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The acoustic dissipation that occurs in a porous medium is experimentally investigated. Two

conditions are tested. One is that the wall of the porous medium is wet by water, and the other is

that it is dry. Experimental results show that water does not affect viscous dissipation; however, it

affects the dissipation caused by pressure oscillation. Furthermore, it is found that the effect of

water on the dissipation due to pressure oscillation increases with the temperature of the working

gas. A theory that can consider the effect of condensation and evaporation on sound propagation is

used to investigate the result. The theoretically and experimentally obtained values of dissipation

are in good agreement. The reason for the effect of water is analyzed using the theory.
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[OU] Pages: 71–76

I. INTRODUCTION

Acoustic wave propagation in a gas-filled tube is a clas-

sical problem in fluid dynamics. Several researchers, such as

Helmholtz, Kirchhoff, and Rayleigh, have derived theories

to describe this phenomenon. (See the literatures listed in

Ref. 1.) Tijdeman used the limit conditions that are suitable

for treating engineering acoustics and obtained a simple

expression for acoustic propagation.1 Yazaki et al. measured

the propagation constant in a cylindrical tube, and their

results were in good agreement with theoretical values.2

A few experimental studies show the effect of the con-

densation and evaporation of a working gas on acoustic

propagation. For example, Pandit and King measured the

sound speed in sandstone and showed that the sound speed

decreases by 20%–30% when relative humidity (RH) is

increased to 98%.3 Experimental results have motivated

researchers to derivate advanced acoustic theories.4–8 In

these theories, an acoustic wave propagating in a cylindrical

tube is considered. However, complex channels, such as the

interior of sandstone,3 are used in experiments. This implies

that there are extremely few experimental results that can be

qualitatively compared with theoretical results.

In this study, we have measured acoustic power dissipa-

tion in a porous medium with uniform narrow channels. The

measurements are performed under two conditions. One is

that the wall of the porous medium is wet, and the other is

that it is dry. The obtained data indicate that the acoustic dis-

sipation due to velocity oscillation under the wet condition is

comparable to that under the dry condition. On the contrary,

the acoustic dissipation due to pressure oscillation under the

wet condition is larger than that under the dry condition.

Experimental results are compared with the numerical results

obtained based on the theory proposed by Raspet et al.,5–7

and good agreement is obtained between the results.

The rest of this paper is organized as follows: Secs. II

and III describe the experimental setup and measurement

method, respectively. Section IV presents experimental

results, and Sec. V shows their comparison with theoretical

results. The results are summarized in Sec. VI.

II. EXPERIMENTAL SETUP

Figure 1 shows the schematic illustration of the con-

structed experimental setup. It essentially comprises three

components, i.e., an acoustic driver (speaker), a water bath,

and a resonator. The acoustic driver (Fostex model FW160N,

Foster Electric Company, Tokyo, Japan) is electronically con-

nected to a signal generator (Tektronix model AFG1062,

Tektronix, Beaverton, Oregon) via an audio amplifier

(Yamaha model P2500S Yamaha Corporation, Hamamatsu,

Japan), and it inputs an acoustic wave to the resonator. The

internal diameter of the resonator is 40 mm, and its length is

approximately 2.2 m. The resonator is covered by the water

bath to eliminate thermoacoustic effects9–12 and to control the

temperature (Tgas) of the gas inside the resonator; Tgas is con-

trolled between 30 �C and 75 �C by changing the temperature

of the hot water flowing in the water bath. The temperature

(Tgas) is measured using thermocouples installed in the resona-

tor, which are not shown in Fig. 1. The frequency of the input

acoustic wave is set as 145 Hz, which is approximately the fre-

quency of the second mode in the resonator. This implies that

the amplitude of oscillatory pressure becomes the maximum

close to the center of the resonator, whereas the amplitude of

oscillatory velocity becomes the minimum close to the center.

The space in the resonator is divided into two parts (sec-

tion 1 and section 2) by an elastic membrane. This realizes

the following two conditions: The first is that the acoustic

wave travels through the entire space in the resonator. This

is because the acoustic wave passes through the membrane.

The second is that the working fluids in the two sections do

not mix. The working gas in section 1 is room air whosea)Electronic mail: uedayuki@cc.tuat.ac.jp
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absolute humidity is lower than 12 g/m3. The effect of the

membrane on the measurements is discussed in Sec. III A.

A ceramic honeycomb (CH) is inserted in section 2 (see

Fig. 1), and the distance between the closed end of the reso-

nator and the CH, LCH, is 0.59 m or 1.13 m. The reasons for

this are straightforward. First, a CH can easily contain water

on its wall. Second, it consists of numerous narrow channels,

and hence, the acoustically dissipated power inside it is

larger than that outside it. As a result of this, the effect of

water can be investigated. Finally, the use of a CH enables

us to classify dissipation into two types, i.e., the acoustic

power dissipation caused by pressure oscillation and that

caused by velocity oscillation. The pressure-oscillation-

based dissipation becomes dominant when a CH is located at

the position (LCH¼ 1.13 m) close to a pressure antinode,

whereas the velocity-oscillation-based dissipation becomes

dominant when it is located at the position (LCH¼ 0.59 m)

close to a velocity antinode.

The cross section of the channels of the used CH is

square. Half the length of one side of the square cross section

is 0.47 mm. The CH is dipped into water to wet the surface

of its wall. The water contained in the CH is controlled to be

5.0 6 0.1 g.

A humidity meter (Toplas Engineering model TA50

Toplas Engineering Corporation, Tokyo, Japan) is tempo-

rally installed into section 2, and the humidity is checked

with changing Tgas. It is found that the RH in section 2

increases owing to the water contained in the CH and

depends on the position. The RH measured close to the CH

and close to the closed end was 90%–100% and approxi-

mately 80%, respectively, when Tgas is higher than 50 �C.

Note that the mean pressure inside the resonator is main-

tained at atmospheric pressure, independent of Tgas.

To measure oscillatory pressure, three pressure sensors

(Jtekt model PD104, Jtekt Corporation, Nagoya, Japan) are

set on the wall of the setup (see Fig. 1) via a small diameter

tube whose internal diameter is 1 mm and length is 25 mm.

The effect of this tube on pressure measurements is exam-

ined,13 and the correction for this effect is performed.

III. METHOD OF EVALUATING ACOUSTIC
DISSIPATION

As shown in Fig. 1, acoustic pressure oscillation is mea-

sured at two points on the wall of section 1. The theory used

to evaluate the power dissipated in section 2, W2, using the

two measured values of pressure is described below.

A few expressions are used to describe acoustic wave

propagation in a tube. Rott’s formula, which is frequently used

for analyzing thermoacoustic devices, is used in this study.14

When the x axis is defined along a tube, the momentum and

continuity equations14,15 of Rott’s formula can be written as

dP

dx
¼ � ixqm

1� vv
U; (1)

dU

dx
¼ � ix 1þ c� 1ð Þva½ �

cPm
P: (2)

Here, P and U are the acoustic-oscillatory pressure and

velocity, respectively; x is angular frequency; qm, Pm, c, and

r are the mean density, mean pressure, ratio of specific

heats, and Prandtl number of the working gas, respectively;

va and v� are complex functions,14–16 which are mentioned

below. Note that U is the cross-sectional mean value and P
and U are complex values. For the case of a circular-cross

section tube, the functions, va and v�, depend on

Ya ¼ ði� 1Þ ffiffiffiffiffiffiffiffixsa
p

; (3a)

Y� ¼ ði� 1Þ ffiffiffiffiffiffiffiffixs�
p

; (3b)

and they can be expressed as14–16

va ¼
2J1 Yað Þ
YaJ0 Yað Þ

; (4a)

v� ¼
2J1 Y�ð Þ
Y�J0 Y�ð Þ

; (4b)

where sa and s� are the thermal relaxation time and viscous

relaxation time, respectively.16 They are defined as

sa ¼ r2=ð2aÞ; (5a)

s� ¼ r2=ð2�Þ; (5b)

where r is the tube radius, a is the thermal diffusivity of the

working gas, and � is its kinematic viscosity.

Equations (1) and (2) can be solved analytically. Using

the solution, the pressure and cross-sectional mean velocity

at x¼ xb can be expressed in terms of those at x¼ xa as17

FIG. 1. (Color online) Schematic illus-

tration of the experimental setup.
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P xbð Þ
U xbð Þ

 !
¼ M xa; xbð Þ

P xað Þ
U xað Þ

 !

M xa; xbð Þ �
m11 xa; xbð Þ m12 xa; xbð Þ
m21 xa; xbð Þ m22 xa; xbð Þ

 !

m11 xa; xbð Þ ¼ cos k xb � xað Þ
� �

m12 xa; xbð Þ ¼ �iZ0 sin k xb � xað Þ
� �

m21 xa; xbð Þ ¼
�i

Z0

sin k xb � xað Þ
� �

m22 xa; xbð Þ ¼ cos k xb � xað Þ
� �

: (6)

Here, k and Z0 are the complex wave number and character-

istic impedance, respectively, and they are calculated as

k ¼ x
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ c� 1ð Þva

1� v�

s
(7)

and

Z0 ¼ qm

x
k 1� v�ð Þ

; (8)

where c is the adiabatic sound speed.

The measurement points are set as x1 and x2, and the

point just before the elastic membrane is set as x3, as shown

in Fig. 1. From Eq. (6)

Uðx1Þ ¼
P x2ð Þ � m11 x1; x2ð ÞP x1ð Þ

m12 x1; x2ð Þ
(9)

is obtained. Equation (6) can be changed to be

Pðx3Þ
Uðx3Þ

� �
¼ Mðx1; x3Þ

Pðx1Þ
Uðx1Þ

� �
(10)

and hence,

P x3ð Þ
U x3ð Þ

 !
¼ M x1; x3ð Þ

P x1ð Þ
P x2ð Þ � m11 x1; x2ð ÞP x1ð Þ

m12 x1; x2ð Þ

0
B@

1
CA

¼ M x1; x3ð Þ
1 0

�m11 x1; x2ð Þ
m12 x1; x2ð Þ

1

m12 x1; x2ð Þ

0
B@

1
CA

�
P x1ð Þ
P x2ð Þ

 !
(11)

is obtained. Therefore, the simultaneous measurement of

P(x1) and P(x2) yields P(x3) and U(x3).

Acoustic power, which is the time averaged rate of

acoustic energy transmission through a cross section of the

tube, is defined as

W xð Þ ¼ xS

2p

þ
Re P xð Þ½ �Re U xð Þ½ �dt

¼ S

2
Re P xð Þ ~U xð Þ
� �

; (12)

where notation � indicates the complex conjugate, and S is

the cross-sectional area of the tube. The acoustic power at

x¼ x3, W(x3), is obtained using P(x3), U(x3), and Eq. (12).

The amount of acoustic power dissipated in section 2, W2,

can be expressed as

W2 ¼ Wðx3Þ � dWm; (13)

where dWm is the power dissipated by the membrane. This is

because the acoustic power at the closed end (x¼ x4) must

be zero.

A. Preliminary experiment for evaluation of power
dissipation due to membrane

To estimate dWm, preliminary measurements are per-

formed with and without the membrane while maintaining

jPðx4Þj at 90 Pa. The CH is dried and the room air is used as

the working gas in both the sections in this preliminary

experiment. The power dissipation dWm can be estimated as

Wðx3Þ �W0ðx3Þ ¼ dWm; (14)

where W(x3) and W0ðx3Þ represent the power measured with

and without the membrane, respectively. Note that the esti-

mation of W through Eq. (6) requires the values of the gas

properties. The properties of dry air are used because the

“absolute” humidity of the room air is low (<12 g/m3).

The measured values of W(x3), W0ðx3Þ, and dWm are

shown in Fig. 2 as a function of Tgas, which is varied in the

next experiment. The measurements are performed using the

FIG. 2. (Color online) Result of the preliminary experiment. The acoustic

power measured close to the center of the resonator with and without the

membrane is shown as a function of Tgas by squares and the estimated

dissipation due to the membrane is shown by triangles. The data were

obtained (a) when the CH was located close to the velocity antinode

(LCH¼ 0.59 m) and (b) when the CH was located close to the pressure

antinode (LCH¼ 1.13 m).
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two different honeycomb ceramic positions, i.e., LCH

¼ 0.59 m and LCH¼ 1.13 m. The first position implies that

the CH exists close to the velocity antinode, whereas the sec-

ond position implies that it is close to the pressure antinode.

As seen from Fig. 2, the dissipation in the membrane in con-

siderably smaller than the dissipation in section 2. The ratio

dWm=W0ðx3Þ is less than 0.15 and 0.05 when LCH¼ 1.13 m

and LCH¼ 0.59 m, respectively. Moreover, it is found that

dWm changes as Tgas increases. This can be attributed to the

fact that the increase in Tgas results in an increase in the

wavelength of the input acoustic wave through an increase

in sound speed. The increase in wavelength shifts the rela-

tive position of the membrane to the velocity (pressure) anti-

node and then the velocity amplitude at the membrane

changes. As dWm would depend on velocity amplitude, the

measured dWm depends on Tgas. These values of dWm are

considered in the analysis described in Sec. IV.

IV. EXPERIMENTAL RESULTS

The acoustic power dissipated in section 2, Wwet
2 , is

measured by inserting the CH containing 5 g water into sec-

tion 2. As the maximum containable amount of water vapor

in air increases with the temperature of air and anomalous

sound propagation was observed close to the dew point,18

Tgas is selected as a controlling parameter.

The experimental results for the case where the CH is

located close to the velocity antinode (LCH¼ 0.59 m) are

shown in Fig. 3 by closed circles, where Wwet
2 is normalized

by the W2 measured with the dried CH, Wdry
2 . As seen from

the figure, Wwet
2 =Wdry

2 does not depend on Tgas and its value

is close to unity (1:05 < Wwet
2 =Wdry

2 < 1:09). This indicates

that the water contained in the CH does not strongly affect

the dissipation caused by velocity oscillation, namely, vis-

cous dissipation. It should be noted that the formation of a

water film on the wall of the CH cannot be visually

observed, and hence, the flow channel radius in the CH

would not be changed significantly by 5 g of added water.

Next, let us discuss the Wwet
2 =Wdry

2 measured under the

condition that the wet CH is located close to the pressure

antinode (LCH¼ 1.13 m). As clearly shown in Fig. 3 by open

circles, Wwet
2 =Wdry

2 increases with Tgas and reaches 1.7 at

Tgas¼ 75 �C. This implies that the water contained on the

wall of the CH contributes to acoustic dissipation even when

Tgas is below the boiling point and that the impact of the

water increases when Tgas increases to the boiling point.

The experimental results show that the water con-

tained on the wall of the CH increases the dissipation

caused by pressure oscillation, whereas the water has a

small impact on the dissipation due to velocity oscillation.

As pressure oscillation is accompanied by the oscillation

of thermodynamic state properties such as temperature, it

can cause the condensation and evaporation of water when

there is a source of water. On the contrary, velocity oscilla-

tion does not directly yield the change in thermodynamic

state properties. Therefore, the experimental results imply

that evaporation and condensation play a key role in acous-

tic dissipation.

V. COMPARISON BETWEEN EXPERIMENTAL AND
THEORETICAL RESULTS

Raspet et al. theoretically investigated the effect of

evaporation and condensation on acoustic wave propaga-

tion.5–7 They assumed a water film, whose thickness was

zero, on a tube wall and considered mass transfer along the

radial direction. We calculate W2 using Raspet’s and Rott’s

theories and compare them with the experimental results

shown in Fig. 3. First, the equations used in Raspet’s theory

are mentioned and then the comparison is presented.

A. Raspet’s theory

Raspet et al. extended Rott’s theory to consider the

effect of the water on the wall of the waveguide. Hence, the

equations in Raspet’s theory can be considerably similar to

those in Rott’s theory. The equations derived by Raspet

et al. can be written as

dP

dx
¼ � ixqm

1� vv
U; (15)

dU

dx
¼ � 1þ c� 1ð Þva½ � ixP

cPm

� nw

na
cvD

	 

ixP

cPm

; (16)

where nw and na are the number density of water vapor and

the number density of air, respectively; vD is the third

thermoacoustic function.5–7,19 As the cross section of the

flow channels in the CH is square,20 va, v�, and vD become

vj ¼ 1� 64

p4

X
m;n odd

1

m2n2Yj
; (17)

with

Yj ¼ 1� i
p2

8xsj
m2 þ n2ð Þ; (18)

where j is a, �, or D. To calculate sa and s� in Eq. (5), half

the length of one side of the square channel (0.47 mm) is

used as r, and sD is defined as

sD ¼ r2=ð2D12Þ; (19)

FIG. 3. (Color online) Dissipation ratio as a function of gas temperature.

The dissipation in section 2 with dry CH is denoted as Wdry
2 , whereas that

with wet CH is denoted as Wwet
2 . Symbols show the experimental results and

lines show the calculation results.
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where D12 is the mutual diffusion coefficient, whose value

can be obtained from the data book.21

Equation (15) is exactly equal to Eq. (1), whereas Eq.

(16) differs from Eq. (2) by its second term on the right-hand

side, which describes the effect of mass transfer. Equation

(6) can be used as the solution of Eqs. (15) and (16).

However, the following equation must be used instead of

Eq. (7):

kwet ¼
x
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ c� 1ð Þva

1� v�
þ nw

na

cvD

1� v�

s
: (20)

To prevent misunderstanding, we define the wave number

evaluated using Eq. (7) as kdry. We should note that subscript

dry indicates dry “wall” and not dry air.

The numerical calculation requires the values of gas

properties and the ratio of nw and na of humid air because

the absolute humidity is high in section 2, as mentioned in

Sec. II. In this study, the equations22 based on the kinetic

theory of gases and Dalton’s law are used. Note that follow-

ing the experimental condition, the sum of the partial pres-

sures of air and water vapor is set to 101 kPa.

B. Comparison

We perform three types of calculation to verify the

theory. Section 2 is divided into two parts for the calcula-

tion. One part is the interior of the CH and the other is the

exterior. In all calculations, the gas properties of humid

air, whose RH is 100%, are used for the interior of the CH.

The RH outside the CH is set as 80% or 100%. This is

because the RH measured outside the CH is over 80%. In

the first calculation (Cal. 1), kdry is used for the interior

and exterior of the CH. In the second and third calcula-

tions (Cal. 2 and Cal. 3), kwet is used for the interior and

kdry is used for the exterior. These conditions are shown in

Table I.

The calculated results are shown in Fig. 3 by lines. As

seen from Fig. 3, when the CH is located close to the pres-

sure antinode (LCH¼ 1.13 m), the result of Cal. 1 (shown

by the thick solid line indicated by an arrow in Fig. 3) is

smaller than the experimental results shown by open

circles. This indicates that the experimentally obtained

increase in Wwet
2 =Wdry

2 with Tgas cannot be explained by

only the difference between the gas properties of dry air

and humid air. On the contrary, the temperature depen-

dence of Wwet
2 =Wdry

2 for both cases (LCH¼ 1.13 m and

0.59 m) approximately agrees with the calculated results

(Cal. 2 and Cal. 3), which are shown by dotted and

dotted-and-dashed lines. Thus, this comparison supports

the theory proposed by Raspet et al.
Rott’s and Raspet’s theories can explain the experimen-

tally obtained dependency of Wwet
2 =Wdry

2 on Tgas as follows:

The dissipation of acoustic power can be written as

DW ¼
ðxb

xa

dW

dx
dx ¼

ðxb

xa

d

dx

S

2
Re P ~U½ �

� �
dx: (21)

When cross-sectional area S is constant,

DW ¼ S

2

ðxb

xa

Re
dP

dx
~U þ ~P

dU

dx

	 
� �
dx: (22)

Hence, Rott’s theory [Eqs. (1) and (2)] shows

DW ¼ S

2

ðxb

xa

RdryjUj2 þ KdryjPj2
� �

dx; (23)

where

Rdry ¼ xqm Im
1

1� v�

	 

; (24)

Kdry ¼
c� 1

cPm
x Im va½ �: (25)

On the contrary, Raspet’s theory [Eqs. (15) and (16)] gives

DW ¼ S

2

ðxb

xa

RwetjUj2 þ KwetjPj2
� �

dx; (26)

where

Rwet ¼ xqm Im
1

1� v�

	 

; (27)

Kwet ¼
c� 1

cPm
x Im va½ � þ

nw

na
Im vD½ �

x
Pm

: (28)

The first terms on the right-hand side of Eqs. (23) and (26)

are proportional to the square of velocity amplitude,

whereas the second terms are proportional to the square of

pressure amplitude. Furthermore, all of them have negative

values, indicating a decrease in acoustic power. As

Rwet¼Rdry, which are relative to the first terms on the

right-hand side of Eqs. (23) and (26), the theories indicate

that the dissipation due to velocity oscillation does not

depend on the water on the wall of the flow channel. This

is consistent with the experimental results. On the con-

trary, Kwet has an additional term, which is the second term

of the right-hand side of Eq. (28). As this term has a nega-

tive value, the theories indicate that the water on the wall

affects the dissipation caused by pressure oscillation. In

addition, the second term is proportional to nw/na. The

coefficient nw/na increases as the temperature of water

approaches its boiling point if RH is maintained at a con-

stant value. Hence, the effect of the second term increases

with Tgas, resulting in the increase in Wwet
2 =Wdry

2 . These

results indicated by the theories are also consistent with

the experimental results.

TABLE I. Calculation conditions. kdry indicates the use of Eq. (7), whereas

kwet indicates the use of Eq. (20).

In CH Outside CH

Cal. 1 kdry, RH¼ 100% kdry, RH¼ 100%

Cal. 2 kwet, RH¼ 100% kdry, RH¼ 100%

Cal. 3 kwet, RH¼ 100% kdry, RH¼ 80%
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VI. CONCLUSION

The acoustic dissipation in a wet-wall porous medium

was measured. The experimental results indicated that the

dissipation caused by acoustic velocity oscillation was not

affected by the water on the wall of the porous medium. On

the contrary, the dissipation caused by acoustic pressure

oscillation was affected by water, particularly when the tem-

perature of the working gas was close to the boiling tempera-

ture of water. These results were compared with the results

calculated based on the theory proposed by Raspet et al.,5–7

and the validity of the theory was demonstrated.
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