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Historical Background

The accurate evaluation of noise from man-made
sources, such as aircraft, requires a reliable procedure
for computing standard sound absorption values in air
as a function of meteorological conditions, namely tem-
perature, pressure, and humidity. The first widely used
standard, issued by the Society of Automotive Engi-
neers as ARP 866 in 1964 and reissued as ARP 866A in
1975 (ref. 1), fulfilled this requirement for many years,
despite the fact that it suffers from numerous deficien-
cies. The standard is based on a single set of labora-
tory measurements—the 1963 data of Harris (ref. 2)—
and employs a crude approach to the theory of molecu-
lar absorption in oxygen. Even after “modification” of
the theory, the recommended formulas yield poor agree-
ment with experiment at the upper and lower ends of
the audible frequency spectrum.

The accuracy of sound absorption values was vastly
improved with the appearance of a new standard, ANSI
S51.26-1978, published by the American Institute of
Physics for the Acoustical Society of America and ap-
proved by the American National Standards Institute
in 1978 (ref. 3). The discrepancies found in the older
standard were resolved by the introduction of two new
physical concepts into the kinetic model of air: first,
the molecular absorption of sound by nitrogen, which
plays a dominant role at low frequencies; second, the
vibrational-vibrational exchange of energy between wa-
ter vapor and oxygen molecules, which is needed to
explain the trend of the data at high frequencies. Al-
though the data base was expanded to include the mea-
surements from a great number of investigations, many
of which appeared subsequent to ARP 866A, the data
were still confined to a frequency interval between 1 and
20 kHz except for one data set below 1 kHz (ref. 4). The
latter was not included in the formulation of the new
standard because of the lack of confirmation by a sec-
ond independent source. Furthermore, these data have
remained an unexplained anomaly for many years be-
cause they yield oxygen relaxation frequencies far below
those predicted by the new standard.

The sound absorption measurements in air pre-
sented here consist of over 2000 data points in the fre-
quency interval from 10 to 2500 Hz, where prior data are
scanty, and accordingly serve a twofold purpose. The
first purpose is to provide a substantial data base for
an improved evaluation of the relaxation frequency of
nitrogen. The data base used to establish this impor-
tant parameter in the ANSI standard is beset with three
fundamental difficulties. First, a significant portion of
the data—that of Harris and coworkers (refs. 2 and 4)—
contains only a few discrete frequencies below 1000 Hz,
for example, only five frequencies in reference 4. For
many meteorological conditions a greater number and

range of experimental frequencies are needed for accu-
rate determination of the relaxation frequency. Second,
some of the studies were conducted in binary No-H,0
mixtures, where the relaxation frequency of nitrogen
may differ from that of nitrogen in air (ref. 5). Third,
other studies were conducted outdoors in the free atmo-
sphere, where the effects of nonstationarity, nonhomo-
geneity, spreading, and the ground lead to questionable
evaluation of the data. Thus a comprehensive set of low-
frequency laboratory measurements is sorely needed to
establish accurately the relaxation frequency of nitrogen
in air. The second purpose of this study is to provide
independent sound absorption measurements overlap-
ping those of reference 4 in dry air, with the goal of
closing the gap between oxygen relaxation theory and
experiment.

This publication is intended primarily to document
the measurements of sound absorption versus frequency
for given meteorological conditions and therewith to
provide the background information needed to explain
the experimental results. The following sections de-
scribe sound absorption mechanisms in free air and in a
resonant tube, the sound absorption measurement pro-
gram, the method used to evaluate the data, the format
for presenting the data, and the procedure for determin-
ing the relaxation frequencies of nitrogen and oxygen.

Symbols

c speed of sound, m-s~!

Cp  specific heat at constant pressure, J-kg—!-K™?!
f experimental frequency, Hz

fvn  vibrational relaxation frequency of nitrogen,
Hz

fvo  vibrational relaxation frequency of oxygen, Hz

h humidity, mole percent

L length of resonant tube, m

P acoustic pressure, Pa

Do reference acoustic pressure, Pa
P static gas pressure, atm

P, reference static gas pressure, 1 atm (or

0.1013 MPa)
R radius of resonant tube, m
¢ time, sec
T gas temperature, K or °C
T, reference gas temperature, 293.15 K
T propagation distance, m



o sound absorption coefficient, Np-m~! or dB-
m™1, (1 Np = 8.686 dB)

04 specific heat ratio
viscosity coefficient, kg-m-s—!
K thermal conductivity, J-m—!-s—1-K—1!

7 sound absorption coefficient per unit wave-
length, Np per wavelength

P density, kg-m—3

Subscripts:

air air

bg background gas

cr classical-rotational
meas measured

str  structural

vn vibrational relaxation in nitrogen

vo vibrational relaxation in oxygen
wall wall
Abbreviations:

ppm parts per million
RH relative humidity
WL  wavelength

Sound Absorption Measurements in Free
Air
Absorption Per Unit Length

An acoustic plane wave, attenuated as it propagates
through a free (unbounded) medium, is represented by
the expression

D = po exp(—ax) exp [i2n f(z/c — t)] (1)

The absorption coefficient in free air consists of three
fundamental components—a,, the classical-rotational
absorption, oy, the vibrational absorption in N2, and
Qvo the vibrational absorption in Os:

Qair = Ocr + Oyn + Gyo (2)

These are given as functions of meteorological parame-
ters in reference 3:
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Figure 1 shows the frequency dependence of the total
absorption and of each component process for the exam-
pleT=T7,=293.15K, P= P, =1 atm, and h = 1.614
mole percent (relative humidity of 70 percent). For each
component process the sound absorption rises as f? be-
low the relaxation frequency and then approaches a con-
stant value asymptotically. For the classical and rota-~
tional components, however, the relaxation frequencies
lie beyond the range of the figure. With increasing hu-
midity the vibrational relaxation frequencies both shift
to higher values.

Absorption Per Unit Wavelength

. Although the sound absorption coefficient o is of
interest when the sound pressure at a specified distance
from the source is desired, another measure of sound
absorption, the absorption per unit wavelength u, is
preferred in many studies because it is more directly
related to the physical properties of the medium. The
relationship between y and « is the following:

ac

=7 (8)

where the sound speed in air has the value
7\ 12
=343.23( - 9
. (%) ©

As before, the absorption per unit wavelength in air
consists of classical-rotational and vibrational compo-
nents in N and Os:

Hair = Per + Pvn + tvo (10)

Equations (3) to (5), (8), and (9) yield the following
expressions for these components:

fer = 6.315 x 107° (%) (%) f (11)



T,\* —3352 ffun
fyn — 36.66 (T) exp( T > (f2 T f3n> (12)

T\ 2 —~2239.1 I fvo
tvo = 4.386 (T) exp( T ) (fz +f30> (13)

Figure 2 shows a plot of the absorption per unit wave-
length similar to the example of figure 1. In this case,
however, each component process is associated with a
well-defined relaxation peak, having a crest located at
the relaxation frequency. Again, with increasing hu-
midity both vibrational relaxation peaks shift to higher
values, and the relaxation frequencies for the classical
and rotational processes are so high that the peak crests
lie beyond the range of the figure.

In sufficiently dry air, for which the Qg relaxation
peak stands out prominently above the background,
the absorption per unit wavelength u is chosen to
represent the sound absorption. In more humid air,
for which relaxation in Ny occurs within the range
of experimental frequencies, the scatter in the data
generally precludes good definition of the much smaller
N relaxation peak. In these cases the sound absorption
is more appropriately represented by the absorption per
unit length a.

Evaluation of Relaxation Frequencies

Equations (3) to (5) (or egs. (11) to (13)) are derived
rigorously from fundamental thermodynamic principles
and from first-order kinetic theory. The numerical con-
stants are obtained from precisely known gas properties
and molecular parameters. The inaccuracy in these ex-
pressions lies almost exclusively in the formulas for the
relaxation frequencies fy, and fi,, as given by equa-
tions (6) and (7). Because current relaxation theory of-
fers only an order-of-magnitude estimate at best, the re-
laxation frequencies are determined in practice through
empirical fits of the available data to equations contain-
ing gas-kinetic model parameters.

Each constituent of the atmosphere influences the
relaxation frequencies of both N3 and Og to a varying
extent, ranging from negligible (argon) to extreme (wa-
ter vapor). To illustrate the effect of the latter, the
relaxation frequency of O (eq. (7)) at 20°C and 1 atm
varies from 24 Hz in dry air to 89 kHz at 100-percent
relative humidity. Similarly, the relaxation frequency
of N3 (eq. (6)) varies from 9 to 816 Hz. The relaxation
frequencies are also sensitive to the presence of COy,
but to a lesser extent because the CO5 content is small
(330 ppm); its effect is included in the A-independent
terms in equations (6) and (7). Because most of the
data sets in the past were confined to a limited range of
frequency, traversing only one relaxation peak, a simul-
taneous fit of f,, and fy, to the composite data does not

necessarily yield the best values of the numerical con-
stants in equations (6) and (7). Rather, the complex
task of determining these values from the data can be
facilitated immensely through a simplified procedure.

First, it is noted that the N and O; relaxation
peaks are widely separated at all values of humidity. In
figure 2, for example, the No absorption is down 55 dB
from the crest of the O peak at the Og relaxation fre-
quency, and the Oy absorption is down 26 dB from the
crest of Ny peak at the N3 relaxation frequency. Thus
the high-frequency data can be used to fit f,, alone,
with classical-rotational absorption taken into account
but with No absorption neglected. Once f,. is estab-
lished, then the low-frequency data can be used to fit
Jvn with both classical-rotational and O2 absorption as
background. Actually, since Ny dominates the absorp-
tion spectrum over the frequency interval from 10 to
2500 Hz except in very dry air, evaluation of f,, is rel-
atively insensitive to the O absorption. For the present
data the values for Q5 absorption from the current stan-
dard are used in the background for the N3 absorption.
Subsequent adjustment of the Oy absorption values will
affect the evaluation of f,; very little.

Sound Absorption Measurements in a
Resonant Tube

Experimental Method

The sound absorption measurements in the present
study were conducted by the method of free decay
in a resonant tube having a length of 18.261 m and
bore radius of 0.0762 m. An acoustical standing wave
was excited in the test gas in the tube, the excitation
removed, and the sound absorption evaluated from the
free decay envelope. The tube and operating procedure
are described in reference 6. Over 250 tube modes
could be excited, from the fundamental near 10 Hz to
a cutoff frequency somewhat above 2500 Hz. The free
decay curves were evaluated in real time on an 8-bit

microcomputer-based digital data acquisition system
(ref. 7).

Additional Sound Absorption Processes in a Tube

In a resonant tube, sound absorption is subject to
two additional processes not found in free-field prop-
agation, namely thermoviscous absorption at the tube
walls and absorption due to excitation of the structural
modes of the tube by the internal test gas. The wall
absorption is accurately given by the Kirchhoff formula

1/2 1/2
_ (mnf 1, (1 2\( &
oo = (55 {ﬁ“” 0 (z+2)(:5) ]

(14)
but the structural absorption cannot be described by
a simple formula, since it is related to the structural
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Sound absorption a, Np/m

Frequency, Hz

Figure 1. Sound absorption in air versus frequency for T' = 20°C, P = 1 atm, and h = 1.614 mole percent (70-percent

RH). The vibrational relaxation frequencies as specified by the ANSI standard (ref. 3), fyn = 574 Hz and f,, =
59117 Hz, are indicated on the frequency axis.
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Sound absorption u, Np/wavelength

Frequency, Hz

Figure 2. Sound absorption per unit wavelength in air versus frequency for T = 20°C, P = 1 atm, and h = 1.614
mole percent (70-percent RH). The vibrational relaxation frequencies as specified by the ANSI standard (ref. 3),
fvn = 574 Hz and f,, = 59117 Hz, are indicated on the frequency axis.



properties of the tube. Nevertheless, the latter pro-
cess becomes significant when the test gas frequencies
lie near the natural frequencies of the tube structure
(ref. 8). Such frequencies were generally avoided in the
present study, in particular those in the vicinity of 93,
290, and 550 Hz, where excitation of the tube structure
was found to be strong.

Evaluation of Constituent Absorption

The sound absorption measurement problem is com-
pounded by the fact that the constituent absorption in
air o,;,, consisting of the classical-rotational and vibra-
tional components given by equations (3) to (5), is only
1 to 5 percent of the wall absorption o.y,y, depending
on the frequency and humidity. In order to reduce the
error inherent in the attempt to extract such a small
effect from a large background, a differential technique
was employed using a background gas with (1) negli-
gible constituent absorption and (2) the same sound
velocity as air in an effort to match acoustical coupling
to the tube structure. Then measurements in the back-
ground gas yielded the wall and structural components
of the absorption in the tube. A gas mixture consisting
of 89.5 percent Ar and 10.5 percent Ny fulfills both the
above requirements, since the Na relaxation frequency
lies far below any measured frequency. For each sound
absorption measurement in air, a corresponding mea-
surement was made in the background gas at the same
frequency, pressure, and temperature. The measured
absorption contains the following components in air and
in the background gas:

Omeas—air = Qair + Qwall—air T Qstr—air (15)

Omeas~bg = Cwall—bg + Ostr—bg (16)

For each pair of measurements the constituent absorp-
tion can be found:

Qair = Omeas—air — Omeas—bg
- (awall—air - awall—bg)
- (astr—air - astr—~bg) (17)

It is apparent from equation (17) that successful
evaluation of the sound absorption in air is contingent
upon the following conditions:

1. The measurements must be of high precision both
in air and in the background gas. This is achieved with
the aid of a digital data acquisition system using a 12-
bit analog-to-digital converter {ref. 7).

2. The wall losses of both gases must be computed
accurately. In other words, the parameters in equa-
tion (14) must be known accurately as a function of
pressure, temperature, and in the case of air, humidity.

The effect of adsorped HyO on the wall losses was es-
timated from the analytical results of reference 9 and
found to be negligible.

3. The composition of the background gas must
be carefully adjusted to match the frequencies found
in air in order to match the coupling to the structural
modes of the tube. This ensures that the final term in
equation (17) vanishes:

Qgtr—air — ast;—bg =0 (18)

and consequently

Qair = Qmeas—air — ¥meas—bg

- (awall—air - awall»—bg) (19)

Sound Absorption Measurement Program

Measurement of Gas Composition and
Meteorological Parameters

Gas composition. The test air was premixed from
constituents by a commercial vendor and delivered in
two 210-ft3 cylinders at 2000 psi. The requested and
actual compositions, per certified analysis, are listed in
table I(a). The constituents for the background gas,
for which the composition is listed in table I(b), were
mixed in the resonant tube proper. The mixture was
adjusted until the fundamental frequency for air at the
prevailing ambient temperature matched the theoretical
value, computed from the sound velocity as given in
equation (9).

Pressure. The pressure was maintained at nomi-
nally 1 atm for all gas compositions, as measured on a
strain gauge pressure transducer.

Temperature. A coarse measurement of tempera-
ture was provided by four iron-constantan thermocou-
ples located along the axis of the tube. These were also
used as sensors for automatic temperature control. A
fine measurement was derived from the measured acous-
tic frequency and its known relation to temperature.

Humidity. Humidity was measured with either of
two dew-point hygrometers, the first for dew points in
the range from —20°C to 60°C and the second for those
below —20°C. The dew-point readings were taken just
prior to the acoustical measurements.

Selection of Meteorological Parameters

The acoustical measurements were conducted within ‘
the temperature interval from 10°C to 50°C in 10°C
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steps. Originally it was intended, at each fixed temper-
ature, to vary the relative humidity from 0 to 100 per-
cent in 10-percent steps. At 10°C, however, because the
Ny absorption was found to be too small to be resolved,
the measurements were confined to sufficiently dry air
that the properties of the O, absorption could be in-
vestigated. Because of difficulty in attaining saturated
H,0 vapor pressures in the tube above 25°C, acoustical
measurements were confined to air samples having dew
points below or slightly in excess of that temperature.
The corresponding maximum relative humidities were
66, 48, and 29 percent at tube temperatures of 30°C,
40°C, and 50°C, respectively.

Meteorological parameters for each of the 30 sets
of acoustical data are summarized in table II. For
each data set the sound absorption was measured at
a number of frequencies from 54 to 92.

Presentation of Data

Constituent Absorption in Air

Figures Al to A30 (appendix) show the sound ab-
sorption in air versus frequency for given values of tem-
perature and absolute humidity, along with the tabu-
lated data. Absorption values for which @, < 104
Np/m are not included in the tabulation, as this value
represents the limit of the experimental technique. For
all but the driest air samples, the sound absorption is
evaluated from equation (19). In these cases the Oz re-
laxation frequency lies so high that relaxation in Ny is
the dominant process over the range of experimental fre-
quencies. The Oy relaxation frequency fy, is assumed
to be given by the current ANSI standard (eq. (7)) and
the N; frequency fyn is best-fitted to the data. Thus
fvn is varied until the sum

S = Z (aair — Qey — Obypn — avo)z (20)

reaches a minimum. In equation (20), a,;, is taken from
equation (19); ocr, &yn, and ay, are computed from
equations (3) to (5). The summation index {over all the
points in a data set) is omitted to simplify notation. A
small error in fy, has a negligible effect on the evalu-
ation of fy, if the humidity exceeds 0.5 mole percent
(about 20-percent RH at 20°C), but at lower humidi-
ties the effect of the error i$ more severe. Nevertheless,
this is of little consequence in the present study because
only two data sets are affected (figs. A5 and A6), and
in the worst case a 10-percent error in f,, results in a
22-percent error in fyg,.

In the driest air samples (figs. Al to A4, A14, A21,
and A27), fyo shifts into the range of experimental fre-
quencies, and relaxation in Op becomes the overwhelm-
ingly dominant process. The Ny relaxation frequency

6

shifts to such low values as to make no detectable contri-
bution to the sound absorption. In these figures the ab-
sorption per unit wavelength ., evaluated from equa-
tions (8) and (19), is plotted to emphasize the O relax-
ation peak. The data are used to best-fit f,, by varying
fvo until the sum

S= Z (IJ'a.ir — Mcr = Myn ™ /Jl'vo)2 (21)

reaches a minimum. As in the above procedure, y.;,
fyn, and gy, are given by equations (11) to {13), and
fvn by equation (6), even though the choice of fyn is
inconsequential.

The best-fitted N3 and O, relaxation frequencies are
summarized in tables Il and IV.

Relaxation Frequency of N,

Figure 3 shows the N2 relaxation frequency fy,
plotted against absolute humidity at temperatures T'
of 20°C, 30°C, 40°C, and 50°C. The symbols are the
results of the present measurements. The straight lines
represent relationships of the form

fvn =ap+ a1h (22)

for the ANSI standard (eq. (6)), the best fit to the data
(using fyo of the ANSI standard), and the results of
Zuckerwar and Meredith for binary N2-HoO mixtures
{ref. 10). It is apparent from these figures that the
measured relaxation frequencies lie between the ANSI
and binary values at all temperatures. The 95-percent
confidence intervals of the slope a;, taken to be plus
or minus two standard deviations, are +29 Hz/mole
percent or £12 percent per mole percent. The best-
fitted slopes are summarized in table V.

Relaxation Frequency of O,

Figure 4 shows the O relaxation frequencies fyo
versus humidity for the dry air samples. The circles
represent data from the present measurements in the
temperature interval from 10°C to 50°C, as listed in
table IV. For comparison the squares represent data
from Harris and Tempest (ref. 4) at temperatures of
—40°C, —20°C, 0°C, and 20°C. The solid line is a
plot of the ANSI relationship (eq. (7)). The measured
relaxation frequencies in this range of humidity remain
remarkably independent of temperature. Both the
data presented here and those of reference 4 reveal
a significant trend away from the ANSI standard at
low values of humidity. The ANSI relationship can be
made to pass through the low-humidity data points by
suitable adjustment of one or more numerical constants
in equation (7).



Summary

Thirty sets of sound absorption measurements in air
at 1 atmosphere are presented at temperatures from
10°C to 50°C, relative humidities from 0 to 100 percent,
and frequencies from 10 to 2500 Hz. The data are
used to evaluate the relaxation frequencies of Ny and
O, for each of 30 sets of meteorological parameters.
The experimentally determined relaxation frequencies

reveal significant differences from those specified by the
current ANSI standard, $1.26-1978.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

August 23, 1984
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TABLE I. COMPOSITION OF GAS SAMPLES

(a) Molar composition of test air

Composition
Constituent Requested Actual

O, 20.9+0.1% 21.0%

Ar 0.9+0.1% 0.893%

CO, 330 £ 30 ppm 348 ppm

H,O <5.3 ppm 20.6 ppm

(dew point, —65°C) (dew point, —55°C)

N, Balance Balance

(b) Molar composition of background gas

Constituent Actual composition
N, 89.5%
Ar 10.5%
COq <1 ppm
H,0 <2.5 ppm
(dew point, —70°C)

TABLE II. SUMMARY OF METEOROLOGICAL PARAMETERS
IN AIR-WATER-VAPOR MIXTURES
AT 1 ATMOSPHERE

Relative humidity, percent, at temperatures of—

10°C 20°C 30°C 40°C 50°C

1.1 0.60 0.45 0.36 0.28
2.9 7.1 13.7 9.4 6.2
9.7 7.9 24.2 16.5 174

20.4 38.3 25.7 28.8

28.3 46.0 32.9

35.5 52.1 47.9

45.8 65.5

65.3

73.5

91.2

11



TABLE III. SUMMARY OF EXPERIMENTALLY DETERMINED
RELAXATION FREQUENCIES OF N, IN AIR
AT 1 ATMOSPHERE

Absolute Relative N2 relaxation
Temperature, humidity, humidity, frequency,

°C mole percent percent Hz
20 0.165 7.1 43
.180 7.9 30

.508 20.4 207

.689 28.3 201

.933 35.5 255

1.20 45.8 295

1.49 65.3 432

1.82 73.5 425

2.22 91.2 476

30 579 13.7 282
976 24.2 228

1.62 38.3 504

1.97 46.0 597

2.21 52.1 588

2.88 65.5 687

40 672 9.4 297
1.20 16.5 385

1.79 25.7 566

2.43 32.9 692

3.42 479 800

50 776 6.2 304
2.12 174 589

3.39 28.8 931




TABLE IV. SUMMARY OF EXPERIMENTALLY DETERMINED
RELAXATION FREQUENCIES OF Oz IN AIR
AT 1 ATMOSPHERE

Absolute Relative O, relaxation
Temperature, humidity, humidity, frequency,

°C mole percent percent Hz

10 0.0146 1.11 29.7
.0395 2.94 425
.1304 9.74 1110

20 .0147 .60 22

30 .0195 .45 29

40 .0256 .36 84

50 .0333 .28 131

TABLE V. BEST-FITTED SLOPE a, IN THE HUMIDITY
DEPENDENCE OF THE RELAXATION FREQUENCY
OF N3 AT 1 ATMOSPHERE*

Temperature, Best-fitted slope, a;, Hz/mole percent
°C ANSI (eq. {6))° |Binary N;-H;O¢|  This work
20 350 191 239
30 368 199 265
40 387 208 264
50 406 216 277

2See equation (22).

bReference 3.
°Reference 10.
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Appendix

Sound Absorption Versus Frequency: Plots
and Tabulated Data

The sound absorption is plotted and tabulated for
each of the 30 data sets listed in table II.

The sound absorption is plotted as u, absorption
per unit wavelength, in figures A1, A2, A4, Al4, A21,
and A27, where the air is sufficiently dry that the
O; relaxation peak stands out prominently above the
background. In the remaining figures, o, absorption

14

per unit length, is plotted. The symbols indicate the
measured points listed in the tables.

The dashed lines represent the sound absorption as
specified by the current ANSI standard (ref. 3).

The solid lines represent the best fit to the data
by the method of least squares. For the data sets
in which o is plotted, the total absorption is fitted
to the data with fy, given by equation (7) and with
fyn as the adjustable parameter. For the remaining
data sets, the total absorption is fitted with fy,, as the
adjustable parameter and with Ny relaxation assumed
to be negligibly small.
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