an
enclosed space. This method allows accurate measurements
of the sound power radiated from complex sound sources (in-
cluding various underwater vibrating structures) below the
Schroeder cutoff frequency in a non-anechoic tank. The re-
mainder of this paper is organized as follows. Section 2 intro-
duces the theoretical background of the SFC method. Sec-
tion 3 describes the verification experiments, in which the
sound power radiated from a cylindrical shell model under the
action of mechanical excitation was measured using the SFC
method in a rectangular non-anechoic water tank. Section 4
presents the results of experiments, along with some analysis.
Finally, conclusions are given in Section 5.

2. Theory
2.1. Sound field in a non-anechoic water tank

The use of non-anechoic water tanks for making acous-
tic measurements can usually be abstracted as the problem
of a sound field in an enclosed space. A theoretical analysis
method for a sound field in an underwater enclosed space can
be established using normal mode theory.[22] We consider a
point sound source at position coordinate 𝑟0 and with volume
velocity Q. The observation point is at position coordinate 𝑟,
and the velocity potential function ϕ(𝑟) of the sound field in
the tank satisfies the Helmholtz equation

∇
2
ϕ(𝑟)+ k2

ϕ(𝑟) =−Qδ (𝑟−𝑟0), (1)

where δ (·) is the Dirac functional. Expanding ϕ(𝑟) and
δ (𝑟−𝑟0) in the form of normal modes and substituting these
into Eq. (1), it can be obtained that

ϕ(𝑟,𝑟0) =−Q∑
n

ϕn(𝑟)ϕn(𝑟0)

(k2− k2
n)VΛn

, (2)

where V is the volume of the tank; k = 2π f/c0 is the driving
wavenumber, which depends on the driving frequency f ; c0 is
the speed of sound in water; ϕn(𝑟) and kn are the eigenfunc-
tion and eigenvalue of the nth normal mode in the tank; and
Λn denotes the orthogonality factor for each ϕn(𝑟)

Λn =
1
V

∫∫∫
V

|ϕn|2 dv, (3)
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in which dv is the volume differential. Since acoustic energy
will be partly absorbed by the tank wall and the water medium
in a non-anechoic water tank, kn should be complex-valued,
and the velocity potential function ϕ(𝑟,𝑟0) cannot be infinite,
although the nth-order resonance is excited when k = kn. Ac-
cording to Ref. [23], kn can be expressed in the form

kn =
ωn

c0
+ j

δn

c0
, (4)

where δn is a damping factor that can represent the absorption
characteristics of the sound field, and j is the imaginary unit.

Neglecting the time variation e−jωt , the sound pressure
at the observation point 𝑟, p(𝑟,𝑟0), can be expressed by the
velocity potential function ϕ(𝑟,𝑟0)

p(𝑟,𝑟0) =−jρωϕ(𝑟,𝑟0) = jQρω ∑
n

ϕn(𝑟)ϕn(𝑟0)

(k2− k2
n)VΛn

, (5)

where ρ is the density of water and ω = 2π f is the driving
angular frequency.

2.2. Significance of spatial averaging

According to Eq. (5), the square of the modulus of the
sound pressure at observation point 𝑟 in the water tank can be
obtained as

|p(𝑟,𝑟0)|2 = (Qρω)2

[
∑
n

|ϕn(𝑟)|2 |ϕn(𝑟0)|2

|k2− k2
n|

2 V 2 |Λn|2

+ ∑
n

n 6= m

∑
m

ϕn(𝑟)ϕ
∗
m(𝑟)ϕn(𝑟0)ϕ

∗
m(𝑟0)

(k2− k2
n)(k2− k2

m)
∗V 2ΛnΛ ∗m

]
, (6)

where ∗ denotes the complex conjugate. The first term in the
square brackets [·] in Eq. (6) represents the incoherent super-
position of the contributions of normal modes of each order to
the sound energy at the observation point. The second term
represents the superposition of different normal modes with
interference between them. From the orthogonality of normal
modes

1
V

∫∫∫
V

ϕn(𝑟)ϕ
∗
m(𝑟)dv =

{
0, n 6= m,

Λn, n = m,
(7)

and taking the spatial average of Eq. (6), the spatial average of
the mean-square sound pressure in the tank is obtained as〈

|p|2
〉

=
1
V

∫∫∫
V

|p(𝑟,𝑟0)|2 dv

= (Qρω)2
∑
n

|ϕn(𝑟0)|2

|k2− k2
n|

2 V 2Λ ∗n
, (8)

in which the angular brackets 〈·〉 denote the spatial average.
Clearly, the second summation in Eq. (6) has been removed
through the spatial averaging; that is, the effect of interference

has been eliminated. Once the spatial average has been taken,
the resulting mean-square sound pressure reflects the response
of the sound field excited by the sound source emitting at a
fixed position in the tank.

In Eq. (8), the term |ϕn(𝑟0)| is the amplitude of the nth-
order normal mode at the location of the sound source, and the
value of this will change if the sound source is moved. Accord-
ing to the expression of the normal modes (see Appendix A for
details), taking mode (2,1,1) and mode (3,1,1) as examples, the
waveforms of normal modes are shown in Fig. 1. Clearly, if
the sound source is placed near a node of the nth-order nor-
mal mode, the value of |ϕn(𝑟0)| will approach zero; as a re-
sult, the nth-order normal mode will not be fully excited, even
when f = fn. In addition, the frequency intervals between ad-
jacent normal modes in the low-frequency band are large (that
is to say, there is no modal overlap); thus, in this case, there
will not be an obvious resonance peak at fn in 〈|p|2〉. Conse-
quently, 〈|p|2〉 will not represent the true characteristics of the
sound field in the water tank. However, if spatial averaging is
also conducted for the sound source, then the impact caused
by nodes can be eliminated, and the normal modes of each
order in the tank (in the frequency range covered by the driv-
ing frequencies) will be fully excited. In this case, there will
be an obvious resonance peak in 〈|p|2〉 at each resonant fre-
quency, and thus 〈|p|2〉 will represent the true characteristics
of the sound field in the water tank.

x

y
z

Mode (2,1,1)

Mode (3,1,1)

Node of normal mode

o

ϕn(r0)=0

Lx/

Lx

Lx/

Lx/

Fig. 1. Schematic diagram of waveforms along the x axis of mode (2,1,1)
and mode (3,1,1) in a non-anechoic tank.

2.3. Basic principle of the SFC method

As shown in Fig. 2, there is a complex sound source in
the non-anechoic water tank. The volume occupied by this
sound source, which is much less than the tank’s volume, is
R, and the position coordinate of the center of this volume
is 𝑟0. According to Ref. [24], a complex sound source can
be viewed as a superposition of several independent simple
sources, and the sound field excited by this complex source
in an enclosed space is equivalent to a linear superposition of
the sound fields excited by each independent simple source.
Therefore, the complex sound source in the tank is equivalent
to the superposition of M independent point sound sources in
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volume R, and the sound pressure at the observation point 𝑟
can be expressed as

p(𝑟) =
M

∑
H=1

p(𝑟,𝑟H) = jρω

M

∑
H=1

∑
n

QHϕn(𝑟)ϕn(𝑟H)

(k2− k2
n)VΛn

, (9)

where QH and 𝑟H (H = 1,2, . . . ,M) represent the volume ve-
locity and position coordinate of the Hth point sound source,
with 𝑟H ∈ R. At low frequency, since a small change in spa-
tial position will make little difference to a normal mode, the
values of ϕn(𝑟H) and ϕn(𝑟0) are thus almost the same; thus,
Eq. (9) can be changed to

p(𝑟) = jρω

M

∑
H=1

QH ∑
n

ϕn(𝑟)ϕn(𝑟0)

(k2− k2
n)VΛn

. (10)

Then, the spatial average of the mean-square sound pressure
in the tank can be expressed as〈

|p|2
〉

=
1
V

∫∫∫
V

|p(𝑟)|2 dv

= ρ
2
ω

2

∣∣∣∣∣ M

∑
H=1

QH

∣∣∣∣∣
2

∑
n

|ϕn(𝑟0)|2

|k2− k2
n|

2 V 2Λ ∗n
. (11)

To establish a relation between the sound field in the tank and
the free field, the free-field sound power W of this complex
sound source should also be expressed in the form of volume
velocity. Now, if we can keep the position coordinates of this
complex sound source unchanged while the non-anechoic wa-
ter tank is replaced with a free field, then the sound pressure at
position coordinate 𝑟′ in far field can be expressed as[25]

p(𝑟′) =−jωρ

M

∑
H=1

QH e jk|𝑟′−𝑟0|

4π |𝑟′−𝑟0|
. (12)

Since the sound intensity is I = |p(𝑟′)|2 /2ρc0, W can be writ-
ten as[26]

W = 4π
∣∣𝑟′−𝑟0

∣∣2 I =
ρω2

8πc0

∣∣∣∣∣ M

∑
H=1

QH

∣∣∣∣∣
2

. (13)

Using Eqs. (11) and (13), the ratio of the spatial average of the
mean-square sound pressure in the non-anechoic tank to the
free-field sound power of this complex sound source can be
obtained as

〈|p|2〉
W

= 8πρc0 ∑
n

|ϕn(𝑟0)|2

|k2− k2
n|

2 V 2Λ ∗n
. (14)

In Eq. (14), the velocity potential function ϕn(𝑟0) is deter-
mined by the boundary conditions of the tank and the loca-
tion of the sound source, the eigenvalue kn is determined by
the eigenfrequency of the tank, and the driving wavenumber k
is determined by the driving frequency. Therefore, the value
of 〈|p|2〉/W is affected only by the acoustic properties of the
tank, the location of the source, and the driving frequency; it

is not affected by the characteristics of the source. That is, in a
given non-anechoic water tank, the value of 〈|p|2〉/W will be
the same for different sound sources emitting at the same loca-
tion under the same driving frequency, as long as the volumes
of these sources are much less than that of the tank.

y
z

R

Complex sound source

x
o

r0

Fig. 2. Schematic diagram of a complex sound source in a non-anechoic
water tank.

By multiplying both sides of Eq. (14) by
(1/p2

ref)/(1/Wref) and expressing the result in logarithmic
form, the transfer relationship between the spatial average
sound pressure level SPL excited by the sound source in the
tank and the free-field sound power level RPL of this sound
source can be established:

SPL−RPL = ∆corr, (15)

SPL = 10lg
〈|p|2〉

p2
ref

, (16)

RPL = 10lg
W

Wref
, (17)

∆corr = 10lg

[
8πρc0Wref

p2
ref

∑
n

|ϕn(𝑟0)|2

|k2− k2
n|

2 V 2Λ ∗n

]
, (18)

where pref and Wref represent the reference sound pressure and
the reference sound power, respectively, the values of which in
water are generally pref = 1 µPa and Wref = 0.67× 10−18 W.
By comparing Eqs. (14) and (18), it can be confirmed that
∆corr is affected only by the acoustic properties of the tank,
the location of the source, and the driving frequency and not
by the characteristics of the source. Therefore, ∆corr can be
obtained based on previous measurements of a known sound
source (meaning that the free-field sound power of this sound
source is known) in the non-anechoic test tank, and ∆corr can
be viewed as a fixed correction term. Using this correction
term to correct the spatial average sound pressure level SPL
excited by any sound source to be tested in this tank can equiv-
alently obtain its free-field sound power level RPL:

SPLN−RPLN = ∆corr, (19)

RPL = SPL−∆corr. (20)

In this work, the superscript N is added to all physical quan-
tities associated with the known sound source to distinguish
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them from the corresponding physical quantities associated
with the sound source to be tested. Equations (19) and (20)
describe the basic principle of the SFC method.

3. Experiments
To verify the SFC method, experiments were carried out

in a rectangular non-anechoic water tank (9.0 m× 3.1 m×
1.7 m) at the Underwater Acoustics Technology Lab of Harbin
Engineering University, China. Since Eq. (15) is valid for any
sound source with a volume much less than that of the tank,
for convenience, an omnidirectional spherical sound source
with a radius of 0.05 m [Fig. 3(a)] was used to obtain the
correction term ∆corr for the sound field between this water
tank and the free field. The free-field sound power level of the
spherical sound source is known (see Appendix B for details).
The thin-walled stainless-steel cylindrical shell model shown
in Fig. 3(b) is the sound source to be tested; its axial length
is 0.5 m, its radius is 0.25 m, its wall thickness is 0.003 m,

and the thickness of the cover plates at each end is 0.014 m.
During the experiments, a radial mechanical excitation force
was applied to the shell at 0.14 m in the axial direction under
the action of an internal longitudinal transducer to make the
model vibrate. Additional weight was installed at the bottom
of the model to overcome its buoyancy such that it would sink
smoothly under the water.

  Position of
  mechanical
excitation force

Additional
   weight 

(a) (b)

Fig. 3. (a) Spherical sound source. (b) Cylindrical shell model.

Signal generator

Agilent  33522A

9.0 m

3.1 m

1.7 m

Sound-source
  movement
    region  

Hydrophone-
     array
  movement
    region 

Buoy

ComputerSignal analyzer

B&K pulse 3660D

Power amplifier

B＆K  2713

Sound-emission system Sound-receiving system

L

0.75 m

o x

z

y

  Sound-source
movement region

Hydrophone-array
movement region 

This iron rod is
   removable 

(a)

(b)

Fig. 4. (a) Photograph of the non-anechoic water tank. (b) Diagram of the system used for measuring the spatial average mean-square sound
pressure excited by the spherical source.

The non-anechoic water tank [Fig. 4(a)] used in the ex-
periments was made of iron; the water was allowed to settle in
the tank for several weeks to eliminate any bubbles that might
have caused scattering. The water temperature was 25 ◦C.

The volume ratio of the tank to the cylindrical shell model
was approximately 480:1; that is, the volume of the cylindri-
cal shell model was much less than the volume of the tank.
The experiments were divided into two parts. First, the spatial
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average mean-square sound pressure excited by the spherical
sound source was measured. Then, the spatial average mean-
square sound pressure excited by the cylindrical shell model
was measured.

3.1. Measuring the spatial average mean-square sound
pressure excited by the spherical sound source

The measurement system is shown in Fig. 4(b). The
hydrophone array consisted of 14 hydrophones (RHS-20,
Hangzhou Applied Acoustics Research Institute; voltage sen-
sitivity −198 dB re 1 V/µPa). The top hydrophone was 0.2 m
away from the water surface, the bottom hydrophone was
0.2 m away from the bottom of the tank, and the distance be-
tween adjacent hydrophones was 0.1 m. The hydrophone ar-
ray was suspended below a buoy, and it was driven to perform
a spatial scanning movement by moving the buoy. A white-
noise signal with an amplitude of 5.5 Vpp and a bandwidth of
0–3 kHz was generated by the signal generator (33522A, Ag-
ilent Technologies, Inc.) and amplified by the power amplifier
(2713, Brüel & Kjær) at a fixed gain of 40 dB; this was then
applied to the spherical sound source to make it emit stably.
The spherical sound source could be made to perform a spatial
scanning movement while emitting by moving a thin rope that
was tightly connected to it.

Before the measurement began, we divided the non-
anechoic tank into movement regions for the hydrophone ar-
ray and for the sound source according to the following two
requirements. (i) The minimum distance between the sound
source and the hydrophone array must be at least twice the
reverberation radius, i.e., L ≥ 2rc (where rc is the reverber-
ation radius, the value of which is determined as described
in Ref. [27]). Thus, reverberation sound plays a major role
in the hydrophone-array movement region and the contribu-
tion of direct sound can be ignored. (ii) When the hydrophone
array and the spherical source perform spatial scanning move-
ments simultaneously, the signal-to-noise ratio of the collected
acoustic signal must not be less than 6 dB.

When the measurements began, the hydrophone array
and the spherical source were slowly moved to perform
spatial scanning in their respective regions simultaneously.
During this period, the dynamic signal analyzer (PULSE
3660D, Brüel & Kjær) performed continuous data acquisition,
and these data were stored in the computer after averaging
200 times. The movement of the hydrophone array and thus of
the individual hydrophones meant that each sample from each
hydrophone was equivalent to the mean-square sound pressure
at a single fixed position in the tank; the measurement result
of each hydrophone was the same as the average value of the
mean-square sound pressure for the 200 fixed positions in the
tank. Finally, the measurements from these 14 hydrophones
were averaged to obtain the spatial average mean-square sound
pressure of the sound field in the tank.

3.2. Measuring the spatial average mean-square sound
pressure excited by the cylindrical shell model

Due to the limitations of the experimental conditions, the
cylindrical shell model could only be used to emit in a fixed
state, and it could not perform a spatial scanning movement
while emitting like the spherical sound source. That is to say,
spatial averaging could not be conducted for the cylindrical
shell model directly. As an alternative, we measured the spa-
tial average mean-square sound pressure 〈|pi|2〉 excited by the
cylindrical shell model when emitting at different positions
(these emission positions were randomly selected in the sound
source movement region, and they were asymmetrical). Dur-
ing the processing of experimental data, these 〈|pi|2〉 values
were averaged (see Subsection 4.2) so that spatial averaging
for the cylindrical shell model could be achieved indirectly.

The measurement system is shown in Fig. 5. With the
iron rod fixed onto the two wooden boards, moving them si-
multaneously along the length of the water tank can be used
to adjust the position of the cylindrical shell model in the x di-
rection; when the two wooden boards are fixed onto the water
tank, moving the iron rod along the width of the tank can be
used to adjust the position of the cylindrical shell model in the
y direction. In addition, rotating the iron rod in the horizontal
plane can drive the cylindrical shell model to perform circum-
ferential rotation in situ; in this way, the direction of the ex-
citation force from the internal longitudinal transducer can be
changed without changing the position of the cylindrical shell
model in the tank. The sound-receiving system used in these
measurements was the same as that shown in Fig. 4(b), and all
parameters and the movement region of the hydrophone array
remained unchanged.

First, the cylindrical shell model was fixed at position 1
and it was rotated to align the direction of the excitation force
with the +x direction (denoted by 𝐹x in Fig. 5). A white-
noise signal with an amplitude of 0.3 Vpp and a bandwidth
of 0–3 kHz was generated by the signal generator (33522A,
Agilent), and this was amplified by the power amplifier (L6,
Instruments, Inc.) at maximum gain and then applied to the
longitudinal transducer inside the cylindrical shell model. This
enabled the cylindrical shell model to vibrate under the excita-
tion of the transducer. The spatial average mean-square sound
pressure excited by the cylindrical shell model when emitting
at position 1 was measured according to the sound-field ac-
quisition and processing method described in Subsection 3.1.
Next, with the excitation force continuing to point in the +x
direction, the cylindrical shell model was successively moved
to positions 2 to 8 for emission and measurement. Accord-
ing to these steps, the spatial average mean-square sound pres-
sures excited by the cylindrical shell model when emitting at
each position were obtained. During all the measurements, the
depth of the cylindrical shell model remained unchanged, and
its upper end was 0.6 m away from the water surface.
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Fig. 5. Photograph and diagram of the system used for measuring the spatial average mean-square sound pressure excited by the cylindrical shell model.

To ensure that the results are not affected by the orienta-
tion of the excitation source, this was changed to point along
the +y direction (denoted by 𝐹y in Fig. 5) by rotating the cylin-
drical shell model, and the spatial average mean-square sound
pressures excited when emitting at positions 1 to 8 were again
successively measured.

4. Results and analysis
4.1. Determining the frequency range for analysis

As described in Subsection 2.2, since spatial averaging
has been conducted for the spherical sound source, the mea-
sured spatial average mean-square sound pressure can thus re-
flect the true characteristics of the sound field in the tank. This
was plotted in the form of a sound pressure level [correspond-
ing to SPLN in Eq. (19)], as shown in Fig. 6.

It can be clearly distinguished from Fig. 6 that the first-
order resonant frequency of the sound field in the tank is
480 Hz. In the frequency band below 480 Hz, there are no
normal modes that can be excited in the sound field; the sound
field thus has no response in this frequency range, and the
SFC method cannot be used. In the frequency range 480 Hz–
1120 Hz (in the 1/3-octave band, 1120 Hz is the upper-limit
frequency corresponding to the center frequency of 1000 Hz),
the resonance effect of the sound field is very strong, the modal
density is relatively low, the frequency intervals of adjacent

normal modes are relatively large, and the curve has strong
fluctuations. In the frequency range 1120 Hz–2240 Hz (in the
1/3-octave band, 2240 Hz is the upper-limit frequency corre-
sponding to the center frequency of 2000 Hz), as the frequency
increases, the resonance effect of the sound field gradually de-
creases, the modal density gradually increases, modal overlap
begins to appear, and the fluctuations of the curve gradually
decrease. In the frequency band above 2240 Hz, the resonance
effect of the sound field disappears, the modal density is high
with strong modal overlap, and the curve is very smooth; on
this basis, we can infer that this frequency is very close to the
Schroder cutoff frequency.
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Fig. 6. Spatial average sound pressure level of the sound field in the non-
anechoic tank.
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In summary, 480 Hz–2240 Hz was selected as the fre-
quency range for analysis in this work. In this frequency range,
even if spatial averaging is used, the adverse effects of normal
mode resonance on the sound field cannot be overcome. Next,
the SFC method was used in this acoustic environment to ob-
tain the free-field sound power of the cylindrical shell model.

4.2. Processing of the experimental data

Before the analysis, we present a brief description of the
method that was used for processing the experimental data.
Assuming that we now want to calculate the corresponding
measurement results when the cylindrical shell model has D
emission positions, the corresponding SPL can be obtained as

SPL = 10lg

(
𝑍

∑
i
〈|pi|2〉

)
/D

p2
ref

, (21)

where 〈|pi|2〉 denotes the spatial average mean-square sound
pressure excited by the cylindrical shell model when emitting
at position i (i ∈ 𝑍 ⊂ {1,2,3,4,5,6,7,8} and the number of i
values is D). Then, combined with the relevant physical quan-
tities SPLN and RPLN measured from the spherical source, the
measurement results for the sound power level of the cylindri-
cal shell model based on the SFC method can be obtained us-
ing Eqs. (19) and (20). First, the narrow-band measurement re-
sults are given, and then the measurement results in 1/3-octave
bands are also given for the convenience of subsequent com-
parison and analysis.

According to the above description, all the experimental
data corresponding to the direction of the excitation force be-
ing aligned with the +x direction were processed first, and the
obtained measurement results were divided into two categories
for analysis, in which: (i) the cylindrical shell model had only
a single emission position; (ii) the cylindrical shell model had
multiple emission positions.

4.3. Measurement results when the cylindrical shell model
had only a single emission position

Taking positions 5 and 8 as examples, the corresponding
measurement results when the cylindrical shell model had only
a single emission position were analyzed. Figure 7 shows the
spatial average sound pressure level SPL excited by the cylin-
drical shell model when emitting at positions 5 and 8. As noted
in Subsection 2.2, there is no guarantee that the normal modes
of each order in the tank can be fully excited when the sound
source is emitting at a single fixed position. In the frequency
range 480 Hz–1120 Hz, due to the large frequency interval be-
tween the adjacent normal modes of the tank, if a normal mode
of a certain order is not fully excited, this will have a serious
impact on the sound field. For example, at f = 573 Hz (it can
be determined from Fig. 6 that this frequency corresponds to a

certain order normal mode of the tank), since this normal mode
was not excited when the cylindrical shell model was emitting
at position 8 but it was excited when emitting at position 5,
this leads to the amplitude of the sound field when emitting at
position 8 being much smaller than that when emitting at po-
sition 5. For this reason, there are obvious differences in the
SPL values excited by the cylindrical shell model when emit-
ting at different positions, and these SPLs cannot reflect the
true characteristics of the sound field in the tank.
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Fig. 7. Spatial average sound pressure levels excited by the cylindrical
shell model when emitting at positions 5 and 8 (with 𝐹x as the direction
of the excitation force).

In the frequency range 1120 Hz–2240 Hz, due to modal
overlap, even if a normal mode of a certain order is not fully
excited, this will not have an obvious impact on the sound
field. Therefore, the SPL values excited by the cylindrical
shell model when emitting at different positions are similar
and will largely reflect the true characteristics of the sound
field in the tank.

Figure 8 shows the measurement results for the sound
power level of the cylindrical shell model when emitting at po-
sition 5 in the non-anechoic tank, and figure 9 shows the corre-
sponding results when emitting at position 8. In the frequency
band 480 Hz–1120 Hz, because the spatial average sound pres-
sure level excited by the cylindrical shell model when emitting
at a single position cannot reflect the true characteristics of the
sound field in the tank, the measurement results obtained us-
ing the SFC method in the non-anechoic tank have large de-
viations from the free-field results (see Appendix B for the
process of obtaining the free-field results); the maximum de-
viations are 4.9 dB in Fig. 8(b) and 4.5 dB in Fig. 9(b). In
the frequency band 1120 Hz–2240 Hz, since the spatial aver-
age sound pressure level excited by the cylindrical shell model
when emitting at a single position can provide a good repre-
sentation of the true characteristics of the sound field in the
tank, the measurement results obtained using the SFC method
in the non-anechoic tank are very close to the free-field results.
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Fig. 8. Measurement results for the sound power level of the cylindrical shell model when emitting at position 5 (with 𝐹x as the direction of the
excitation force) (a) in narrow bands and (b) in 1/3-octave bands.
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Fig. 9. Measurement results for sound power level of the cylindrical shell model when emitting at position 8 (with 𝐹x as the direction of the
excitation force) (a) in narrow bands and (b) in 1/3-octave bands.

4.4. Measurement results when the cylindrical shell model
had multiple emission positions

Figure 10 shows the measurement results for the sound
power level of the cylindrical shell model when four dif-
ferent emission positions were used [positions 5–8; that is,
𝑍 = {5,6,7,8} in Eq. (21)] in the non-anechoic tank. By com-
paring Figs. 10(b), 9(b), and 8(b), it can be seen that when the
number of emission positions of the cylindrical shell model
is increased from one to four, there is an obvious decrease
in the measurement deviation of the SFC method in the fre-
quency band 480 Hz–1120 Hz; the maximum deviation is re-
duced from 4.9 dB to 3.8 dB. This is because increasing the
number of emission positions is equivalent to conducting spa-
tial averaging for the cylindrical shell model, which helps to
ensure that normal modes of all orders in the tank are fully
excited, and the spatial average sound pressure level SPL can
then better reflect the true characteristics of the sound field in
the tank; the measurement deviation of the SFC method is thus
reduced. In the frequency range 1120 Hz–2240 Hz, since the
corresponding SPL value when using only a single emission
position already reflects the true characteristics of the sound

field in the tank well, increasing the number of emission posi-
tions has little effect on the measurement results obtained by
the SFC method.

Continuing to increase the number of emission positions
can come even closer to fully exciting the normal modes of
each order in the water tank, and the spatial average sound
pressure level SPL can thus even better reflect the true char-
acteristics of the sound field in the tank. As a result, when
the number of emission positions is increased from four to
seven (Fig. 11), the maximum deviation of the SFC method
is reduced from 3.8 dB to 3.0 dB; the sound power level of
the cylindrical shell model measured in the non-anechoic tank
using the SFC method then has a good consistency with the
free-field results in the whole frequency band.

However, when the number of emission positions was in-
creased from seven to eight (Fig. 12), the measurement results
changed very little, and the maximum deviation of the SFC
method only decreased by 0.1 dB (from 3.0 dB to 2.9 dB), in-
dicating that using eight emission positions was sufficient for
this experiment. In addition, the ∆corr values corresponding
to the cylindrical shell model and the spherical sound source
were calculated according to Eq. (15). For the convenience
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of comparison and analysis, only the 1/3-octave spectrum of
∆corr is given in Fig. 12(c). As can be seen, the ∆corr values
corresponding to the cylindrical shell model and the spherical
sound source have good consistency, and the maximum devi-
ation between them is 2.9 dB. This demonstrates that ∆corr is
a fixed correction term for the sound field between this water
tank and the free field, and it is not affected by the character-
istics of the sound source.

All the experimental data corresponding to the direction

of the excitation force being aligned with the +y direction
were also processed, and the obtained measurement results are
presented in Appendix C. Similar conclusions can be drawn
after analyzing these results, and these will not be repeated
here. In summary, no matter the direction of the excitation
force, the free-field sound power level of the cylindrical shell
model can be accurately measured using the SFC method in
the non-anechoic tank. This verifies the effectiveness of the
SFC method.
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Fig. 10. Measurement results for the sound power level of the cylindrical shell model when four different emission positions were used (posi-
tions 5–8, with 𝐹x as the direction of the excitation force) (a) in narrow bands and (b) in 1/3-octave bands.
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Fig. 11. Measurement results for the sound power level of the cylindrical shell model when seven different emission positions were used
(positions 2–8, with 𝐹x as the direction of the excitation force) (a) in narrow bands and (b) in 1/3-octave bands.
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Fig. 12. Measurement results when using eight different emission positions (positions 1–8) for the cylindrical shell model (with 𝐹x as the direction of
the excitation force): (a) sound power levels of the model in narrow bands and (b) in 1/3-octave bands, and (c) 1/3-octave spectrum of ∆corr.
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5. Conclusions
Herein, we propose a low-frequency acoustic measure-

ment method based on sound-field correction in an enclosed
space (the SFC method). This effectively solves the problem
of measuring the sound power radiated from complex sound
sources in the low-frequency band (below the Schroeder cut-
off frequency) in a non-anechoic tank. In this method, based
on normal mode theory, the transfer relationship between the
mean-square sound pressure in an underwater enclosed space
and the free-field sound power of the sound source is estab-
lished, and this is regarded as a correction term for the sound
field between this enclosed space and the free field. This cor-
rection term can be obtained based on previous measurements
of a known sound source. Using this correction term to correct
the mean-square sound pressure excited by any sound source
to be tested in this enclosed space can equivalently obtain its
free-field sound power. The sound power radiated from a
cylindrical shell model under the action of mechanical exci-
tation was measured using the SFC method in a non-anechoic
water tank. The measurement results showed a maximum de-
viation of 2.9 dB from the free field results.

The results of this work show that when the volume of a
sound source to be tested is much less than the volume of a
non-anechoic tank in which it is tested, the SFC method has
good applicability in the frequency band above the first-order
resonant frequency. This greatly expands the potential low-
frequency applications of non-anechoic tanks.

Appendix A: Normal modes in a rectangular
non-anechoic water tank

Normal modes in a non-anechoic tank are analyzed here
in a Cartesian coordinate system (x, y, z). The length, width,
and depth of the rectangular non-anechoic tank used in the ex-
periments are Lx, Ly, and Lz, and the thickness of the tank wall
is negligible compared to Lx, Ly, and Lz. Since the whole tank
is enveloped by air, the surface of the tank can be approxi-
mated as an absolute soft boundary.

In the absence of a sound source in the rectangular
tank, the velocity potential function satisfies the homogeneous
Helmholtz equation

∇
2
ϕ + k2

ϕ = 0 (A1)

with the boundary condition

ϕ|
Θ
= 0, (A2)

where ∇2 denotes the Laplacian operator; k is the acoustic
wavenumber, which depends on the frequency of the sound
field according to the relation k = 2π f/c0; c0 is the speed of
sound in water; and Θ denotes the surface of the rectangular

tank. The general solution satisfying Eqs. (A1) and (A2) can
be obtained by separation of variables

ϕnx,ny,nz(x,y,z) = sin
(

nxπ

Lx
x
)

sin
(

nyπ

Ly
y
)

sin
(

nzπ

Lz
z
)
,

nx,ny,nz = 1,2,3, . . . (A3)

The k2 in Eq. (A1) can be replaced by k2
n, which meets the

eigenvalue conditions

k2
n =

(
nxπ

Lx

)2

+

(
nyπ

Ly

)2

+

(
nzπ

Lz

)2

,

nx,ny,nz = 1,2,3, . . . , (A4)

where kn is the eigenvalue of the nth normal mode in the rect-
angular tank.

ϕn(x,y,z) = ϕnx,ny,nz(x,y,z) (A5)

and (nx, ny, nz) denotes the mode number of the nth normal
mode. The normal frequency (also called the resonant fre-
quency) fn in the rectangular non-anechoic tank is calculated
using

fn =
c0

2π
kn. (A6)

From the orthogonality of normal modes

1
V

∫∫∫
V

ϕnϕm dv =
{

0, n 6= m,
Λn, n = m,

(A7)

where V is the volume of the tank, and substitution of Eq. (A3)
into Eq. (A7) gives Λn = 1/8.

According to Ref. [28], the total number of normal modes
with a frequency lower than f in the rectangular tank is calcu-
lated using

N f =
4π

3
V
(

f
c0

)3

− π

2
(LxLz +LyLz +LxLy)

(
f

c0

)2

+
Lx +Ly +Lz

2
f

c0
. (A8)

Thus, the number of normal modes in unit bandwidth around
f , which we refer to as the modal density, is

dN f

d f
=

4π

c0
V
(

f
c0

)2

− π

c0
(LxLz +LyLz +LxLy)

f
c0

+
Lx +Ly +Lz

2c0
. (A9)

Then, the Schroeder cutoff frequency fs of the sound field in
the rectangular tank can be obtained through the following
equations:[29]

dN f

d f

∣∣∣∣
f= fs

∆ f ≥ 3, (A10)
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∆ f =
δ̄

π
, (A11)

δ̄ =
6.91
T60

, (A12)

where ∆ f is the average half-power bandwidth of the reso-
nance peak, and δ̄ is the average damping constant of the water
tank.

Appendix B: Measurement of sound power level
in an anechoic water tank

This part was carried out in an anechoic water tank of
dimensions 25 m× 15 m× 10 m. First, the free-field sound
power level of the cylindrical shell model was measured, and
the results of these measurements (referred to as the “free-field
results”) were used to check the accuracy of the SFC method.

Then, the free-field sound power level of the spherical sound
source was measured, which corresponds to RPLN in Eq. (19).

According to the method described in Ref. [30], a mea-
surement system applicable to the cylindrical shell model was
established in the anechoic tank (Fig. B1). The upper end of
the cylindrical shell model was closely connected to a rotating
device by several steel wire ropes. This rotating device had
the functions of rotating (precision 0.1◦) and lifting (precision
0.01 m), and it could drive the model to rotate through 0◦–360◦

and lower it to any depth in the tank. The cylindrical shell
model was placed at mid-depth in the tank (its upper end was
4.75 m away from the water surface) and the depth remained
unchanged during the measurements. The hydrophone array
consisted of 29 RHS-20 hydrophones arranged as shown in
Fig. B1; this arrangement meets the requirements of far-field
test conditions. The water temperature was 25 ◦C.
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Fig. B1. Measurement system in the anechoic water tank.

The hydrophone array was stationary. In this system,
when the rotating device drives the cylindrical shell model to
complete a 360◦ rotation (with rotation angle interval ∆θ ), this
is equivalent to the hydrophone array completing a 360◦ rota-

tion around the stationary model. A cylindrical enclosed mea-
surement surface (with N measurement points) is then formed,
as shown in Fig. B2(a). The area of the lateral surface divided
by N3 (i.e., 2πR7h/N3) is equal to the area occupied by each
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Fig. B2. Diagram of the measurement points (a) on the whole enclosed measurement surface and (b) on the upper surface and at the junction of
the upper surface and lateral surface.

measurement point on it. The area occupied by each measure-

ment point on the upper surface and the area occupied by each

measurement point at the junction of the upper surface and

lateral surface are shown in Fig. B2(b). Since the upper and

lower surfaces are symmetrical, the situation of the lower sur-

face will not be repeated here. The sound power level radiated
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from the cylindrical shell model in the free-field environment
can thus then be expressed as[30]

RPL(tv) = 10lg

(
N

∑
i=1

P̄2
i

p2
ref

Si

)
, (B1)

where P̄2
i denotes the mean-square sound pressure correspond-

ing to the ith measurement point, Si denotes the area occupied
by the ith measurement point, and pref = 1 µPa is the reference
sound pressure.

In the actual measurements, the rotation angle interval ∆θ

was 10◦. A white-noise signal with a bandwidth of 0–3 kHz
was generated by the signal generator (33522A, Agilent), and
this was amplified by the power amplifier (L6, Instruments,
Inc.) and then applied to the longitudinal transducer inside
the cylindrical shell model. This enabled the cylindrical shell
model to vibrate under the excitation of the transducer. The
input amplitude of the signal generator and the gain of the
power amplifier were exactly the same as those used in the ex-
periments in the non-anechoic tank (see Subsection 3.2). The
acoustic signals collected by the hydrophone array were stored
in a computer in the form of the mean-square sound pres-
sure produced by a dynamic analyzer (PULSE 3660D, Brüel
& Kjær) for subsequent data processing. Figure B3 shows
the measurement results for the free-field sound power level
RPL(tv) of the cylindrical shell model.

Obtaining the sound power radiated from an omnidirec-
tional sound source in a free-field environment is a simple task:
it only requires measurement of the sound pressure at any field
point in the far-field region and the distance between this field
point and the sound source. The measurement system shown
in Fig. B1 was nonetheless still used for this, but the power am-
plifier was replaced with a Brüel & Kjær 2713 because the L6
amplifier could not be used to drive the actuator of the spheri-
cal source. During this measurement, the rotating device was

used to fix the spherical sound source at 5 m underwater, and
a white-noise signal with a bandwidth of 0–3 kHz was gener-
ated by the signal generator and amplified by the power am-
plifier; this was then applied to the spherical sound source to
make it emit stably. The input amplitude of the signal genera-
tor and the gain of the power amplifier were exactly the same
as those used in the experiments in the non-anechoic tank (see
Subsection 3.1). It can be seen from Fig. B1 that the No. 9 hy-
drophone and the spherical sound source were located at the
same depth, and the distance between them was 5 m. Accord-
ing to the spherical propagation law, the sound pressure p1f at
a distance of 1 m from the sound source can be calculated us-
ing the sound pressure at the No. 9 hydrophone. The free-field
sound power level of the spherical sound source can then be
obtained as in Ref. [31]:

RPLN = 10lg
(

p2
1f

p2
ref

)
−10lg(Wref)−170.77. (B2)

The measurement results of RPLN are shown in Fig. B3.
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Fig. B3. Measurement results for the free-field sound power levels of the
cylindrical shell model and the spherical sound source.

Appendix C: Measurement results corresponding to an excitation force pointing in the +y direction

95

100

105

110

115

120

125

130

135

140

145

450 1050 1650 2250

S
o
u
n
d
 p

o
w

e
r 

le
v
e
l 
(d

B
)

Frequency (Hz)

Free field

SFC method

120.9

114.9

110

113

116

119

122

125

128

131

134

450 1050 1650 2250

S
o
u
n
d
 p

o
w

e
r 

le
v
e
l 
(d

B
)

Frequency (Hz)

Free field

SFC method

(a) (b)

Fig. C1. Measurement results for the sound power level of the cylindrical shell model when emitting at position 5 (with 𝐹y as the direction of
the excitation force) (a) in narrow bands and (b) in 1/3-octave bands.
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Fig. C2. Measurement results for the sound power level of the cylindrical shell model when emitting at position 6 (with 𝐹y as the direction of
the excitation force) (a) in narrow bands and (b) in 1/3-octave bands.
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Fig. C3. Measurement results for the sound power level of the cylindrical shell model when four different emission positions were used (posi-
tions 5–8, with 𝐹y as the direction of the excitation force) (a) in narrow bands and (b) in 1/3-octave bands.
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Fig. C4. Measurement results for the sound power level of the cylindrical shell model when seven different emission positions were used
(positions 2–8, with 𝐹y as the direction of the excitation force) (a) in narrow bands and (b) in 1/3-octave bands.
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Fig. C5. Measurement results when using eight different emission positions (positions 1–8) for the cylindrical shell model (with 𝐹y as the
direction of the excitation force): (a) sound power levels of the model in narrow bands and (b) in 1/3-octave bands, and (c) 1/3-octave spectrum
of ∆corr.
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