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Acoustic attenuation in a mixture of gases results from the combined effects of molecular relaxation
and the classical mechanisms of viscosity and heat conduction. Consequently, the attenuation
depends on the composition of the gas mixture, acoustic frequency, temperature, and pressure. A
model of the relaxational attenuation that permits the calculation of acoustic attenuation is used to
predict the effect of composition, frequency, temperature, and pressure on the acoustic attenuation
in a three-component gas mixture of nitrogen, methane, and water vapor. The attenuation spectrum
is dependent upon the composition through the appearance of peaks in the spectrum related to the
relaxation frequencies of the particular components and their relaxing complexes. The relaxation
peak related to methane dominates except at low methane concentrations, where the nitrogen peak,
which is dependent upon the water vapor and methane concentration, is evident. Temperature and
pressure significantly alter the relaxation frequency and the degree of attenuation, but water vapor
plays little role in the attenuation. ©2001 Acoustical Society of America.
@DOI: 10.1121/1.1413999#
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I. INTRODUCTION

Molecular relaxation and the classical mechanisms
viscosity and heat conduction determine the acoustic atte
ation in a mixture of gases, depending on the composition
the gas mixture, the acoustic frequency, the temperature,
the pressure. The absorption and dispersion of sound w
in polyatomic gases due to molecular relaxation has b
studied for nearly seven decades.1–6 The molecular relax-
ation processes can lead to a complicated mechanism
vibrational–translational and vibrational–vibrational ener
transfer between different molecular energy levels resul
in several effective relaxation frequencies, depending on
vibrational modes of the species involved in the relaxat
processes. The relaxational attenuation has been modele
pure gases, binary mixtures of gases, and air with car
dioxide in several ways.5–9 We have recently extended th
Schwartz, Slawsky, and Herzfeld model5 for the relaxational
component of attenuation to a mixture of three or more po
atomic gases at room temperatures based on molec
constants.10 Although experimental data against which
compare the model are sparse, our theoretical predictio
attenuation for a binary mixture of nitrogen and water vap
and for pure methane match experimental results q
well.10

In this paper, we continue our earlier work by using o
model to predict the effect of composition, frequency, te
perature, and pressure on the acoustic attenuation in a th
component gas mixture of nitrogen, methane, and water
por. We investigate this particular combination of gases
two reasons. First, the values of the molecular constants
essary to calculate the transition probabilities are availabl
the literature. Second, the nitrogen–methane–water mix
is representative of gas mixtures that are industrially imp
tant. For low concentrations of methane, the mixture is r

a!Electronic mail: r-lueptow@northwestern.edu
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resentative of a combustible air–fuel mixture, with the nitr
gen and water vapor representing moist air.~Obviously, the
neglect of oxygen in this simplified model is significant.! For
high concentrations of methane, the mixture is representa
of natural gas, which consists of 75%–99% methane w
smaller quantities of higher hydrocarbons and inert com
nents including nitrogen and water vapor.11

The focus in this paper is to investigate the effect
composition, frequency, temperature, and pressure on ac
tic attenuation using the model from our earlier work10

While all of these factors are expected to play a role in
degree of attenuation, the dependence of attenuation on
of them is not readily apparent. The model from our earl
paper permits the independent variation of each of the fac
to determine their impact on the attenuation. This allows
prediction of the acoustic attenuation under a variety of c
ditions in multicomponent gas environments.

II. THE MODEL FOR ACOUSTIC ATTENUATION

A complete description of the theoretical model that w
used to calculated the results presented here is given in D
and Lueptow.10 Here we only describe the highlights of th
model. The theory is based on the Euler gas equation
model a continuous medium consisting of a polyatomic g
mixture accompanied by nonlinear semimacroscopic pop
tion equations for the number of molecules in a given ene
state.12 We assume no diffusion of gas components and
nore the effect of rotational relaxation on the acoustic atte
ation, since the rotational relaxation contribution is qu
similar to the classical contribution at the frequencies that
are considering9,13 and is negligible in the range of frequen
cies where the vibrational relaxation is significant.

The Euler equations are in the standard form except
the total energy of the gas mixture depends not only on
gas temperature, but also on the internal temperatures o
excited molecular mode. Molecules gain and lose vibratio
110(6)/2974/6/$18.00 © 2001 Acoustical Society of America
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and translational energy in collisions by vibrationa
translational and vibrational–vibrational energy exchan
We assume that at room temperature only the lowest vi
tional modes are significant and only one-quantum co
sional reactions are possible. The relaxation equations
dependent on the collision rates of molecules based on
netic theory for a gas of rigid spheres and the transitio
probabilities of energy exchange per collision between
ferent vibrational modes based on a solution of the Sch¨-
dinger equation.6 The resulting system of first-order differen
tial equations can be solved numerically for the inter
temperatures related to the excited modes and substit
into the Euler energy equation, which is solved assumin
plane acoustic wave. The attenuation due to viscous diss
tion and irreversible heat conduction are based on the c
sical formulation by Stokes and Kirchhoff14 using the coef-
ficient of shear viscosity, the thermal conductivity, and t
specific heats of the gas mixtures calculated according
commercial software.15

In this paper we use the relaxation model along with
classical mechanisms to analyze the acoustic attenuation
der a variety of conditions. We present the results of com
tational experiments to determine the effects of composit
frequency, temperature, and pressure. The goal of these
putational experiments is to determine the nature of the
fect of these variables on the acoustic attenuation.

III. RESULTS

A. Effects of composition

We first consider the effect of composition on the aco
tic attenuation spectrum for a temperature of 297 K an
water vapor concentration of 3%, near its maximum value
this temperature and a pressure of 1 atm. Figure 1 shows
acoustic attenuation spectrum for 100% methane and for
10%,20%, . . . ,90% methane concentrations with 3% wa
vapor and the remainder nitrogen. Bold curves represen
total attenuation~relaxational plus classical! while the fine
curves represent the relaxational component of attenua

FIG. 1. Nondimensional acoustic attenuation spectrum
0%,10%,20%, . . . ,100% methane concentrations~from lowest to highest at
the relaxational peak! with 3% water vapor~except for 100% methane! and
the remainder nitrogen at 297 K. Bold curves are the total attenuation~re-
laxational plus classical! and fine curves are the relaxational compone
only.
J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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plotted againstf /P, where f is the frequency andP is the
pressure. This horizontal scale reflects the dependence o
relaxation time on energy exchange between molecules.
time between molecular collisions is inversely proportion
to the pressure. Consequently, the relaxation freque
which is the inverse of the relaxation time, is proportional
pressure. This proportionality is expressed by the dep
dence of attenuation on the quotientf /P. The acoustic at-
tenuationa is nondimensionalized by the wavelength of t
soundl, which in turn is dependent on the frequency a
speed of sound for that gas composition.

It is immediately evident from Fig. 1 that the relax
ational component of attenuation dominates at low frequ
cies. The classical component of relaxation dominates
high frequencies. The peak in the curves atf /P
;105 Hz/atm is the relaxation frequency related to the rela
ation of methane modified slightly by the presence of nit
gen and water. The attenuation at the relaxational freque
of methane is so large that it dominates classical attenua
and the relaxational frequency of nitrogen, which occurs
much lower frequencies and is not evident on the scale
Fig. 1. The relaxational frequency occurs at higher frequ
cies as the fraction of methane in the mixture increases.
pure methane, this relaxational frequency is atf /P;1.5
3105 Hz/atm based on our model. The dominance of clas
cal attenuation at high frequencies comes about becaus
the dependence of both shear viscosity and heat conduct
contributions to the attenuation on the square of
frequency.14,16

The results in Fig. 1 also show a strong dependence
the attenuation on composition in the frequency ran
105 Hz/atm, f /P,106 Hz/atm. At low frequencies (f /P
,104 Hz/atm) and in the range of frequencies where clas
cal attenuation begins to dominate (f /P.106 Hz/atm), the
dependence of the attenuation on composition is minima

It is helpful to plot the attenuation spectra at 1 atm us
a dimensional scale for the attenuation, as shown in Fig. 2
clearly show the wide range of attenuation. Again we sh
the attenuation for gas compositions ranging from 0%
90% methane with 3% water and the remainder nitrogen

r

t

FIG. 2. Dimensional total acoustic attenuation spectrum
0%,10%,20%, . . . ,100% methane concentrations~from lowest to highest at
105 Hz! with 3% water vapor~except for 100% methane! and the remainder
nitrogen at 1 atm and 297 K.
2975Y. Dain and R. M. Lueptow: Attenuation in a three-gas mixture
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total
well as 100% methane. The knee at the lower frequency
0% methane is related to the relaxation frequency of ni
gen. The knee at nonzero methane concentrations is as
ated with the relaxation frequency of methane. The atten
tion is greatest at the highest frequencies. The dependen
the attenuation on the methane concentration is greates
105 Hz, f ,106 Hz. In this frequency range, the attenuati
can vary be more than an order of magnitude with meth
concentration.

We now return briefly to the issue of including the rot
tional relaxation contribution. Although we cannot calcula
this contribution because the appropriate values for meth
are not available, we can assume that the rotational re
ation contribution is less than the classical contribution. I
contribution this large were added to the classical contri
tion, the only effect in Fig. 1 would be a negligible leftwa
shift of the attenuation spectrum at the highest frequen
( f /P.106 Hz/atm), where classical contributions domina
Likewise, there would be a very slight upward shift in th
dimensional curves in Fig. 2 forf .106 Hz. Thus, qualitative
results including rotational relaxation are identical to tho
shown and the quantitative results only change by an inc
sequential amount.

As mentioned earlier, the relaxation frequency of nitr
gen is not evident in Fig. 1 and is only visible for ze
methane concentrations in Fig. 2. This is a consequenc
the large relaxational effect of methane. The relaxational
quency of nitrogen becomes evident only at low concen
tions of methane as shown in Fig. 3. Note that the vert
scale in Fig. 3 is greatly expanded compared to Fig. 1
make visible the relaxation frequency of nitrogen atf /P
;103 Hz/atm. When no methane is present, only the rel
ation frequency of nitrogen as modified by water is evide
The presence of water vapor increases the relaxational
quency above the relaxational frequency for pure nitrogen
about 9 Hz/atm.17 The relaxation peak related to water vap
is too small to appear as a separate relaxational peak in
spectrum. The presence of even small quantities of meth
~as small as 1%! results in the appearance of a strong rela

FIG. 3. Nondimensional acoustic attenuation spectrum for 0%, 1%, 2%,
and 4% methane concentrations~from lowest to highest at 104 Hz/atm! with
3% water vapor and the remainder nitrogen at 297 K. Bold curves are
total attenuation and fine curves are the relaxational component only.
2976 J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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ational peak for methane. As the fraction of methane
creases, the relaxation frequency for the nitrogen shifts
higher frequencies and the attenuation due to the meth
increases so that the methane peak dominates. The effe
nitrogen is evident only as a slight kink in the curve
103 Hz/atm for 2% methane and higher concentrations.

Varying the water vapor concentration over nearly t
full range of compositions thermodynamically possible
this temperature and pressure has little effect on the re
ational attenuation, as indicated in Fig. 4. The small effec
water vapor on the relaxational attenuation near 103 Hz/atm
occurs because the relaxational peak for nitrogen is shifte
the right in the presence of water. The more obvious effec
water vapor is to increase the amplitude of the relaxatio
peak for methane near 104 Hz/atm and shift the peak to
slightly higher frequency due to the methane–water rel
ational complex. Nevertheless, the influence of water va
on the attenuation spectrum is much smaller than the in
ence of similar concentrations of methane.

Given the strong dependence of acoustic attenuation
the fraction of methane in the mixture, one might consid
the relationship between the attenuation and the meth
concentration by plotting the total dimensionless attenua
~relaxational plus classical! as a function of composition fo
several frequencies, as shown in Fig. 5. Three curves
plotted for each frequency corresponding to water vapor c
centrations of 0%, 1.5%, and 3% with nitrogen making
the remainder of the mixture.~The concentration of wate
vapor is evident at the right end of the curves. The cu
ending furthest to the left is 3% water vapor, and the cu
ending furthest to the right is 0% water vapor.! The near
overlap of the curves for different water vapor concentrat
confirms that the presence of water vapor is nearly incon
quential compared to the effect of methane concentration
the lowest frequencies, the nondimensional attenuation is
a monotonic function of the methane fraction. The atten
tion at the higher frequencies increases monotonically w
methane fraction.

The dimensional attenuation at ten frequencies rang

,

e

FIG. 4. Nondimensional acoustic attenuation spectrum for 0%, 1%, 2%,
3% water vapor concentrations~from lowest to highest at 104 Hz/atm! with
4% methane and the remainder nitrogen at 297 K. Bold curves are the
attenuation and fine curves are the relaxational component only.
Y. Dain and R. M. Lueptow: Attenuation in a three-gas mixture
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from 100 kHz to 1 MHz is shown in Fig. 6. The dimension
attenuation is much larger at higher frequencies than at lo
frequencies. However, the dimensional attenuation is no
monotonic function of methane concentration for high f
quencies~800 kHz–1 MHz! at low methane concentration
or the lowest frequency~100 kHz! at high methane concen
trations. At frequencies from 200 to 700 kHz the dimensio
acoustic attenuation is monotonic, varies substantially o
the range of methane concentrations, and is significan
magnitude. For instance, the attenuation at 500 kHz mo
tonically varies by nearly a factor of 6 froma53.3 m21 at
0% methane toa519.0 m21 at 100% methane.

The molecular relaxation not only affects attenuatio
but also alters the sound speed. The sound speedc normal-
ized by the equilibrium sound speedc0 is plotted in Fig. 7 as
a function of frequency. The equilibrium sound speed is t
at low frequencies~much less than the relaxation frequenc!
calculated based on the classical equation using the tra
tional temperature.18,19 As shown in Fig. 7, the normalize
sound speed increases slightly at the relaxation frequenc
methane, but the increase is quite small, even for very la
methane concentrations. This increase comes about whe

FIG. 5. Dependence of nondimensional total attenuation on methane
centration for 0%, 1.5%, and 3% water vapor with the remainder of
mixture nitrogen at 297 K.~The curve ending furthest to the left at the rig
end is 3% water vapor, and the curve ending furthest to the right is 0% w
vapor.!

FIG. 6. Dependence of dimensional total attenuation on methane conce
tion for 0% water vapor with the remainder of the mixture nitrogen at 1 a
and 297 K. The curves correspond to 100 kHz increments in frequenc
J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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frequency of the sound wave is sufficiently high so that
period is less than the relaxation time of methane. Un
these conditions, the specific heat at constant volume, w
is based on the internal energy of the gas, is decreased
cause of the reduced contribution of the vibrational ene
transfer resulting in a higher sound speed.20 Of course, the
increase in the equilibrium sound speedc0 with methane
concentration because of the decreased molecular weig
the mixture, which is not evident in Fig. 7 because of t
normalization scheme, is much greater than the increase
to molecular relaxation at high frequencies.

B. Effect of temperature

The effect of temperature on the attenuation is shown
Fig. 8. In these figures, two curves are plotted at 297 and
K, one for 0% water vapor and the other for 3% water vap
At the lowest temperature, 243 K, only 0% water vapor
considered because of the low partial pressure of water
the low methane concentration, the effect of variation in te
perature on the nondimensional attenuation is small,
shown in Fig. 8~a!. However, at higher methane concentr
tions the effect of temperature is quite significant@Figs. 8~b!
and~c!#, particularly near the relaxational frequency of met
ane. In these cases, an increase in temperature results
slight increase in the relaxational frequency and a substa
increase in the relaxational attenuation. The curves merg
low frequencies. At high frequencies, the classical atten
tion increases substantially but the curves do not merge
all cases, the water vapor plays little role in the effect
temperature on attenuation, as is evident from the curves
0% and 3% water vapor concentrations overlaying e
other.@In Fig. 8~a!, the separate curves are only evident at
relaxational frequency of methane. In Figs. 8~b! and~c!, the
curves are so close that they appear only as thicke
curves.#

C. Effect of pressure

All of the spectra to this point~except Fig. 2! have used
the frequency divided by pressure as the independent v

n-
e

er

ra-

FIG. 7. Dependence of the sound speed normalized by the equilibr
sound speed on frequency for 0%,10%,20%, . . . ,90%,97% methane con
centrations~from lowest to highest at the highest frequency! with 3% water
vapor and the remainder nitrogen at 297 K.
2977Y. Dain and R. M. Lueptow: Attenuation in a three-gas mixture
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able reflecting the natural dependence of the nondimensi
relaxational attenuation on pressure. It is, however, instr
tive to directly consider the effect of pressure on the sp
trum of the attenuation,a, as shown in Fig. 9. The variatio
in pressure noticeably shifts the attenuation spectrum. H
ever, the shape of the spectrum is essentially unchan
Nevertheless, at any one frequency, the shift in the spect
due to pressure has a significant effect on the attenuatio
that frequency.

FIG. 8. Effect of temperature on the nondimensional total attenuation s
trum. For 297 and 323 K, the curves for 0% and 3% water vapor con
trations are shown, although they overlap in most cases. For 243 K
water vapor concentration is zero:~a! 3% methane, 0% and 3% water vapo
and remainder nitrogen;~b! 50% methane, 0% and 3% water vapor, a
remainder nitrogen;~c! 90% methane, 0% and 3% water vapor, and rema
der nitrogen.
2978 J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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IV. SUMMARY

Our interest in a predictive model for acoustic attenu
tion came about because of the relation of the acoustic
tenuation spectrum to gas composition. The key issue
arises is the dependence of acoustic attenuation on com
tion given the variability in temperature, pressure, and c
taminants such as water vapor. Consider the acoustic att
ation at a frequency of 500 kHz for which the dependence
the attenuation on the fraction of methane was shown in F
6. The attenuation is monotonic, relatively large, and var
by nearly an order of magnitude over the range of meth
concentrations. But consider the extremes of the conditi
for outdoor ambient temperatures from 243 to 323 K a
water vapor concentrations from 0 to 3%. Except at the lo
est methane concentration shown in Fig. 8, the attenua
varies substantially over this temperature range at 500 k
However, the variation of the attenuation with humidity
any particular temperature is negligible. We might also co
sider situations where the pressure changes. From Fig. 9,
evident that the attenuation varies by a factor of 2 at 500 k
for pressures from 0.5 to 2.0 atm.

To summarize, we have used a model of relaxatio
attenuation along with the model for classical attenuation
predict the total acoustic attenuation in a three-compon
mixture of nitrogen, methane, and water vapor. The atten
tion spectrum is dependent upon the composition through
appearance of peaks in the spectrum related to the relaxa
frequency of the particular components and their relax
complexes. The relaxation peak related to methane do
nates the spectrum except at very low methane concen
tions, where the nitrogen peak is evident. Classical atten
tion plays a significant role at high frequencies. Temperat
and pressure significantly alter the relaxation frequency
the degree of attenuation. But the presence of water va
plays little role.
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FIG. 9. Effect of pressure on the dimensional total attenuation spectrum
50% methane, 3% water vapor, 47% nitrogen.
Y. Dain and R. M. Lueptow: Attenuation in a three-gas mixture
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