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The absorption of sound by the atmosphere must be known to predict

e

sound levels at receiving sites well removed from the aoise source and to
correct recorded noise spectra to standard conditions when making reia-
tive comparisons of the noise generated by different sources. The

factors which affect the intensity of the sound arriving at the receiving
site can be clussified as

g e B TP R S L T F 2

Spreading Losses
Uniform spherical spreading
Non~uniform spreading
Reflection by finite boundaries
Refraction by non-uniform atmosphere

Diffraction (scattering by non-stationary atmosphere)
Absorption Losses

Absorption by ground and ground cover
Absorption by the atmosphere
Classical absorption
Molecular relaxation absorptior
0f these sound propagation effects, different ones may be the controlling
factor for different atmospheric conditions and for varying source-receiver
placement; howeser, for any type of condition or aany type of scund propa-
gation path, the absorption due to classical and molecular effects are
fixed for a homogeneous atmosphere and are functions only of the propagation
path distance, the humidity content, gas impurities, and the temperature.
The purpose of the research reported here was to establish the correct
values of those fixed absorption losses.

Prior work in collaboration with Wyle Laboratories, with U. S. Army

support, led to the development of a theoretical model of sound absorption

in air.l This model requires as input parameters. the rate at which vibra-

*

tional and rotational energy is transferred during binary molecular

collisions. There are twenty four energy transfer rates important for an

s
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accurate prediction of sound absorption by the atmosphere. Fortunately,
many of these rates are available in the literature over a wide range of
temperature. The purpose of this study was to measure those for which
values were uncertain. Specifically, the objectives of the research
reported here were to:

1. Measure the vibrational relaxation time of H20 during self
collisions and collisions with Nz, argon, and 02 at elevated temperatures
in order to establish the temperature dependence of these mechanisms.

2. Measure the temperature dependence of rotational relaxation in
air.

3. Prepare supporting docimentation for i1 simplified procedure to
predict sound absorption in the atmosphere aind/or tables of sound absorp-
tion.

4. Ildentify areas for further investigation (effect of fog and
suspended particlzs, turbulence, or ground cover).

In addition, a simultaneous effort by Wyle Laboratories was launched
to measure the rate of vibrational deexcitation of nitrogen in the presence
of water vapor.

The details of the work performed are included in several articles
published or accepted for publication in the open literature. In the body
of this report, these articles will be summarized and their contribution

to the overall effort explained.

ResuLts AND ConCLUSIONS
The major mechanism responsible for absorption of sound at moderate
temperature and humidity (20°C 50% relative humidity) at intermediate
frequencies (500 Hz to 20 KHz) is the vibrational relaxation of oxygen.

There are several kinetic processes which serve to relax 02. These are

-> 3
02* + M« 02 + M la %

* 2 * B

02 + H20 - 02 + “20 1b é

and ?
% P K 3

o2 + 002 « o2 + co2 ("2) lc ;
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where * denotes a quantum of vibrational encrgy, 2 denotes the bending

mode of CO2 and M can be any collision partner (02. Nz. HZO’ Argon, COZ’

or HZ). The rates for Reaction la with M=02. NZ’ argon, and CO2 are well %

established” over a wide range of temperature as is the rate of Reaction 3

lc.3 Reaction lb presents additional problems since the progress of g

Reaction 1lb depends on the rate at which HZO* ic deexcited by reactions g

of the type :
H0% + M2 HG + M. 2

: For intermediate and high humi.!ities, Reaction 2 represents the rate
limiting process hence tne rat.- at which Reaction 2 proceeds dictates the

vibrational relaxation t:me of 0, and hence is of critical importance in
oredicting sound absorption.

5
iy
£

The first task undertaken in this study .;as to determine the rate of

P L e B

Reaction 2. This effort was started using data collected oy the author at

3 A

Oklahnma State University and Iy Dr. R. C. Amne at the University of

; Denver with M = Hzo. The resu:ts are reported in The Journal of the

Acoustical Society of American, Volume 56, page 14°5, 1974, The rate for

Reaction 2 was measured at temperatures from 373 tc¢ 946°X and the results

S T T L AR ST T 22N OBy, U5 e Ao WA 3t 4 m mias TR A s

- extrapolated to room temperaturz. As a resuit of this study, the rate of

. Reaction 2 with M = Hzo is now «nown over a range cf temperatures wide %
‘% encigh to allow extrapolation t)> any temperature of interest in the field. ?
;3 A discrepancy between the extrapolation of these results to room tempera- %
{ ture and prior determination at room temperature were noticed in this %
.; . paper. This discrepancy will be discussed in more detail later in this g
Ff! report. %
fg While this initial s'udy wis in progress, a new instrument was 2
3 constructed to measure soind abworption at high frequencies. The choice f
4 of a high frequency instrument was dictated by laboratory convenience é
i and in no way limits the application of the resulting rate constants to %
f the audible frequency range. Following initial calibration with argon g
% and helium, the new instrument was used to measure sound absorption in air %
4 at high frequencies over the temperativre range 302-689°K. These measure- %
f ments served to check the computed classical absorption ¢ontribution ;
.é to sound absorption and to determine the temperature dependence of the %
; rotational relaxation time of air. These results were publishea in the %
“ Journal of the Acoustical Society of America, Volume 58, page 110, 19 5. 3
3
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It should be noted that .ilthough the frequency of maximum absorption for
rotational relaxation of air is above 100 MHz, for typical atmospheric

conditions, at 1 KHz, rotational relaxation is still responsible for about
10% of the sound absorption coefficient.

In 1971, the American National Standards Institute appointed working

group S1-57 to prepare a standard for sound absorption in still air. This

new standard is based on the general theory of sound absorption discussed

3

Lok
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earlier and the author was responsible for preparing the theoretical
supporting documentation for this standard.

This supporting documentation E

é is now being prepared for publication in "Physical Acoustics”, W. D. Mason, fi
% Editor, to be published by Academic Press. During the course of examining E
i prior data on which to b.se this standard, an equation was developed using %
% the results of the resea:ch reported above (J. Acoust. Soc. Amer. 58, 110 ,%
; (1975)) and other work. This equation and supporting material have been f
; incorporated into a manu:cript entitled "On the Rotational Collision Number %
g for Air at Elevated Temperatures”, which has heen accepted for publication %
5 . in the June 1976 issue of the .iournal of the Acoustical Society of America. §
é In addition to M = hzo in Reaction 2, the effects of M = N2 and i
¥ M = argon must be considered. Measurements were conducted in the new z
; tube with binary mixtures of nzo and Nz and argon. The measurements were %
% made at 500°K in order to maximize the absorption due to vibrational :
i relaxation of HZO‘ It was found that argon and N2 are very inefficient ?
¢ &
; in deexciting 820 and in practical applications can be ignored in Reactior. ;
9 2. Further, based on theory, these S00°K results can be coupled to the %
é higher temperature results of Kung and Centera to provide an extrapolation é
5 to room temperature. This extrapolation could be in error by a factor of ?
% two or so at room temperature, irut even with a factor of two error, Nz g
: and argon as collision partners for H,0 in Reaction 2 can be ignored when %
f computing snund absorption in air. These results h:ave bheen accepted for i
4 publication by the Journal of the Acoustical Society of America in a g
q manuscript entitled "Vibrational and Rotational Relaxation of Water Vapor %
3 by Water Vapor, Nitrogen, and Argon at 500°K." E
? In additjon to M = argon and N, in Reaction 2, 02 must also be g
f considered. Actually, since 02 is similar in mass and intermolecular i
2 potential to Nz. there is no reason to suspect, based on the results of i
;‘ the previcus paragraph, that 02 would be an important collision partner é
} ; g
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for relaxation of HZO*. However, in mixtures of 02 and HZO Reaction 1b
becomes important as does Reaction lc with M = “20' Sound absorption
measurements were made at 500°K and these rates were extracted. Coupled
with room temperature results taken from the literature, the rate of Reaction
la with M = HZO’ Reaction 1lb, and Reaction 2 with M = 02 have been determined.
The results are reported in a manuscript entitled "Vibrational and Rotational
Relaxation in Mixtures of Water Vapor and Oxygen" which has been accepted
for publication in the Journal of the Acoustical Society of America. During
the course of this study it was found that the rate of Reaction 2 with
M= H20 was difficult to determine uniquely from humid air data. It was
concluded that this difficulty is primarily responsible for the large
variation ir values reported for the rate extracted from moist air or
moist oxygen data.

The final result of this study along with the initial work by Evans
and Sutherland at Wyle Laboratories and other members of the S1-57 Working
Group is a simple procedure for computing sound absorption in still air5
accurate to within +10% over the temperature range 255.4K (0°F) to
3106.9K (100°F) at relative humidities from 0% to saturation, frequencies from
100 Hz to °Y MHz and pressures from 0 to 2 atm (the ratio of frequency to
pressure must not exceed l0 MHz/atm). This procedure is as follows:

1. Compute the absolute hunidity h (in percent) from the relative

humidity ht (in percent) as
h = hr(Psat/po) / (P/Po), percent
where

log, (P, /P)) = 10.79586[1-(T; /T)] - 5.02808lo,((T/Ty )
+ 1.50474 % 1074 (1-1078-2909201/Tg )-1D)

+ 0.42873 x 1073 (10 7693311-(T /T)]

where To = 273.16°K
1

T = atmospheric temperature

-1)-2.2195983

Po = one standard atmosphere

and P = the ambient pressure in atm.

2. Compute the relaxation frequencies of Oxygen (fr 0) and Nitrogen

(f_ ) from the expressions
r,N

}

2o ek e LA

PR S T R D LT )

e abe

BN

| aibe s $at b Laka P

Kon Fr2at T S

R L L e T S e, LW

—

ity ¢ Sy ey R RO A TR B L L Ta Y S AT s s

o R R A P LT

s

et Ts AT A ARt A Rl 2R v




ROIEEESTE v s AR A Tl MY D i B P Py I
VT .

£ = (P/P ‘\24 + 4,41 x 104h[0.05 + h)/(0.391 + h)]}, Hz
r,0 (o}

and £, = /e )1/t )" 210+ 350nexp { -6, 20201/ )71}, e
where Ty = 293.15°K
and the other terms are defined above.
3. Compute the total absorption in db/meter as
a = 8.6859. (r/ro)lf“[f /([P )] 1.86 x 10 11+ 2.1913 x 10" /1"
x (P/Py) (2239. 1/1') [exp(-"239 1/T)l/[f + f /f o}

0
+ 8.1619 x 10 (T/T )" (P/P )(3352/T) [exp( 3352/T)]/[f

2
+ (£, 01}
This procedure will soon be submitted for publication as an ANS1 standard.

r,N

There was no way to foresee at the beginning of this study that such

an accurate and simple computational technique would evolve, however, the
fact that it did providesthe author with a great deal of personal satis-
faction and the engineering community a readily useable tool.

The final phase of this research effort was an examination of areas
for future study. Referring to the list of factors which affect sound
propagation given on page 1, as a result of this and other work, it is
the author's opinion that absorption of sound by the atmosphere is now
sufficieatly well understood and requires no additional study. This cannot
be said for any of the other factors (except perhaps for non-uniform
spreading due to reiraction which can be computed if sufficient atmos-
pheric data is available). The fields of absorption by ground and ground
cover, scattering by 2 non-uniform (turbulent atmosphere), and reflection
by finite boundaries all deserve additional study. However, if one adopts
a building block approach, the affect which is least variable should be
investigated first. For this reason, a study of absorption by ground
and ground cover now appears most promising. Once this affect is fully
understood, absorption by the atmosphere and the surface can be controlled
or corrected for in future studies of sound scattering bv turbulence.

Absorption by ground and ground cover has received an increasing amount
of attention in recent years6 due to applications in community noise predic-
tions. The basic equations for sound propagation over a surface are

available and well documented for cases where the surface impedance is

known or can he measured. At this time, the only surfaces for which this
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— data is available are “"institutional” grass and asphalt. Before the
B theory can be used to predict sound absorption under field conditions, the
), .
g impedance for a wider variety of surfaces is required. A study of such
? surfaces should have as a long range goal a model of the acoustic proper-
é ties of surfaces which will allow one to compute the impedance and a
: study of the role that various layers of cover have on the impedance.
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