Acoustic attenuation in gas mixtures with nitrogen:
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Attenuation in a gas results from a combination of classical attenuation, attenuation from diffusion,
and attenuation due to molecular relaxation. In previous pd@der&coust. Soc. Am109 1955

(200D); 110, 2974 (2001)] a model is described that predicts the attenuation from vibrational
relaxation in gas mixtures. In order to validate this model, the attenuation was measured using a
pulse technique with four transducer pairs, each with a different resonant frequency. The attenuation
calculated using the model was compared to the measured values for a variety of gases including:
air, oxygen, methane, hydrogen, and mixtures of oxygen/nitrogen, methane/nitrogen, carbon
dioxide/nitrogen, and hydrogen/nitrogen. After the measured data is corrected for diffraction, the
model matches the trends in the measured attenuation spectrum for this extensive set of gas
mixtures. © 2003 Acoustical Society of AmericdaDOI: 10.1121/1.1559177

PACS numbers: 43.35.ARR]

I. INTRODUCTION transfer of translational energy to internal modes occurs with
a relaxation time that depends on the collisional dynamics of
Attenuation in gases results from several mechanismghe internal vibrational modes available and is different than
that transfer the translational energy of the acoustic wavehe time required to equilibrate the translational energy. The
into other forms of energy. These mechanisms include claszollisional dynamics in some gases result in relaxation times
sical effects related to viscosity and thermal conductivity,that correspond to relaxation frequencies ranging from a few
losses due to diffusion in gas mixtures, and losses due tblz up to 10 MHz, where a significant increase in attenuation
excitation and relaxation of vibrational or rotational molecu-can be observed. On the other hand, rotational modes in the
lar energy levels in the gdsClassical acoustic attenuation molecules typically have much shorter relaxation times and
results from irreversible losses of acoustic energy to heat dueonsequently usually affect the attenuation only at much
to shear viscosity and thermal conductivity across temperahigher frequencies.
ture gradients related to the compression and rarefaction of The relaxation of vibrational modes in a molecule re-
the acoustic wave. Classical attenuation is well understoodults in attenuation that is strongly dependent on the gases
and can be predicted for ideal gases, both pure and in mi¥aresent. In gas mixtures with more than two species, the
tures, as long as the viscosity and conductivity of the mixturenteractions of vibrational modes and their effect on attenu-
are known. Attenuation due to diffusion occurs in mixturesation were not fully quantified until recently. To remedy this,
when light gas molecules diffuse faster than heavier onetwo of us, Dain and Lueptow, developed a model that de-
locally changing the mixture composition as the acousticscribes molecular relaxation for mixtures of gasé brief,
wave passes. This loss of entropy in the arrangement of mothis model numerically solves the Euler gas equations and
ecules results in a reduction in the energy in the acoustithe population equations for the energy states of the mol-
wave. Attenuation related to diffusion is largest for mixturesecules (including  collision rates and transition
of gases having much different massésg., hydrogen/ probabilities.>" More details of the calculations in particu-
nitrogen mixtures The attenuation from diffusion can be lar as they apply to the molecular species reported in this
calculated for gas mixtures, if the appropriate constants arpaper are given in the Appendix. The calculations agree well
known? Exciting the energy states of the gas molecules anavith measurements reported in the literature for the cases

the relaxation of these states also causes attenuation. Théere they can be compargdnfortunately, the available
measurements of attenuation in gases cover only limited spe-

dCurrent address: Ford Motor Company, POEE Mail Drop 43, 21500 Oak-CIeS’ report many results Only at elevated temperatures, and

wood Boulevard, Dearborn, MI 48124; electronic mail: gal‘fsall@msu.eduComam1330n;|e discr?pandes even for single component
DEmail: r-lueptow@northwestern.edu gase$ 1 This study is focused on measurements of the at-
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Higglmfum positions are zeroed at the beginning of each test, and the
separation between transducers is measured to within 0.003
cm (0.001 inches In these measurements the distance be-

tween the emitter and receiver of each pair was adjusted
36" ! from 0.762 to 19.812 ¢n{0.300-7.800 inchesusing 75
0 steps.
ol E At the beginning of each test, the chamber was evacu-
Thermistor ‘T’*B’ L<x >4 ated to 0.0003 atr(0.05 ps), filled to 0.7 atm(10 psj with
| — f— A o 5 the test gas, evacuated again to 0.0003 atm and then filled to
¥ — = 5 4/ e a high pressuré30 atm with a precise mixture of gases. The
Stepper e e Hardened gas mixing for the chamber was controlled with mass flow

controllers and a specially designed regulator that allows the
FIG. 1. A schematic diagram of the transducer traverse system mounted gigxst chamber to be pressurized while the output pressure for
the high-pressure flange. The stepper motor moves supports 2 and 4. Thj ' L
whole assembly was sealed inside a cylindrical chamber. qﬁe mas_s_flow cont_ro_llers was held Con_Stam prov!dmg the gas
composition to within 0.01%. The nitrogen, air, oxygen,

tenuation at room temperature for several binary mixtures O%nethane, carbon dioxide, and hydrogen used in these tests
P y were all 99.99 or 99.999% pure.

practical interest including methane/nitrogen, carbon

dioxide/nitrogen, oxygen/nitrogen, and hydrogen/nitrogen ; S|r;ce atti?gu?]t,'ron der?endsr, O? freqruenqr/]dt;vm\lleorlibé/ pées-
mixtures. Our objective in this research was twofold. FirstoUre (/p), either frequency or pressure can be varied. Be-

we used an experimental apparatus similar to that usefd?yse th.f.tranSQUcers(,j are tun;efd tto a tpartlculf;]r resonant fre-
previously** but incorporating modern transducers and elec-qhuen(;]y’ ! k')S ears{ler an morehe ec |ved 0 varfy € pressurﬁ n
tronics technology, to accurately measure acoustic attenu&€ chamber than to vary the transducer frequency. Thus,

tion in gas mixtures. Second, we compare our eXperimem(,:{peasurements of the attenuation were made at the initial
results with previous results and our model results to furtheP'dn 9as pressure, and then some gas was removed from the
validate our model. chamber and the test performed again. Measurements were

made at 11 different pressures from 30—0.6 atm.

Four sets of transducers were used in a pitch—catch con-

II. EXPERIMENTAL DESCRIPTION figuration. The piezoelectric transducer pairs had matched
Measurements of the attenuation in various gases werequencies of 92 kHz, 149.1 kHz, 215 kHz, and 1 MHz.

carried out in a large cylindrical chamber with a diameter ofOther details of the transducers are listed in Table I. After the
30.5 cm(12 inche$ and a length of 91.5 cni36 inches. gas filled the chamber to the correct pressure and the trans-
Figure 1 shows the transducer traverse system mounted éhicers had been moved to the appropriate separation dis-
the high-pressure flange that seals one end of the chambé&ances using the stepper motor, the first emitter was excited
The supports(labeled 1-5 hold four sets of transducers, With a burst of 10 pulses at the frequency of the transducer
with supports 2, 3, and 4 each holding both an emitE®r  pair. (Bursts of 1 and 5 pulses give similar values for attenu-
and a receive(R). The acoustic measurements are made beation, but the amplitude is smaller, so 10 pulses were pre-
tween an emitter on one support, for example, support 1, ant¢rred) Accounting for the speed of sound in the gas mixture
a receiver on the next support, in this case support 2, with &eing tested, the signal that corresponded to the original
separation distance A between the transducers. A stepper mpelse measured at the receiver was recorded. In addition, the
tor drives an Acme screw to displace supports 2 and 4 with @ressure and temperature in the test chamber along with
resolution of 0.001 cn{0.0005 inchesper step, while the other parameters were recorded. Each emitter was energized
other support$l, 3, and % remain stationary. The transducer individually and after all four emitters had been pulsed, the

TABLE |. Data related to the transducers, including: transducer ra@ygransition point R?/\), and the fit region used in the analysis for the individual
gases for each transducer pair.

Fit Fit Fit Fit Fit
R?/\ region R2/\ region R2/\ region R2/\ region R2/\ region
Frequency R (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
(kHz) (cm) air air O, 0O, CH, CH, cO, CcO, H, H,
9 1.3 4.52 12.700- 4.42 12.700—- 3.49 12.700- 5.56 7.620— 1.20 12.700-
19.812 19.812 19.812 12.700 19.812
149.P 0.9 3.51 7.620— 3.43 7.620— 2.71 7.620— 4.32 7.620— 0.93 7.620—
19.812 19.812 19.812 12.700 19.812
215 0.6 2.25 7.620— 2.20 7.620— 1.74 7.620— 2.77 7.620— 0.59 7.620—
19.812 19.812 19.812 12.700 19.812
1000 1.0 29.07 0.762— 28.42 0.762— 22.44 0.760— 35.74 0.760— 7.69 0.762—
7.620 7.620 7.620 2.540 7.620

8Manufactured by ITC.
PManufactured by Etalon.
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] transducers, and a pressure of 3.18 atm. The amplitude was evaluated as the
time (usec) maximum or largest value of the data gequares the minimum or absolute

value of the most negative value in the data @#tcles, and the sum of
FIG. 2. Raw signals from the 215 kHz transducer in 100% methane at @&ach point in the data set squar@dangles. The curves are least-squares
chamber pressure of 3.18 atm at two different separation distances, 4.064 g to the data.
and 15.240 cm.

transducers were moved to a new separation distance and tHee, as shown in Fig. 2 for the 215 kHz transducer with
measurement was repeated. When the range of separatidd0% methane at a pressure of 3.18 d#6.76 psi. The
distances had been covered, the pressure was reduced for gieire data set of 512 points was recorded ovepd@or the
next set of tests, and the test protocol was repeated. 1 MHz transducer, 20@s for the 149.1 and 215 kHz trans-
Measurements were made in several gases, both puﬂ:!,lCeI’S, and 40QLS for the 92 kHz transducer. The form of
gases(oxygen, methane, and hydrogeand mixtures(air,  the wave packet is typical of the transducer response and
oxygen/nitrogen, methane/nitrogen, carbon dioxide/nitrogengdoes not show the first reflection, which arrived }@2after
and hydrogen/nitrogen (Pure carbon dioxide has such a the original wave for the 4.064 cm separation distance. Even
strong attenuation that the resulting pulses at the receivéhough the emitter was excited with only 10 pulses, ringing
were below our detection threshold, so data could not pb@f the emitter results in two to three times that number of
obtained in this caseThe mixtures were tested in concen- peaks in the voltage being recorded at the receiVEne
tration steps of 20% from 20—80%. The chamber was agecond series of pulses at about ki are anomalous sig-
ambient temperature, with an average temperature during 22ls possibly related to transducer ringing or reflections from
test between 292.6 and 298.6 K. While this temperaturéhe mounting system. They were omitted from the analysis.
range is relatively small, it affects the attenuation to somelhe decrease in amplitude resulting from attenuation as the
extent. Using our model of attenuation, we estimate that théeparation distance is increased from 4.064 to 15.240 cm is
attenuation can change by a maximum of 10% over this temevident in Fig. 2.
perature range, depending on the gases present. However, the Three methods were evaluated to measure the amplitude

temperature range for any given test was smaller, varying b9f the signal at the receiver: the maximum of the sidfeat-
1.0-3.5 K. est value observedthe minimum of the signalabsolute

value of the most negative value obseryeghd the integral
of the square of the signal, which is equivalent to the sound
intensity. No curve fitting was used for the maximum and
The harmonic acoustic pressuPedecreases with dis- minimum as the raw data has enough resolution to provide
tancez from the emitter according to points very close to the extrema. For all three methods to
P—p.e az ) eva!uatg the amplitude, the Ic_)g of the voltage amplitude
0 ' (which is proportional to acoustic pressypdotted as a func-
where Py is the amplitude of the acoustic pressure at thetion of separation distance should yield a linear relationship
emitter, anda is the attenuation. In our tests the voltage with a slope ofe, in accordance with Eq1). Figure 3 com-
produced in the receiving transducer by the sound wave ipares the amplitude of the signal evaluated using the three
proportional to the acoustic pressure. Therefore, the attenuaethods as a function of separation distance for a typical
tion can be found from the slope of the logarithm of thedata set. Although the magnitude of the amplitude depends
voltage amplitude plotted as a function of separation distancen the method of evaluation, the slope, which corresponds to
according to Eq(1). This equation is exact for plane waves, the attenuatiory, is very similar for all three techniques.
but requires a correction for diffraction of a sound waveConsequently, the maximum of the signal was used to deter-
emitted from a transducer of finite size, discussed shortly. mine the attenuation, since it is most convenient and pro-
For each gas mixture, transducer pair, and separatiovides identical results as shown in Fig. 3.
distance, the raw data consists of the receiver voltage versus In order to accurately determine the physical attenua-

IIl. DATA ANALYSIS
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tion, it is necessary to correct for any other effects that also
change the amplitude of the acoustic wave with separation
distance such as spreading and diffraction. The sound field
has many maxima and minima that approximately average
out in the near field region close to the emitting transducer so
that no correction is needed. However, a correction is needed
in the far field as the sound decreases in amplitude due to
spreading and diffraction as the distance from the emitter
increases’® It is important to measure the attenuation either
completely in the near field or completely in the far field to SN
avoid difficulty in accounting for the diffractiotf. The tran-
sition between these two regions occurs at approximately
R2/\, whereR is the transducer radius andis the wave- 0.01 . , . i
length of the sound’ The values for this transition point for 0 5 Separ;t?on (cm) 15 20

each transducer pair evaluated for pure gases used in these

measurements are given in Table I. In many cases, the tramG. 4. Amplitude of the sound wave as a function of separation distance
sition between the near and far fields occurs within the rang@r 100% methane, the 215 kHz transducers and 3.18 atm. The dots show

. . _ . i the measurements. The diffraction correction method of Pink¢Eqn(2)],
of s$parat|on dIStance(SO'762 19.812 len our exper «=0.375, is the dashed curve, and the diffraction correction method of
ments.

- o Rogerset al. [Eq. (3)], =0.397, is the solid curve.
For each gas composition and transducer pair it is nec-

essary to choose the range of separation distances Corr'[‘13‘1'e attenuation, while the term in brackets is the diffraction

sponding to either the far or near field that should be used tgorrection. Ideally, a complex wave number should be used

I e e, The Fn0es il Wer o are S10Wy s, () and () o corporate e efect of acoustc o
nitrogen were analyzed over t.he range used for the pure gatenuanon on d|ffract|o'n. In addition, Eq&2) and (3) were
The data measured in the far field was used for the threéevelgped for harmo_mc waves but not for bursts, which were
lower frequency transducers. For the 1 MHz transducer thg.Sed In these experiments. Ne\{ert_heless, b(.)th methods pro-
data in the near field was uéed but the range of data Wa\gded good results. An analysis _m_corpore_ltlng a complex
. . ; wave numbefand thereby attenuatipmto a diffraction cor-
further restricted to separation distances less than 7.620 cm

i . réction for bursts rather than harmonic waves in a relaxing
because at larger separation distances the strong attenuat||%%dium will be addressed in a separate paber
at this frequency reduced the signal to such a low amplitude The two diffraction corrections are compa.red with the

that it was no Ionger measurable. Because carbon dinidreaw data in Fig. 4 for tests of 100% methane using the 215
has greater attenuation than the other gases, the maximym,_ o~ “<qucer. In both cases. the attenuatioin Egs. (2)

separation was further restricted in these cases. and(3) was adjusted to provide the best fit with the data in
For the three lower frequency transducers, it is nNecessalyq fit region noted in Table I. In the fit region both correc-

to correct the data for diffraction in the far field. We consid- . . .
. . . . ions match the data well, but at shorter separation distances,
ered two diffraction correction methods. Pinkerton Calculatec} P

the amplitudeA on the axis of the coaxial transducers a hear the transition between the near and far field, the simpler
phitu (2), XIS X SAUCETS 8Spinkerton form follows the data better. This result was con-

A(z)=Age™ “¥sin k({22 + R 2— 7)), ) firmed by calculating the attenuation for_ all of the chamber
pressures and transducers for the gas mixtures measured. The
where A, is the amplitude at the emittek=2x/\ is the diffraction correction was applied by dividing the intensity at
wave number, andis the separation between the emitter andeach separation distance by the calculated correction at that
the receivel® A more precise diffraction correction was de- distance and then fitting the resulting curve to findApply-
veloped by Khimuniff for harmonic waves based on Will- ing the Pinkerton correction to the data in the standard at-
iams’ formula for average pressure on a recelVéRogers  tenuation spectrum form af\ as a function of/p results in
and Van Buren used a simplified version of this expressioran overlap between the data from different transducers at the
integrating the acoustic amplitude over the surface of thgamef/p (as will be evident in Figs. 5-12, which will be
emitter and the receiver, both of radi& to find a short discussed lat¢r The Rogers and Van Buren correction does
wave approximationka>1) for the total average amplitude not result in overlap of the data for the different transducers
o 2712 when plotted as an attenuation spectrum, even when the ra-
cog{ —) —JO<— dius R in Eq. (3) is replaced by an effective radius that is
S S some fraction ofR. Thus, the Pinkerton correction for dif-
2.7\ 12) 112 fraction was used for all of the data that is presented in the
_Jl(?) ’ : (3)  next section.
wheres=27z/kR?, J, andJ, are zero and first order Bessel
functions, andz is the separation between the transdué®rs.

Both of these corrections assume that diffraction and attenu-  In this section we present the results of attenuation mea-
ation are independent processes. The exponential is relatedg¢arements for several pure gases and gas mixtures, most of

* Pinkerton

Fit Region

0.1 A

Rogers et al.

Amplitude (V)

R%/A

A(2)=Age™ ﬂ[

2

+|sin

IV. RESULTS
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FIG. 5. Results for air using the Pinkerton diffraction correction at an av-FIG 7 Results f . £ 20%. 40%. 60% d 80% o
erage temperature of 293.1 K. Data points are for the 92 kHz, 149.1 kHz |G- 7- Results for mixtures o 0, 40%, 6U%, an 6 OXygen in nitro-

215 kHz, and 1 MHz transducefsquares, circles, triangles, and diamonds gen using the Pinkerton diffraction correction at average temperatures of

respectively. The solid curve is the classical attenuation and the dashe 93.6, 292.8, 292.8, and 293.9 K, respectively. Data points are for the 92

curve is the empirical model from Bass al. (Ref. 1. Hz, 149.1 kHz, 215 kHz, and 1 MHz transducésgjuares, circles, tri-
angles, and diamonds, respectiyelyhe solid curves are the sum of the

. . classical and diffusional attenuation. Vibrational relaxation is negligible.
which have not been previously measured. These results are

useful in understanding the effect of gas composition on . o .
acoustic attenuation. In addition, we compare the experimerflaving frequencies of 92 kHz to 1 MHindicated by differ-

tal results with the sum of the theoretical model of Dain and€Nt symbolggive similar values. The values from the 1 MHz
Lueptow? for vibrational relaxation, the classical attenuation, transducer(diamonds are slightly higher, possibly because
and the diffusional attenuation. This allows us to determindhe results are based on measurements in the near field rather
the effectiveness of the vibrational relaxation model in pre_than in the far field, as with the other transducers. Neverthe-
dicting acoustic attenuation. The classical attenuation waess. the agreement between results from transducers differ-
calculated using the Stokes and Kirchoff formulation, andind by an order of magnitude in frequency indicates that the
the attenuation due to diffusion was calculated from Bhatia’€XPerimental apparatus and procedure are robust. Many pre-
formulations? More details on the vibrational relaxation cal- Vious experiments in air have been used to develop an em-
culations are included in the Appendix. In all cases we p|0tpirical formula for the acoustic attenuation in air at a variety

the attenuationr nondimensionalized by the wavelengtlas ~ ©f temperatures and humiditiésThe empirical model ac-
a function of the frequency divided by the pressuigy, ~ counts for classical attenuation and attenuation from relax-

which can be called an attenuation spectrum. ation of vibrational and rotational modes. The curves in Fig.
. 5 indicate both the classical component oidplid curve
A. Air and the full form of the empirical fit for ai(dashed curve

The acoustic attenuation spectrum for air is shown inThe difference between these curves comes primarily from

Fig. 5. It is immediately evident that the different transducerghe relaxation of rotational modes in the air. The increase in
a\ at higher frequencies agrees well with the classical

0.035 . - : model, although the empirical model fits the data even better.
100% oxygen The negative attenuation evident at lower frequencies arises
0.030 | 1 . : : : :
from the diffraction correction and the error in the experi-
0.025 | 1 ments. Comparable anomalous negative attenuation has oc-
0.020 1 | curred previously in similar measuremeftsEven so, the
’ empirical model matches the data quite well.
‘§ 0.015 |
0.010 |
B. Oxygen
0.005 | o 1 . .
000000 02 Pure oxygen and mixtures of oxygen and nitrogen were
0.000 - d‘JAéooo YR 1 also tested. Figure 6 shows the data for pure oxygen, while
0.005 5’0 8o”"? . Fig. 7 shows the results for various mixtures of oxygen and
T 08 10 105 108 107 nitrogen. The relaxation frequency of oxygen has been found
flp (Hz/atm) to be at about 3 Hz at atmospheric presgdnehich is below

our measurement capability. Our data agrees well with the
FIG. 6. Results for 100% oxygen using the Pinkerton diffraction correctionclassical calculations indicated by the curves in the figures.
at an average temperature of 293.3 K. Data points are for the 92 kHz, 149. ; ; Al
kHz, 215 kHz, and 1 MHz transducefsquares, circles, triangles, and dia- *heset plOIS prowdg more evidence of the rgllablllty of th.e
monds, respectively The solid curve is the classical attenuation. Vibrational €XPerimental technique. The model calculations from Dain

relaxation is negligible. and Lueptov@ are consistent with the observation that the
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FIG. 8. Results for 100% methane with the Pinkerton diffraction correction ) )

at an average temperature of 293.9 K. Data points are for the 92 kHz, 149 fl'G. 10. Results for mixtures of 20%, 40%, 60%, and 80% Gthitrogen

kHz, 215 kHz, and 1 MHz transducefsquares, circles, triangles, and dia- with the Pinkerton diffraction correction at average temperatures of 292.6,
monds, respectively The solid curve is the calculations based on the vibra- 2937, 293.5, and 294.0 K, respectively. Data points are for the 92 kHz,
tional relaxation model of Dain and Luepto@Ref. 3 summed with the ~ 149.1 kHz, 215 kHz, and 1 MHz transducésguares, circles, triangles, and
classical attenuation. The dotted curve represents the experimental resufli@monds, respectivelyThe solid curves are the calculations based on the
from Gravittet al. (Ref. 9, and the dashed curve the results from Edmond vibrational relaxation model of Dain and LueptgRef. 3 summed with the
and Lamb(Ref. 24. classical and diffusional attenuation.

classical attenuation should be the dominant factor with negiémperatures. Fits to these measurements are included in Fig.

ligible relaxational attenuation in mixtures of oxygen and8 @s dashed and dotted curves, respectively. Our measure-
nitrogen. ments agree better with the results of Edmond and Lamb.

The variation in attenuation between researchers may result
from the sensitivity of attenuation in gases to impurities. In
C. Methane particular small concentrations of water can cause a large

The study of methane provides a case where a stron@hift in the relaxation peak of the attenuation spectrum in
relaxation frequency is present in the range of frequencie§ther gases®?° The calculations of Dain and Lueptdw
measured. The attenuation spectrum for 100% methane (§olid line) agree fairly well with the measurements, al-
shown in Fig. 8. Again the different transducers agree fairlythough the amplitude of the attenuation peak is slightly lower
well. The attenuation for 100% methane has been studietan the measured peak.
previously. Studies by Edmonds and Lathand by Grauvitt, The attenuation spectrum for mixtures of methane and
Whetstone, and Lagemahwere carried out using acoustic nitrogen are shown in Fig. 9. The results from the different

resonance tubes in a similar frequency range and at simildfansducers at the saniép overlap quite well. In addition,
the Dain and Lueptow model predicts the attenuation spec-

0.0 trum very accurately. The relaxation peak shifts to a higher
20% methane in nitrogen  140% methane in nitrogen frequency and increases in magnitude as the fraction of
methane increases. This is related to the increasing domi-
nance of methane relaxation modes as the fraction of meth-
EZAON ane increases.

0.03

0.02

0.01

0.00

< 0.04 D. Carbon dioxide

The attenuation spectra for mixtures of carbon dioxide
in nitrogen are shown in Fig. 10. The different transducers
again give fairly similar results. Like the relaxation fre-
guency in methane, the amplitude of the peak increases with
increasing concentration of carbon dioxide, but the shift in
frequency is much smaller than it is for methane/nitrogen

L A mixtures. Also note that the magnitude of the attenuation is

fIp (Hz/atm) substantially larger for carbon dioxide than for methane.

FIG. 9. Results for mixtures of 20%, 40%, 60%, and 80% methane in C_arbon dioxide has been studied so extensively t.hat .'t IS
nitrogen with the Pinkerton diffraction correction at average temperatures otised in many textbooks as an example of attenuation in a
293.2, 293.0, 293.4, and 295.0 K, respectively. Data points are for the ans_z Leonard’ and Frické® measured the attenuation in
kHz, 149.1 KHz, 215 kHz, and 1 MHz transducdsguares, circles, tri- 10 carhon dioxide at the same frequency and temperature
angles, and diamonds, respectiyelyhe solid curves are the calculations .
based on the vibrational relaxation model of Dain and LueptBef. 3 range as the present eXpe”me_nt- Leonard used a pulsed tech-
summed with the classical and diffusional attenuation. nigue to measure the attenuation and found the peak attenu-

0.03

0.02
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an average temperature of 293.8 K. Data points are for the 92 kHz, 149.FIG. 12. Results for mixtures of 20%, 40%, 60%, and 80% hydrogen in
kHz, 215 kHz, and 1 MHz transducefsquares, circles, triangles, and dia- nitrogen with the Pinkerton diffraction correction at average temperatures of
monds, respectively The solid curve is the sum of the classical and diffu- 298.6, 298.2, 297.9, and 297.8 K, respectively. Data points are for the 92

sional attenuation. The filled circles are data from Winter and (Riéif. 30.  kHz, 149.1 kHz, 215 kHz, and 1 MHz transducdsgjuares, circles, tri-
angles, and diamonds, respectiyelyhe solid curves are the classical and

diffusional attenuation. The vibrational relaxation is negligible.
ation of aA=0.125 atf/p=230 kHz/atm. Fricke measured

attenuation in a cubical resonance charfiband found the  gits show a large increase in attenuation per wavelength
peak attenuation okA =0.115 atf/p=20 kHz/atm. For our  (,)\) above 1 MHz as indicated by filled circles in Fig. 11.

experiments at 100% carbon dioxide, the attenuation was Spne slight excess energy absorption above the classical case
strong that the signal arriving at the receiver was too small t‘?nay be related to rotational relaxation in hydrogen with a
be reliably detected even for very small separation distanceﬁeak near 20 MHz that affects attenuation above 1 MHz.
However, considering the trend with mcree;smgﬂfbncen- Figure 12 shows the attenuation spectrum for mixtures
tration in nitrogen, one could expect 100% £® have a  4f hydrogen/nitrogen. The scatter observed in the mixtures is
relaxation peak at a frequency slightly higher than the valugimilar to that seen for mixtures of oxygen and nitrogen. The
of f/p=28 kHz/atm and an amplltude0h|gher than the valuecgicylations for classical attenuation plus the attenuation due
of X =0.10, that we measured for 80% & N,. Further- 4 giffusion match the experiments for lower frequencies but
more, the slight upward shift in the measured relaxation frefy)| pelow the experimental results at high frequencies, espe-
quencies and the noticeable increase in the magnitude of thg,ly for higher concentrations of hydrogen. The discrep-
relaxation peaks in Fig. 10 are consistent with previous measncy hetween the calculations and the data is presumably due

surements for small amounts of carbon dioxide in nitrogfen. 4 the rotational relaxation of hydrogen at high frequencies.
The calculations for carbon dioxide from our model pro-

vide a qualitative representation of the experimental results.

The similarity of the frequency for the relaxation peak in theyy. CONCLUSIONS

attenuation spectrum with increasing £@oncentration is ) o ) )

fairly well reproduced. However, the model underestimates ~ ACOUSTIC attenuation in gases is challenging to measure
the amplitude of the relaxation peak, especially for high,CO and pre(_j|ct._NevertheIess, we h{ive been ab_le to measure the
concentrations. This discrepancy could be the result of th@ttenuation in pure gases and binary gas mixtures. The mea-
linear structure of the carbon dioxide molecule, which wasSurements are in good agreement with previous data. Air and

probably not adequately taken into account in the model fofMixtures of oxygen and nitrogen measured using our experi-
the collisional dynamics. mental technique agree well with previous measurements.

Our calculations based on the Dain and Lueptow model
agree well with experiments for methane and mixtures of
methane and nitrogen. In particular, the calculations repro-
The acoustic attenuation spectrum for 100% hydrogen isluce the shift in frequency and magnitude of the relaxation
shown in Fig. 11. In this case the values for different transpeak with increasing methane concentration. Also the calcu-
ducers do not agree as well as for the other gas mixturesation for mixtures of carbon dioxide and nitrogen qualita-
One problem is that the speed of sound in hydro806 tively agree with the data, showing that the frequency of the
m/s) is much higher than that in any of the other gases. Thigelaxation peak in the attenuation spectrum does not shift
results in reflections arriving more quickly at the receiversignificantly with increasing C® concentration, while the
and being more likely to interfere with the attenuation mea-magnitude does increase. The model also does well in pre-
surements. More noise may also be present in the systedicting negligible vibrational relaxation for hydrogen. Be-
from the excitation of the emitting transducer. cause the model does not include rotational relaxation, it
Winter and Hill measured the attenuation in pure hydro-does not match the measurements for attenuation at higher
gen at high frequencies using a pulse technitfuEheir re-  frequencies in hydrogen. Although the Dain and Lueptow

E. Hydrogen
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TABLE Il. The collisional diametefo), the force constants:(;), the vibrational modes, the degeneracigs
and the vibrational amplitude coefficients for gases that are necessary for the relaxational attenuation calcula-
tions with the Dain and Lueptow modéRef. 3.

€Ly Normal modes of Vibrational amplitude

Gas o (R) (cal mol™?) vibration (cm™?) g coefficients(amu?)

O, 3.548 175 v=1554 1 0.0625

N, 3.546 159 v=2331 1 0.0714

CH, 3.759 286 v,=2915 1 0.9921
v,=1534 2 0.9921
v3=3019 1 0.9923
v,=1306 3 0.8368

Hy 2.761 75.5 v=4160 1 1.0

CG, 3.99 378 v,=1333 1 0.05
v,=667 2 0.05
v3=2349 1 0.05

model should be applicable to gas mixtures of three or morand Lueptow!, can be easily generalized for the mixtures
components, further testing is necessary to validate thender consideration in the present paper. We assume that

model in these cases. energy exchange occurs between all vibrational modes.
Table Il provides collisional diametéo), the force con-
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APPENDIX We assume that at room temperature only one-quantum

collisional reactions are possible. The calculation of transi-

Acoustic attenuation in a gaseous medium results fromjon probabilitiesPéjg(j k) and Pé:g(j k) is based on the
viscous dissipation, irreversible heat conduction, diffusion ofapproximate formulas of transition probabilities for poly-
gas components, and molecular relaxation. The theoreticgtomic gases derived by Tanz&he depth of the potential
curves in this paper are based on appropriate models for eagfiell ¢, ; and the vibrational amplitude coefficients are pro-
of these phenomena. The total attenuation is the sum of thgided in Lambert® The vibrational amplitude coefficients
attenuation due to all three mechanisms, each addressest carbon dioxide were adjusted using known vibration re-
separately below. All calculations were carried out for a tem4axation frequency and experimental attenuation curve for
perature of 292 K and a pressure of 1 atm. pure CQ. The adjustable values of the collision diameter in

Classical attenuation: The attenuation related to viscoughe Lennard-Jones potential related to the gases of interest
dissipation and irreversible heat conduction are based on thgere obtained by the method outlined by Hirshfeldeal 34
classical formulation by Stokes and KirchHofising the  The temperature dependent collision diameter for low energy
shear viscosity, the thermal conductivity, and the specificollisions,, was calculated using the kinetic theory formula
heats for the gas mixtures calculated according to commerEgs. 8.4—8.5 of Ref. 34or the gas viscosity data and tabu-
cial software®! lated values of the kinetic integréfl. The attenuation due to

Diffusional attenuation: The attenuation due to diffusionrotational relaxation was not included, because its contribu-
of the gas components is calculated using Eq. 14.3.19 ifion is quite similar to the classical contribution at the fre-
Bhatig with the mutual diffusion coefficients from Lid#, guencies consideréd® and except for hydrogen/nitrogen

and neglecting thermal diffusion. For the gas mixtures studmixtures, it is small in the range of frequencies for which
ied here, attenuation from diffusion is negligible although wemeasurements were made.

have included it in the calculations. An exception occurs in
the case of mixtures of hydrogen and nitrogen.
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