Acoustic attenuation in a three-gas mixture: Results
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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. @001 Acoustical Society of America.
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I. INTRODUCTION resentative of a combustible air—fuel mixture, with the nitro-
Molecular relaxation and the classical mechanisms mgen and water vapor r.epr.eser)t.mg moist @b.wo'u.sly, the
neglect of oxygen in this simplified model is significarior

viscosity and heat conduction determine the acoustic atteny- : . . .
l¢ngh concentrations of methane, the mixture is representative

ation in a mixture of gases, depending on the composition oOJ natural gas, which consists of 75%—-99% methane with

the gas mixture, the acoustic frequency, the temperature, an . . .
. . . smaller quantities of higher hydrocarbons and inert compo-

the pressure. The absorption and dispersion of sound waves . . .
nents including nitrogen and water vapor.

in polyatomic gases due to molecular relaxation has been . . . . |

) _ The focus in this paper is to investigate the effect of
studied for nearly seven decade§.The molecular relax- L

. . : cpomposition, frequency, temperature, and pressure on acous-
ation processes can lead to a complicated mechanism . : :
L . oo L ic attenuation using the model from our earlier wétk.
vibrational—translational and vibrational—vibrational energy,,, . .
While all of these factors are expected to play a role in the

transfer between different molecular energy levels rESUItin%egree of attenuation, the dependence of attenuation on each

in several effective relaxation frequencies, depending on thgf them is not readily apparent. The model from our earlier

vibrational modes of the species involved in the relaxation . . o

rocesses. The relaxational attenuation has been modeled - permits the independent variation of each of the factors
pure aseé binary mixtures of aases. and air with carbo}wo determine their impact on the attenuation. This allows the
Sioxi d?a in s'everalywa V&2 We ha?/e reéently extended the prediction of the acoustic attenuation under a variety of con-
Schwartz, Slawsky, and Herzfeld motlér the relaxational ditions in multicomponent gas environments.

component of attenuation to a mixture of three or more poly-
atomic gases at room temperatures based on moleculdr THE MODEL FOR ACOUSTIC ATTENUATION

constants® Although experimental data against which 10 A complete description of the theoretical model that we
compare the model are sparse, our theoretical prediction Qfseq to calculated the results presented here is given in Dain
attenuation for a binary mixture of nitrogen and water vaporyn | yeptow® Here we only describe the highlights of the
and l](‘)or pure methane maitch experimental results quitgodel. The theory is based on the Euler gas equations to
well. ) ) _ . model a continuous medium consisting of a polyatomic gas
In this paper, we continue our earlier work by using our yiy\re accompanied by nonlinear semimacroscopic popula-
model to predict the effect of composition, frequency, teM+n equations for the number of molecules in a given energy
perature, and pressure on the acoustic attenuation in a threge!2 we assume no diffusion of gas components and ig-
component gas mixture of nitrogen, methane, and water V;,re the effect of rotational relaxation on the acoustic attenu-
por. We investigate this particular combination of gases fohion  since the rotational relaxation contribution is quite
two reasons. First, the values of the molecular constants négyijar to the classical contribution at the frequencies that we
essary to calculate the transition probabilities are available i consideriny*3 and is negligible in the range of frequen-
the literature. Second, the nitrogen—methane—water mixturgias where the vibrational relaxation is significant.
is representative of gas mixtures that are industrially impor-  the Euler equations are in the standard form except that
tant. For low concentrations of methane, the mixture is repi,e total energy of the gas mixture depends not only on the
gas temperature, but also on the internal temperatures of the
dElectronic mail: r-lueptow@northwestern.edu excited molecular mode. Molecules gain and lose vibrational
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FIG. 1. Nondimensional acoustic attenuation spectrum forFIG. 2. Dimensional total acoustic attenuation spectrum for
0%,10%,20%. . . ,100% nethane concentratiorifrom lowest to highest at  0%,10%,20%. . .,100% methane concentratioffeom lowest to highest at
the relaxational peakwith 3% water vapoXexcept for 100% methahand 10° Hz) with 3% water vapofexcept for 100% methapand the remainder
the remainder nitrogen at 297 K. Bold curves are the total attenuaien nitrogen at 1 atm and 297 K.

laxational plus classicpland fine curves are the relaxational component

only.

plotted against/P, wheref is the frequency and is the

and translational energy in collisions by vibrational— pressure. This horizontal scale reflects the dependence of the
translational and vibrational—vibrational energy exchangerelaxation time on energy exchange between molecules. The
We assume that at room temperature only the lowest vibraime between molecular collisions is inversely proportional
tional modes are significant and only one-quantum colli-to the pressure. Consequently, the relaxation frequency,
sional reactions are possible. The relaxation equations amehich is the inverse of the relaxation time, is proportional to
dependent on the collision rates of molecules based on kpressure. This proportionality is expressed by the depen-
netic theory for a gas of rigid spheres and the transitionatlence of attenuation on the quotiei. The acoustic at-
probabilities of energy exchange per collision between diftenuationa is nondimensionalized by the wavelength of the
ferent vibrational modes based on a solution of the SchrosoundX\, which in turn is dependent on the frequency and
dinger equatiofi.The resulting system of first-order differen- speed of sound for that gas composition.
tial equations can be solved numerically for the internal It is immediately evident from Fig. 1 that the relax-
temperatures related to the excited modes and substitutedional component of attenuation dominates at low frequen-
into the Euler energy equation, which is solved assuming a&ies. The classical component of relaxation dominates at
plane acoustic wave. The attenuation due to viscous dissipd&igh frequencies. The peak in the curves &tP
tion and irreversible heat conduction are based on the clas-10° Hz/atm is the relaxation frequency related to the relax-
sical formulation by Stokes and Kirchhdtfusing the coef- ation of methane modified slightly by the presence of nitro-
ficient of shear viscosity, the thermal conductivity, and thegen and water. The attenuation at the relaxational frequency
specific heats of the gas mixtures calculated according tof methane is so large that it dominates classical attenuation
commercial softwaré® and the relaxational frequency of nitrogen, which occurs at

In this paper we use the relaxation model along with themuch lower frequencies and is not evident on the scale of
classical mechanisms to analyze the acoustic attenuation uRig. 1. The relaxational frequency occurs at higher frequen-
der a variety of conditions. We present the results of compueies as the fraction of methane in the mixture increases. For
tational experiments to determine the effects of compositionpure methane, this relaxational frequency isfaP~1.5
frequency, temperature, and pressure. The goal of these com-10° Hz/atm based on our model. The dominance of classi-
putational experiments is to determine the nature of the efeal attenuation at high frequencies comes about because of

fect of these variables on the acoustic attenuation. the dependence of both shear viscosity and heat conductivity
contributions to the attenuation on the square of the
Ill. RESULTS frequency:*'®

The results in Fig. 1 also show a strong dependence of
the attenuation on composition in the frequency range
We first consider the effect of composition on the acous-10° Hz/atm< f/P<10° Hz/atm. At low frequencies f(P
tic attenuation spectrum for a temperature of 297 K and a<10* Hz/atm) and in the range of frequencies where classi-

water vapor concentration of 3%, near its maximum value atal attenuation begins to dominaté/P>10° Hz/atm), the
this temperature and a pressure of 1 atm. Figure 1 shows tliependence of the attenuation on composition is minimal.
acoustic attenuation spectrum for 100% methane and for 0%, It is helpful to plot the attenuation spectra at 1 atm using
10%,20%. ..,90% methane concentrations with 3% watera dimensional scale for the attenuation, as shown in Fig. 2, to
vapor and the remainder nitrogen. Bold curves represent theearly show the wide range of attenuation. Again we show
total attenuation(relaxational plus classicalvhile the fine the attenuation for gas compositions ranging from 0% to
curves represent the relaxational component of attenuatio®0% methane with 3% water and the remainder nitrogen as

A. Effects of composition
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FIG. 3. Nondimensional acoustic attenuation spectrum for 0%, 1%, 2%, 3%¥k-IG. 4. Nondimensional acoustic attenuation spectrum for 0%, 1%, 2%, and
and 4% methane concentratiaffim lowest to highest at fHz/atm with 3% water vapor concentratioiom lowest to highest at f(Hz/atm) with

3% water vapor and the remainder nitrogen at 297 K. Bold curves are thd% methane and the remainder nitrogen at 297 K. Bold curves are the total
total attenuation and fine curves are the relaxational component only. attenuation and fine curves are the relaxational component only.

well as 100% methane. The knee at the lower frequency foational peak for methane. As the fraction of methane in-
0% methane is related to the relaxation frequency of nitrocreases, the relaxation frequency for the nitrogen shifts to
gen. The knee at nonzero methane concentrations is assobigher frequencies and the attenuation due to the methane
ated with the relaxation frequency of methane. The attenuancreases so that the methane peak dominates. The effect of
tion is greatest at the highest frequencies. The dependence mitrogen is evident only as a slight kink in the curve at
the attenuation on the methane concentration is greatest fa0® Hz/atm for 2% methane and higher concentrations.
10° Hz< f<1CP Hz. In this frequency range, the attenuation Varying the water vapor concentration over nearly the
can vary be more than an order of magnitude with methan&ull range of compositions thermodynamically possible at
concentration. this temperature and pressure has little effect on the relax-
We now return briefly to the issue of including the rota- ational attenuation, as indicated in Fig. 4. The small effect of
tional relaxation contribution. Although we cannot calculatewater vapor on the relaxational attenuation nearHfatm
this contribution because the appropriate values for methangccurs because the relaxational peak for nitrogen is shifted to
are not available, we can assume that the rotational relaxthe right in the presence of water. The more obvious effect of
ation contribution is less than the classical contribution. If awater vapor is to increase the amplitude of the relaxational
contribution this large were added to the classical contribupeak for methane near 4Biz/atm and shift the peak to a
tion, the only effect in Fig. 1 would be a negligible leftward slightly higher frequency due to the methane—water relax-
shift of the attenuation spectrum at the highest frequencieational complex. Nevertheless, the influence of water vapor
(f/P>10° Hz/atm), where classical contributions dominate.on the attenuation spectrum is much smaller than the influ-
Likewise, there would be a very slight upward shift in the ence of similar concentrations of methane.
dimensional curves in Fig. 2 fdr>10° Hz. Thus, qualitative Given the strong dependence of acoustic attenuation on
results including rotational relaxation are identical to thosethe fraction of methane in the mixture, one might consider
shown and the quantitative results only change by an incorthe relationship between the attenuation and the methane
sequential amount. concentration by plotting the total dimensionless attenuation
As mentioned earlier, the relaxation frequency of nitro-(relaxational plus classicahs a function of composition for
gen is not evident in Fig. 1 and is only visible for zero several frequencies, as shown in Fig. 5. Three curves are
methane concentrations in Fig. 2. This is a consequence giflotted for each frequency corresponding to water vapor con-
the large relaxational effect of methane. The relaxational freeentrations of 0%, 1.5%, and 3% with nitrogen making up
guency of nitrogen becomes evident only at low concentrathe remainder of the mixturgThe concentration of water
tions of methane as shown in Fig. 3. Note that the verticavapor is evident at the right end of the curves. The curve
scale in Fig. 3 is greatly expanded compared to Fig. 1 teending furthest to the left is 3% water vapor, and the curve
make visible the relaxation frequency of nitrogen faP ending furthest to the right is 0% water vapofhe near
~10° Hz/atm. When no methane is present, only the relaxoverlap of the curves for different water vapor concentration
ation frequency of nitrogen as modified by water is evidentconfirms that the presence of water vapor is nearly inconse-
The presence of water vapor increases the relaxational fretuential compared to the effect of methane concentration. At
guency above the relaxational frequency for pure nitrogen ofhe lowest frequencies, the nondimensional attenuation is not
about 9 Hz/atnt! The relaxation peak related to water vapor a monotonic function of the methane fraction. The attenua-
is too small to appear as a separate relaxational peak in th®n at the higher frequencies increases monotonically with
spectrum. The presence of even small quantities of methamaethane fraction.
(as small as 1%oresults in the appearance of a strong relax-  The dimensional attenuation at ten frequencies ranging
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FIG. 5. Dependence of nondimensional total attenuation on methane coiG, 7. Dependence of the sound speed normalized by the equilibrium
centration for 0%, 1.5%, and 3% water vapor with the remainder of thesound speed on frequency for 0%,10%,20% ,90%,97% methane con-

mixture nitrogen at 297 K(The curve ending furthest to the left at the right centrationgfrom lowest to highest at the highest frequenagth 3% water
end is 3% water vapor, and the curve ending furthest to the right is 0% watefapor and the remainder nitrogen at 297 K.

vapor)

from 100 kHz to 1 MHz is shown in Fig. 6. The dimensional frequen_cy of the sound wave IS sufl_‘|C|entIy high so that its
eriod is less than the relaxation time of methane. Under

attenuation is much larger at higher frequencies than at low B " o :
) . . o ese conditions, the specific heat at constant volume, which
frequencies. However, the dimensional attenuation is not a

. . ) . IS based on the internal energy of the gas, is decreased be-
monotonic function of methane concentration for high fre- o2 L
. . cause of the reduced contribution of the vibrational energy
quencies(800 kHz—1 MH3 at low methane concentrations transfer resulting in a higher sound spé2d®f course, the
or the lowest frequencyl00 kH2 at high methane concen- 9 g P '

trations. At frequencies from 200 to 700 kHz the dimensionaf"cr€ase N the equilibrium sound speegl with methan_e
. L . . . concentration because of the decreased molecular weight of
acoustic attenuation is monotonic, varies substantially ov

the range of methane concentrations, and is significant ?éhe m|>§tur_e, which is n.ot evident in Fig. 7 beca}use of the

: . N normalization scheme, is much greater than the increase due
magnitude. For instance, the attenuation at 500 kHz mono- : . )
tonically varies by nearly a factor of 6 from=3.3 m ! at to molecular relaxation at high frequencies.
0% methane tar=19.0 m ! at 100% methane.

The molecular relaxation not only affects attenuation,B- Effect of temperature

but also alters the sound speed. The sound speestmal- The effect of temperature on the attenuation is shown in
ized by the equilibrium sound speeglis plotted in Fig. 7 as  Fig. 8. In these figures, two curves are plotted at 297 and 323
a function of frequency. The equilibrium sound speed is thak  one for 0% water vapor and the other for 3% water vapor.
at low frequenciegmuch less than the relaxation frequency at the lowest temperature, 243 K, only 0% water vapor is
calculated based on the classical equation Using the translaonsidered because Of the IOW partia| pressure Of water. At
tional temperature®® As shown in Fig. 7, the normalized the |ow methane concentration, the effect of variation in tem-
sound speed increases slightly at the relaxation frequency ¢ferature on the nondimensional attenuation is small, as
methane, but the increase is quite small, even for very largghown in Fig. 8). However, at higher methane concentra-
methane concentrations. This increase comes about when thgns the effect of temperature is quite significBRigs. &b)
and(c)], particularly near the relaxational frequency of meth-
TMHz ane. In these cases, an increase in temperature results in a
slight increase in the relaxational frequency and a substantial

(
20t increase in the relaxational attenuation. The curves merge at
low frequencies. At high frequencies, the classical attenua-
| tion increases substantially but the curves do not merge. In
£ all cases, the water vapor plays little role in the effect of
5 temperature on attenuation, as is evident from the curves for
10 0% and 3% water vapor concentrations overlaying each

25

other.[In Fig. 8), the separate curves are only evident at the

5 100kHz relaxational frequency of methane. In Figgb)8and(c), the
curves are so close that they appear only as thickened
curves]

0 20 40 60 80 100
methane (%)
C. Effect of pressure

FIG. 6. Dependence of dimensional total attenuation on methane concentra- . . .
tion for 0% water vapor with the remainder of the mixture nitrogen at 1 atm All of the spggtra to this pointexcept F'Q.- 2 have used '
and 297 K. The curves correspond to 100 kHz increments in frequency. the frequency divided by pressure as the independent vari-
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0035 IV. SUMMARY
0.03} . . - .
Our interest in a predictive model for acoustic attenua-
0.025 tion came about because of the relation of the acoustic at-
0.02} tenuation spectrum to gas composition. The key issue that
0.015 arises is the dependence of acoustic attenuation on composi-
tion given the variability in temperature, pressure, and con-
0.01 taminants such as water vapor. Consider the acoustic attenu-
0.005 ation at a frequency of 500 kHz for which the dependence of
0 the attenuation on the fraction of methane was shown in Fig.
10° 1 6. The attenuation is monotonic, relatively large, and varies
(b) f/P(Hz/atm) .
by nearly an order of magnitude over the range of methane
0.04f concentrations. But consider the extremes of the conditions
0035} 323K for outdoor ambient temperatures from 243 to 323 K and
' water vapor concentrations from 0 to 3%. Except at the low-
0.03} est methane concentration shown in Fig. 8, the attenuation
0051 varies substantially over this temperature range at 500 kHz.
' However, the variation of the attenuation with humidity at
3§ 0.02f any particular temperature is negligible. We might also con-
0,015k sider situations where the pressure changes. From Fig. 9, itis
' evident that the attenuation varies by a factor of 2 at 500 kHz
0.01} for pressures from 0.5 to 2.0 atm.
0.005 To summarize, we have used a model of relaxational
' attenuation along with the model for classical attenuation to
0 e : 1;)4 166 predict the total acoustic attenuation in a three-component
() #/P(Hz/atm) mixture of nitrogen, methane, and water vapor. The attenua-

tion spectrum is dependent upon the composition through the

FIG. 8. Effect of temperature on the nondimensional total attenuation spec; ; ;
trum. For 297 and 323 K, the curves for 0% and 3% water vapor (:onc:er::-appearance of peaks in the spectrum related to the relaxation

trations are shown, although they overlap in most cases. For 243 K, thgequency of the partl(:L_lIar components and their relaxmg
water vapor concentration is zer@ 3% methane, 0% and 3% water vapor, complexes. The relaxation peak related to methane domi-

and remainder nitroger(p) 50% methane, 0% and 3% water vapor, and nates the spectrum except at very low methane concentra-

i i K 0, 0, 0, in-.- . . . .
L‘Z’:‘ﬁ'i?rgzgﬂ'trogemc) 90% methane, 0% and 3% water vapor, and remain-yi, o \where the nitrogen peak is evident. Classical attenua-
' tion plays a significant role at high frequencies. Temperature

able reflecting the natural dependence of the nondimensionﬁfed géefsgrgfsgggﬁzzgﬁ agi{ EEZ ri':g:::gg :‘)rfe \?vl;?gf)\l/:nc?r
relaxational attenuation on pressure. It is, however, instruc- g ' P P

tive to directly consider the effect of pressure on the specp lays little role.

Frum of the atte'nuatloru, as shown in F|g: 9. The variation ACKNOWLEDGMENTS
in pressure noticeably shifts the attenuation spectrum. How-
ever, the shape of the spectrum is essentially unchanged. Support from the Department of Energy under subcon-
Nevertheless, at any one frequency, the shift in the spectrutnact from Commercial Electronics, In@Broken Arrow, OK)

due to pressure has a significant effect on the attenuation and from the Ford Motor Company are gratefully acknowl-
that frequency. edged.
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