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THE DISPERSION AND ABSORPTION

OF SOUND IN GASES
CHAPTER I
" 1iviRODUGTION

'Upon.thg;bgﬁiﬁ;of éever@i“gi@p%;fying ggsgmypions an,expfeséioﬁ'
for the velocity of audible soupdfin~gaaes which compares favorably
with experimental observation may be obtained analytically. The
usual assumptions are: the perfect gas law is the .qquatidn of -state
of the gas;-the gas is ﬁ h‘omogeneoi:;, :I.sotfopic fluid; the gas is a
perfect flnid (i.e., has no viscositf). With théée agsumptions con-
cerning the nature of the medium in which a sound wave is propagatad,
fhe valocity of the wawe is found to be the square root of the ratio
of the volume modulus of elas’t.i‘city of the medium to the equilibrium °
density. The evaluation of the mbdulus of volume él‘_asticity requires
an assumption concerning the nature of the compressions and farefactionsl
occurring within the -sound wave. If these pressure changes of the gas
are assumed to Bg -;é'diabatic_chang‘éé, the modulus of volumé elasticity
is the.product of the equilibrium pressure and ¥ , the ratio of the
specific heats at constant pressure and voluwie. Then the velocity
of the sound waire} .fts éi\mn by tpe sguare root of X times the ratio
of eqnilibrium pressure and density. This value of the velocity of
sound is very accirate for frequencies in the audible range.

While an accurate value for the velocity of sound can be



found from the assumptions givép ébqve, these ‘assumptions impose
reversibility upon the procééses.occﬁrring‘Within the sound wave,
and predict that no absorptioﬁ of the wave should occur, Thus a
development of an expression which will predict experimentally
determined values of absorption cannot be made upan‘the basis of
these asswiptions. However, if the medium is regarded as being
homogeneous and 1sotropi§¢:the‘resulting‘develbpmeﬁt for the
absorption of sound in a visdb@s, heat condupting‘gaS'predicts
experimental results well for frequencies in the audible range.
This development indicates that the veloecity of the wave is also
dependent upon viscosity and heat conduction. The dependence of
velocity upon viscosity and heat conduction ié' small however, and
for audible sound the pressure variations are very nearly adiabatic,
This accounts for the experimental validity of the development
indicated above for theidétermindtion of the velocity of. sound.” )
To this' -ﬁoint'»”theh prdpé@éaéion o&? sound only withis iﬁe aud=-
ible range of frequencies has beqnigdnsidéred. The. propagation of
sound (pressure waves) of higberlfréQnencies is evén more influeﬂced
by the irreversiblé*pébééBseS*d{scﬁssed, and still another irreversi-
ble process must be considered. When the soupd frequency is suf-
ficiently high (the actual frequency depending upon thé particular
medium of propagation), both velocity ahd absorption are found to be
very different from the:values predicted from the above considera~-
tions., This differénce is cansed by a third irreversible process
occurring-within the sound wave,

The additional irreyersiblefprocéss encounteréd at high



frequencies is associated with ths internal degrees of ‘freedom of the

molecules of the medium., At high frequencies, theffrequ_ency depending

upon the medium of propagation, the vibrationasl, rotatioﬁal, or elec-
tronic degrees of freedmh of the moleeules fail to follow the changes
associated with translational degrees of freedom. That is, when the
temperature, as measured by the kinetic energy of translation of the
molecules, is raised very quickly ih a particular region, there is a-
finite time lag before the degrees of freedom other than the t:"ér;a-
lational degrees are excited to the extent required for temperature
QQuiiibfiﬁm.' Since tﬁélé%ﬁéﬁt‘$0'ﬁhich the moiﬁéﬁléélpf a region
have their intemgji deéreéé of freedom excifed 18 dependant upon the
possiﬁilitieé of ‘molecular collisions and /or radiation, these two
fact;ors must be cq:r_;s:ldered to detefmine the effect upon s,ound’ propa-
gation of tﬁe‘ i;;g""'éifsso‘ci;tet‘irrwiltfl‘lj the internal degrees of freedom.
The purpose of this paper ‘is to discuss the disﬁe.rsion and
absorption of sound in gases as effected by all of the factors hgfé
mentioned, and in particular, to consider the.effect of the irrever-
sibility associated with the in'he:mai degrees of freedom, and more
in partiecular, the effect of elsctromagnetic radiation on observable

sound phenomena. -




CHAPTER II

AN EQUATION OF MOTION AND ITS INTEGRATION
FOR A VISCOUS, HEAT CONDUCTING GAS

From hydrodynamic théory and the second law of motion, the
equation of motion for an isoiiropic,_ ‘compressible, viscous fluid is

given(l)as

fd f—.E +_)ou-Vu -VP+-;VV-11 +/u.vvu, ) (1)

_where f 1s'the dénsity of the fz;iu'd-, 1 the mass velocity with
reference to inertial coordinates, /A. the coefficiént of viscosity,
and P the pressure, For small amplitude waves, the mass velocity
is small compared to the wvelocity ‘of" sound, In this case F 11_;-73
is negligible in comparison with f ﬁ,

fg% = ‘VPK_" #VV'E +'f‘?'720 ' (2)

The equation of continuity, which is based ‘only upon the
assumption of the cohservation of matter, may be written
‘D8 Dux Dy . Duy
28 2bx AUy L2

-+ a—
3t*S% *57 * 357 0, (3)

-where the condensation, s, is defined by g ;'=‘.fa(1+5), ‘fo being
the average equilibrium density, Using equation (3), equation (2)
may be written
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In order to obtain a solution for these equations it is ade
vantageous to obtain a different form for the term involving the
pressure. - This may be accomplishéd as follows,. |

If the temperature is taken to be uniform except as disturbed
by the sournd wave and © represénts thé excess in temperature, and

T represents the temperature measured on the absolute scale,

,

P= p+(‘“’>s ( )o. (5)

The excess of t?emp'erat.m'e over the eqﬁilibrium #empgrature,
8, may be considered as a fﬁn’ét.ion of the condensation and the amount,
of heat Q which is transferred to a unit volume of the medium. Then
the rate of change of 8 is given by

.Wheigé c;. is the héat;'c;apacﬁ‘jr at;'co‘nsfant.“voltﬁn.‘é- parunitmass(i.e.,
the specific heat) of ‘the meditm, and the ”partiél-defi!t‘;ativ'e._(-a-;z)' is
to be svaluated under coanditions ex‘.i.sting within the sound wave,

Heat conduction in an isotrop:.c medium is described by

-g% =C¥¢ 0 where C is the thermal conductivity. Thus




de _ ,dTids ;2 :
at = as)dt+Lv 9, (7

where L is the diffusivity of the medium,- or C divided by Fe,.

From equation {5)

2.P, _ :
9x'(as)9x ( ) ' - (8

If, for convenience of notation, 0' be written for (BT /1- for F‘ ’

and /l- for 37 , equations (h) may be wr:.tten in the form

4

3 _}| : " 22 ) ‘
—tk )53 )( -~/» 2 - e, (9)
since 39 i =1, Equation ($) ‘is the form of equations’ (L) which will

be examined for a solution, ‘

Consider that uy, uy, uz, '8, and ©' are functions of time only
to the extent of a factor exp (qt), where q is a constant., This
places no resti-j.ctiqin upon  the qqtion once thé linear equation (%)
is accapted; since this assnhpbion demands only that the motion be
described by a sum of th‘es'é-‘ exponential terms. The solution to any
linear differenfii;al equation ma.y be given as a sum of solutions,
and any physicall?‘ i’eﬁﬂzg‘plﬁe\ motion may be built up by a sum of
such functions.

Then for equatioﬁ (3) one has

Oux 2y B L Lo
ax M- +qs =0, (10)

and for equation (9)




- pr VP = - 23
au, - f" “y = ..33_'; (11)
au = V:Zuztl - g—:- s
Y being defined bY . )
_[g'r q/é'}s+( )(—?)9' (12)
Equation (7) may now be w::ittéﬁ
szo - Bvle . (13)
Elh&inatiné; by equation (13 )., equatims (10) :a%?d%.(lz)' becane |
.5_}:3 +-§-3-“;I 3: + g0t - vae' =0, (1) :

[7) 2F )(—--"" WHQ, --.[( 3 +q/L]VZG' (15)

Utilizing equations (1) and (15), the diirergencé of equations
(11) is

Cor - {[(%?;)T (;P) ( ﬂ + q(/.u +,,.,ﬂ * L)

)| o lia
+= [(35,)T +q( )]v ot =0, (16)

A solution to equation (16) may be found in the form



o =A@ +AR2, (a7
whez;e Q) and Q2 are functions satisfying
72Q1 = A\3Q1» 72Q2 = 7\2Q.:2 ’ (18)

and 43 and Ap are arbitrary coﬁéf.ants. A1 and Ap are the roots of
o? -{ —3;) + ( (%)--* q(/a..'-+/.:." ‘+“L)J A
LJ, QP .l - i
+ E’:{(s?)'r + Cl(fl.1 +f¢.:")} A =0, | o (19)

In order that solutions of équations (11) may i;e'.dbtaine‘d; Vau-
is set equal to Va(Blﬁl + B2Q2). This equalitj:is substituted into
equatioﬁ (1), and @' re’placed'by its value as given by equation (17).
This gﬁa

vi(B1) + Bpp) + (a + LYE)(MQf +A) =0 s (20)

The relationship between the ccnnstants Ay, Ag and By, Bo may be seen
from equations (18):

B, = A(L - %1-), By = An(L - %) . @)

The results g,zven above are. applica.ble t.o any. physicel motion
of the fluid, In the folldwing, thase results are applied to the
case of plane waves propagated in the x direct.:._qn.

Equations (18) now "b‘ecome

a2 2 | |
2;‘1'2 =N g-—;“i% =Rz . (22)




The solutions of equations (22) to correspond to waves propagated in

the positive x direction are
Q = ex (x70), Q = exp (-x1e) . (23)
If A and A2 are“constant.s to be determined by the boundary conditions,

a=m11n ('-%1- - 1) exp (=x )

+ a2 (‘-}%E - L) exp (<x {33)

o =l31 exp (=x427) + A2 exp (x72). (2h)

A less ‘general but ‘piféct':ifcal so].—ution'resuit.s‘ ‘fi}oml'considéring
the condition that /.U ' ﬂ, apd L are small quantities compared to
and (aP) (? « In this case, one walue of ), say A

S 2
is given from equation (19) approximately. by a

| (a)f)T @f’v(s?
while the other value, )y, is very larée‘.( The solution required is
that for A1, since the term containing Ay is negligible compared to -
the term containing A1 for all values of x except. those near the
boundaries of the fluid. The 'solutlon corresponding t.o Ay represents
a highly damped heat wave having the same frequency as the sound
wave., This heat wave originates at the boundary and has an amplitude
dependent upon 't.he thennal concluctivities of the gas and the boundary
In the ger_zeral one-dmensional boundary value ‘problem the positive
root of Ay leads to a heat wave propagated from the right boundary
and the, negative root one propagated fram the left boundary.

A second approximation to the value of }j is
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g.
aP aT Ty
(af) )( )+(/u /u-+1-)q
2
L(a:?) n? o
{(—%‘,’) + 2D 3]
- 5-p- “'a,"’é,.P.\ m*{p ‘“f'*'“”" ‘
2P 2Py @ Ty 2P
(af’T” ) (22) (25 )+( )(?—y
L(?_I:) Q ,
W - - (25)
[( )+(5—T-) (_3—,5)]’
Thus _
o7 - L H— -
= [("""P) ("’)(”) 1 eh + (2B ¢ F
o7 Ty'57 S, _3’
(25
3 2% : :
. V" + L)1 e — . (26).
iy (J, (3")( )1

Now if iw is written for the ‘constant q where o is 2n times the

- frequency of the sound wave, the typical solution is of the form

3=exp(-u.x)exp ~t0ft - Y ‘ (27)
[(-’-‘3) (31’) ( 1
of 1t 3 oF



where a is

. oo E e o
Q= . =3 /u.' + r." +
aP 2P, ;T 2/ :
2[ 2 (ﬁ)v(ﬁ)] 3
2z
N Bf T
L|l- m— ’ (28)
-?-) + ( (%")

and the complex velocity of the wave Vg is given by

1 B *_1 . a

? = T +FD - (29) '
s ) N (V&‘P) (ar)]% .
93" p 9Ty oF

The partial darivatives ( f) and ( ) in equations (26)

and (27) may"be evaluated directly from an equation of state which
describes the medium of propagation. '(g??-), however, is specified
only as. taken for adiabatic cdnsiitions, and requires further con-
slderation before evalunation. from: an equation of state can be accom-
plished. An expression for ( ) ‘may be obtained by the method
given below,

For 'ini’initesirtie;1° adie;}j@tic {not necessarily reversi‘;b'le)
processes, the Pipst law of ih’ernfodyr_iamics is

AQ=dUi + MV =0 ,  (30)
where U 1is the internal energy. If U be written U = U(T,V), then

dU-( )dT+( )dv (31)
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and equation (30) becomes
( )dT}-( )dV+PdV-0. (32)

Since ( ) = Cy, equation (32)- is 'equivalent. to

dT—---(( ) +P)dv. (33)
Now sirce
(;2-‘%3 = (Zg ) -F,
dT--—-(s,.l.) dV-fc ) i, (3L)
and
&5 - @F 35)
af )adiabatlc 3 E; QT)j’ ( |

( ) is replaced by its equivalent ‘from equation (35),

equations (28) and {29) become

In equations (36) and (37) all pertial der:watives may be

evaluated from an equation of state descnptive of the medium of




' propagation, and for any“gstablished éondiﬁtio’ng the remaining factors
~ are available from kinetic theory or, if desirsble, may be measured
experimentally,

3




CHAPTER ITT

EFFECTS OF IRREVERSIBLE PROCESSES ASSOCIATED
WITH INTERNAL DEGREES OF FREEDOM

In the p?ecéding chaptéréppe“propégatiog of sound in a viscous,
heat conducting fluid is considered, and a gemeral solution to the
equation of motion is presented. . This general sblut;on is~simplified
by neglecting second .order effecxs'in order that reasonably compact
expressions ofrthg_vglqeity aﬁd‘ghgqrﬁtionrmightAbe given., Develop-
ments similar to that given in Chapter IT have been given by
e

. Thus, to thig=pqipt1@h§?%esﬁlpgiqbtaiped:are F@Q;e;given by
claééiqalitﬁeory§ FTheSE‘resqltswihqicate_that:to'a first order ap-
proximation there is no ﬁiqpersiQn of auﬁiblewsonnd‘prOPagéted in
gases, and that'absorﬁtion‘;aries with the second pdﬁer of the freQuency
of the propagated'ﬁafé; | J

Experiments of the pasﬁ‘twe;ty-five ygars-havelshown that,
contrary to classicél results, regions of sharp dispersion exist, and

that these regions also exhibil excessive absorptiohh’s

+ In attempts
to explain these experimental observations various investigators have

considered the observed results to be due to irreversible processes

associated with the internal degrees of freedom of the medium, and have

utilized one of two:fundamental aﬁproaphgg. One of the theoretical
_developments is based upon kinetic theoryﬁ,rthe-other upon fhermody-
~namic consideratiogsT. It has been shown that the results of both

methods are identicals.




The purpose of this chapter is to present a theory of the
1rrever51b1e processes associabed with the internal degrees of
freedom. This theory; like theories of the propagatlon of‘sound
in chemically gg,_g-;vgﬂﬁedia?,*trea%s the problem from the standpoint
‘of an existing equi}i?rium‘wﬁQthis di§turﬁeq‘bylthe,paesage of a
sound wave. Aq eqeilibriumpqenstanpris definedifer a first‘order
reaction in which gas mp%ecuies_ap one_leveluof‘exeitation are reac-
tants producing gas molecules at another level of excitation, Dis-
persion and absoﬁption of a sound wave in this gas is expressed as a
function .of .the equilibrium reaction.rate constant.

* * * 3 #* * # #

Equations (-3_3) and*(37) indicate that the velocity of a
sound wave is independent of the frequeﬁcy, and thetrabsorptioﬁ‘
.depends upon.the second ‘power of ﬁhe»frequency. In order to ascer-
tain whether these equations predict_tbe-experimentaliy~ob33rﬁed dis-"
peréion and e;ceésive abSorp;ion7discussed“above, it is necessary to
consider whethérqfrequency is. included implicitly in any of the fac-
tors -of the equations.

The partial derivatives (-1};) and ( ) are- functions of

i

the translational degrees of freedom only since the temperature re-
ferred to is measured by the klnetlcvenergy‘pf-translation ofrthe
moleeulee.' Thus, fer:theée_derivatives to become frequency depehdent;
it is neeessery phat the f;equemcy ofythe propagatedteound be such
that the pericd is of the same order'of magnitudelas the relaxation
tine (this being ‘the time requiréd fo;rmotiopVaseeciexedrwipp‘e;degrée

of freedoir to respond to changesfbf the system) for the translational




degrees of freedom,. Since -t,hre"rgléiation' time for these degraes of

freedom 1s .exceedingly short, about 2 x 1070

‘second ‘for air at stan-
dard temperature. and préssurelo, this would require frequencies much
higher than the frequencies at wiiich dispersion and excessiii'e absorp-
tion have been observed. However,:.the heat .capacity at constant
volume is a partial derivative whose effective value may be dependent
upon the internal degrees of .freedom of the molecules of the- medium.
The relaxation time for these degrees of freedom is of the order of
magnitude of the period ofl‘ the sound waves coné'id.ered, and the effec-
tive heat capacity iz a funct-ion of 'the frequency -in this_range of
frequencies. Thus at least a part of the observed discrepancy of the
classical théory of the propagation of sound may be due to the fre-
quency dependence of the efféctive heat capacity.

. To obtain an":.explicit expression of the frequency dependence
of the effective heat capacity of ‘the medium, one may consider a
reaction m=sn, m and n'?eferriﬁg to eneréy levels of a two level

moléecule, From the law:of mass action

e kKO M) L (38)

Ny is‘tﬁe‘ number. of moles of gas in the higherrer‘le'rgj"’or n state,

N 1s the total nuiber of moles of eas; ki and kyare: the rates per |
mole of ‘the forward and reverse reactions reépectivelyj and the
equilibrium coristka.‘t‘i’tul( 1$ the ratio of'km‘ te r1:\:;.1. If AN, is the
equilibrium magnitude of AN, caused by a perturbation of the equiw .
librium of the gas, AN = Ny - By, and ANp = Ny - Npyyo Ny and

Npo represent the number of moles in the higher emergy state for the

16
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initial and perturbed eqpllibrlum states respectlvely. Upon'ﬁhe
assumption that the law of mass actlon holds i.f the equilibrium is
only slightly perturbed, the rate of approach to a new equilibrium

when a perturbation is applied is

%ﬂﬁ_-kﬂw = BNpg) + kK(ANpy - ANp)
= ky(K + 1)(ANp, - ANp) , | (59)'
or
gimn) ,l(muno - ANn) s | _ (L0}

where kn(K + 1) = pl. is the equilibrium reaction’ ratefconstant.
For a. perturbation wh.ich varies periodically in time such as

that caused by a sound wave, (&Nno - ANn) may be considered to vary

as the real part of exp(idt), where o is 2n t.:Lmes ‘the fregitency of

the sound wave. Upon -i,ntegrat:ing equatlon (LO), one has

(Ao - M) Mg,

e 1+

[

In sound pr"_épa_.gation, there is a perioedic te‘mpe'rat.ure variation

ANp = (L1)

aslsocfated with ‘this periodic perturbation of equilibrium. For such
a temperature vai'iaticn, the definition of the part of the molar speci-

fic heat associated with an internal degree of freedom
. Y -
=M =B, _ . (h2)

(AH is the molar heat of the reaction m <=n) becomes
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NN NS N

{

whete @, is the magnitude of the temperature variatien of the per-

turbation, and 6 is the excess temperature., If Gérbe written for

AH é%ﬂﬂ, the effective heat capacity at constant volume is
o

)

GV ==“‘C.Jo - C; + m 3 (LY}
ﬁhere~cg.i$ the-ééuilibrium.dr'low-fréquency valué of ihe heat capacity
at constant volume.

ir the_expresgioﬂ for tﬁ; §fféqtiv§ hé§§_qqpéqity‘a§ cdnstgnt
volume given by equation (LL) is substituted into equations ng)«and
(37) expressions are obtained for the vélocity and absorption of sound

in which the freqﬁenCy dependence is shown explicitly., These expressions

are : | :
a = 0)2
1l
; Z
3P .|
1~ (af).aT (
"% , » (L5)
[
5 A




1 1 ! a )
vs = : 3 i (46)
| om@hH?:
2y p2 c -c‘ +———9-.——.ch'
of~o o (1 +_%%) J

A1l of the quantities” entering equations (L) and (hg) except
thoge which depend upon nt.,he equiliﬁrimn reaction rgte 'constant !1, (and
through lt, Co) may bé balcleatgd and numerical values cbtained for any
gas ﬁroﬁidg@ the équilibrium préqsﬁné ahd temperature’ are Specified,
and a des::;'ipi:i;e"réimat:iqn'of Bt@ﬁé 'is known,

In order to determine the ec';uilibfimﬁ_reaé’f\ci.;i_gﬁ fatg constarnt
for s reaction one must consiq.gr _the 'rates of the _reaction. The rates
at which this"xje‘aétidn;;proceédlﬁ c;ir;depeﬁdeﬁt up;n the mechanisms by
wﬁich-'a molecule or an atom changes its state of'ekcitation. This
change of state can be brou_ght about in two ways: by a coliisipp in
which there i{s"{a{;.q_r;e_rgy, transfer between an. internal dégree of freedom
and the tran_s%la‘.t;ional degrees of i"re_edom;‘ and by an energy 'trans__fgr
_betwéen an iziternal degree of freedom and the smognding’radiation
field. 4 collision reaction rate -equation, whicl;l describes the equi-
librium changeé of state brought about by the first effect is given
by a statement of the p#inciple of microscopic reversibility. This

statement may be written
N:%(Tmn - fyn) + Wit = N3(Frg ~ £rm) + Mol (L7)

Tm and Tpy being the averaged prdbabilities' per mole per second of




20

collision induced transitions when the cdllidipg molecules are similarly.
specified, and fym and fom ‘those averaged prbba‘.b’:l_l_it.‘iesl per mole per
second when the colliding_mqiecyiles are in different Sta.tes. That is,
fmn 1s Avogadro's number 't“.imersiz the probability per S‘g_corind that one 1
molacule in the m state will go to the n s'tat.t_a as a result of a cplligj.on
wit.h another molecule in the m stat_.é. Correspondingly, . fyy is Av,p_ga.dro's
number times the ‘probability 159: second that a molecule 1n the m state
will be raised to the n level of expi’t_'.ation as a result of a collision
with a molecule in the n level of excitation.

A corresponding radiation reaction _rat,e‘ eqi;ati:pr;‘ dégcri‘ﬁing: the
radiation reaction at ¢Qﬁilibrium7my be written in terms of the
Einstein radiation coefficients &np, By, andan A;.,‘m_irs_‘the
probabili,ty per mole per segimd for spontg;ieous transitions from n to
m, Bpn and Bpp are transition probabilities from mto n and n to m
respectively which are indu_qed byr a.n int.eractiop- with tha ) sﬁrrounding
radiation field. (Amn is zero since ti'ansitiéns from a lower to a
highér energy '19ve1 ﬁo not occur spontaneously,) This radiation reac-

tion rate equation is

NNmuJ),;;?mn = (Apg +'uy»£m) NN, , o (L48)

- where u, is the radiation demsity per unit . of frequency near the

frequency I} .ihh_the surrounding radiation field. If En and Ep are the

n

energies of, states n and m for any single molecuie, E7) n is given by
_In=Fm
B == 2

e -

h being Planck's constant,




Now adding equations (L7) and (48), onié has a reaction'rate
edquation which includes‘thé collision and radiation cohpbhénts of the

reaction. This equation is
I%l[Nm(?ﬁn = fon) + Ny + May) By

A rearrangament of this relatlonship yields a ratio of factors

which remains constant far giVen congditions of an equllibrlum:

(f - f L p -Nf —+ . \
Nm — _&L,?mn S (51)
This ratio is the equilibrium constant, K, for the reaction m=n.
: e - Co e k B .
Thus the right side of equation (51) is Ef =K, If for a given situa-
tion it should be found ‘that -the differences betwsen Ty and fp, and
between Tom and fim are negligible, the equilibrium constant would be
given by

fam + 0, Bun.

mn uzhﬁan

fom + Apm + 1
mm + Anm 1%"?nm

K =

and thusmbé'inaéﬁehdent of the concentration of molé&ﬁles in the
states n aﬁd m. The radiation coefficients Apm, Bpn, and Bnm-aré
functions of the molecules considered‘only; and nﬁmefical values for
these quant1tles may be obtained when the gas is specified. Methods
of obtainlng valuea for collis:on probabilities are available for szame
special cases, detalls of which are discussed in Chapter IV below.

If the radiation'field existing within the sound: Wwave is

21
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effectively black body radiation, thé radiation density termu,
. v Am
is given by Flanck's law

onn( Ay
"2 ('h""rij‘ 1 ’ &)
T '~ '

where b is the Boltihan'conspépt:and c'the velocity df‘light, )

'If a molecule at a given point within the wave intgr'acpé with
another at a distance of sevegal'wavelengths, then this molecule may
possibly be considered to be ipfluenced by the average or edquilibrium

temperature, and the T occurring in equation’ (53) would be the equi-

1ibrium teﬁperature. If, however, radiation emitted from a given mole-.

cule is absorbed within a fréction of a wavelength of sound, then the

effective_tgmperature ig a certainitemperature near tO'but(differeqt

from the equilibrium temperature.: Thisﬁtemperature must lie between

the maximum and minimgm tempé;aturgé gxisting within the sound wave,
and its exact value will depend upon the temperature in the immediate
vibihity of the reference molecule and the "mean free path™ of the
émittgdfquantg, Since the change in temperature due to the passage of
a sound wave is small compared to the eQui}ibrium temperature, and
uzaniis a function of the temperatufe as given by equation (53),(then
the value of u;%”{should be very nearly the same for the two cases of
radiation discussed. o .

Equation (53jlié é.relaﬁioﬁahié whicﬁ‘is true only for black_
body radiation,. thus if the conditions within the sound wave are such
that the black body radiation :_;.ssmnptioh is not valid, then LEI

mist be calculated contingent upon these conditions.,
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Furtﬁer'igfqrmation-éboutithé physical details of equation (L1)
and other expressibﬁs may‘be obtained Ey noting that the reaction rate
constant,fi, used above‘is‘thé reciprocal of the lifetime of the
excited state. This point will be considered in more detail in the
folloving chapter.

The relations derived't§7this point are descriptive of a two
energy level gas only. The types of emergy levels to which this devel-
opment is applicable is nop limited however, and these levels may be
rotational, vibrational, qf electronic. If expressions for a multiplé
energy level medium are désifeg,‘thg development given above may be
considered as desg:}bing,thg;re§ptiqh_bétwegn any;twofdf these-leVels,ﬂ
and separate reaction rateucohstahts_and"egui}ibrium constants may be
found for each pair of ;eyelsﬁ.ng_givg the combined effect of the

several reactions, the effective heat capacity at constant: volume might

be written
N .- 3 | ' - ‘ -N:ximli';i‘-r '
Gr=torf f Comi ), o

" e

where the indicaﬁe&“sumé‘a?é-to Pe'tékéﬁ Qﬁbh'%hat each reaction
between individual levels is represented and each oniy once,

This representation of the effective heaf capacity at constant
volume assumes that the relaxation timgs”ékhibited by a multiple level
gas are such that the gas can be treated as a two level gas for a
given frequency of sound propagation. If the relaxation times exhibited
by-the gas are all approximately the same, then the eﬁfect@ve heat

capacity at constant volume could be given by an equation of the
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form ()3), with one value of the:‘eqiirlililérz"'imﬁ:géactj:on-rgtfe constant
serving all pairs of'levels. If the r:elaxatic.;n times “are widely dif-
ferent, then sach relaxation time would be observed independent of the
others, and each reaction associated with the‘respeétive relaxation
times would effect the propagation 'of sound in a different frequency

Tange.




: CHAPTER IV

AN EXAMINATION OF POSSIBLE EXFERIMENTAL APPLICATIONS
OF THE THEORY

. N I
1

" The c&lchjia;;c.zi;bn'of ‘the’ véié)ciﬁy and. absorpt.lon of” soﬁﬁd in
gases from equatlons (45) and (hé) requlres a knowledge of the

follomng factors: :f) . ( ) e m/u f M, T, L, Cos andl[

o Onee an equation of state descriptlve of the medlium:of propa—'
gation is given, QB ) ~and (:;P) may be evaluated, For the given
ccnditlons‘pf an exper1ment, al} Qf the remaining fagtpgs are known
expépt Cé and g‘. c;'may be oﬁtaihed from the energy difference be-
tween @hg levels_of excitatiqp:Of ﬁﬁe molecules of the medium, and
the expression for equilibrium values of Nﬁ and Np as functions of
| temperature from statistical mechanics. Thus, the only remaining fac-
tor necessary for‘a'calcuiatipn of the velocity and absorption of
sound is the equilibrium reaction rate constant TL

The determ1nat10n of ﬁhe equilibrium constant for the reactlon
me=m is accomplished in Chapter IIT by considering the transitions
between the m and n states‘to be'cagsed by‘two processes., One of
these processes is entirely a" radlation process, Such transitions
are of three types: a molecule goes from the state n to the state m
spontaneously, emittlng radiatlon 9{ frgquepc;gs”neaujﬁémv whe;e ]

=Ej - Em, a molecule goa from state n to the state m due to

' interaction W'ith its surroundlng radiation field, emlttlng radiation

25

of frequencies neard . a mplecule goes from state m to state n, ab-

sorbing radiation of freQuencies near dnm from the surrounding radiation
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field, The effects of these purely radiative transitions are.given in
terms of the Einéﬁein rs;diaficn coefficients Apym; Bpm, and By respec~
tively, and u v the density of the radiation per unit of frequency in
the surrounding field for frequency Yo |

The other .proecess by which ti'.anaiticmé ocﬁur between the m‘ ang n-
states of excitation is a collision -proce"s”s. These;transit.ions are of
the following types: a molecule in the n state’ goésx to the m state by
colliding with a molecule in the n state; a molecule in the n state
goes to the m state by colliding; with a molecule in the m state; a
molecule in the m state goes.to the n state by cqll‘iding with a n;oleéu‘l’e
in the m state; a molecnle :.n ‘the m state goes to the n state by col-
liding with a molecule in the n =s't.a.te. The effects of.these c_:o.llision
induced transitions are given in terms of the probabilities Trms Trms
Tyms and fogn respeétively. (If more than two levels are considered,
other possibilities exist.)
| From the pi'inciple of microscopic revarsibiii_t;y !c;ne has
Trn = Tmy and fpp = fyne  From radiation theory or quantum perturbation
theory Byy = Bpme The theory of radiation gives the relation
‘?ﬁ = E_n:;wm + . Thus the problem of calculating the value of the equi~
librium constant for the reaction between the lgvé?._.s of excitatiqn of
any two level .gas requires onJ_.y that u‘{. o Apm, Trm, and Tnm l?e known,

As shom in Chapter IIT, uy is glven by Planck's law in terms
of the temperature, provided the radiation may be considered to be
black body radistion, If, howevér, the surrounding radiation cannot be
cdhsiﬁéréd%és‘ﬁ blhckabohyﬁqistfiputidh, ujh;“ﬁgy‘be‘defermiped from

the type and intensity of amy radiation source in the vieinity. In
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) thié ‘case eq_uilibrium will not 'exist evten--;approzlmaf.ely, and migroécopic
reversibility will not hold. For such cdnéiitions, the entire problem
mst:be reconsidered.

Apn may i:e‘ obtained fi:!ox_n s_p'ectroscopy by méasurements of natural
line breadth ‘or by the damping of resonance radiation in gases at low
pressure.

Numerical values of the c‘p'ilisfion" probébilities are cdnsid’erab'ly
more difficult to obtain, since each of ‘these factors include the .
effects of several types of collisions, That .is', coi_llisioné which may
contribute :to frm include: a collision where an n state molecule is
perturbad and goes to the m state emitting a quantum of radiation near
h¥ym, (fEn); a perturbing‘ collision in which an n state molecule goes
to the m state, exchanging energy with both the translational degrees
of freedom and the surroun_ciing_r_a,d%ation field qnitting- radiation or
‘ébsorbingﬁ,f";'ad:liationf §f fre‘qﬁenqieé ciifferen’ci Vf:rom-ﬂm,_— (f*,;}; a radia-
tionless collision mWhich an n sta:te molecule Jgoesl to t.hé m state,
exchanglng 'ene:‘éﬁ with 'the translational degz-'-ees": of freedom only, (),

The probability of the first type of collision mentibne;l‘* may
be obtained from specfroscopy by meqsu:;ﬁ'ements‘ of pressure broadening .
of spectral lines, The probability of collisions of the second type
mentioned may be shown experimentally to be negligible oompared to that
of the first type. The probability of collisions of ‘the last type may
be expected to be considerable, but, to the auf.hor's knowledge, experie
mental information concerning this probability is not available . Possi-
bly such information ﬁight be given by experiments with the scattering

of molecular beams, Attempts have been made to determine theoretically
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the probability of collision induced transiticns which are tnaccompanied
by radiation, but these determinitions have been at best only approxi-
‘mations of omﬁers oflmagnitudell.

Tt may be sesn from the discussion directly above that the only .
unavailable factor.necessafy for a calculation of the velocity and ab-
sorption of sownd in gases is the probability of collision induced
transitions which are unaccompanied by radlation.' Thus 1t .is impossible
to predict ‘the absorption and velocity of sound in ‘gases frum the re-
lationships given, until this: c',oll;isi'on il"m_;iuced probability is determined.

The total probability of transitions whlch are accompanied by
radiation transfars is available from' Spectroscogy " The yelocity arnd
absorption might be caleulated upon the assumption that the non-radiative
transitions are negligible, Since these transitlops are probably not
negligible .(in non-radiating gases the observed dispersibp and absorption
is due entirely to non-radiative transitions), a‘discrgpénqyﬂwould be
gxpected-between'predictéd and experimentalzresulté; :lf such a dis-
crepancy is observed, it may be possible to calculate the probability
of non=radiative transftioqs upbn the basis of the assumption that the
discrepancy.is due to these non-radlatlve colllslons. 7

The validity of equations (L5) and (hs) might be checked experi~-
mentally for special cases by measuring the velocity and absorption of
sound for conditions such that purely radiative transition probabilities
are mich greater than those involving collisions., This might be accam-
rlished by examlning the propagation of sound-in gases at low denhitie33
thus redhcing’the collision p:obabilities. Another method, which could
be used either separately or in combination with 1owcdgnsity obsarvations,

could be to examine the propagation of sound in a regionm in which the
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intensity of radiation of the frqghéh@éies near.zjm is very great dus -
%o a source other than the .surroundings at equilibritm température, thus
increasing thé probabilities of radiation induced transitions. In this

method further considerations of lack of equilibrium Wcmld have ’co;*be };_.'-'-" o

made. . o ‘ L e

4..;-: R

Efféects of purely radiative transitions upon the velocity and

/“ e

absorption of sound in gases have not been found.in past’ expeﬁ.ments. L o

Most ‘experiments have been conducted with gases in which rad:.ative* S

transitions are forbidden. Some experiments have been conducted W:Lth 3 j.i :':.'4:*‘

the observation of effects.of radiation upon the propagation of‘.spund
might be estimated in the followmg manner, - s .‘
. .o

There are three kinds éf internal degrees of freedonm, all of i
which ‘may contribute to the !;eat‘capagity of gases:. electronic,-g N .
vibrationsl, and rotational, Sometimes the effects of these interhal ' |
motion-s can be observed -indép'endéhtiy. In most diatémic gases a|t room l{
temperatures, only the rotational degrees of freedom. are appreciably' i

excited, The vibrational degrees of freedom begin to contributeﬂ 1to the | '] !

degrees Kelvin, while most slectronic degrees of freedom are nof)“fappre-.-! Y

clably e.x'citéd at temperatures below one thousand ‘de‘gre‘e's"’Kelﬁr“x. E'I'hus

' P }
heat capacity at temperatures between three hundred and one thousand f
|

|

l
it may be seen that the. observat:l.on of the effects- o.f:‘ the electronic

degrees of ‘freedom on sound propagation requires conditions dlfficult b

%o obtain in the laboratory. | b
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For exaimpli:e,' cgﬁéider' ‘the propagation ofsound in sodium vaper.
Assuming that 'fm = Lyums andT = s the total probability of col~
lisitn induced transitions fi-om"‘tha n state to the m state is given by
Npfpm = Np{£y + £5¥ & £28)  Wigh this assumption, conditions which
would permit the obsarvation of the effect of radiation upon the propa-
gation of sound in scdium are:

1, T= 1000°¢ (This ensures that transitions 32513%P are -
oceurring, and therefors contributing to c;.) ‘ ?

2, o )[- {This condition must be met befbre'_jéi—épe’rsion anﬂ
excessive sbsorption océur—ssee equétibns {1,5) and (Li6).)

3. A + uJ) an-— fpm (This condition will prevent* coll:.s:.on
induced transitions from masking the effect of radiation.)

Making the assumption that fig, is negligible and that fnm"‘is approx-
imately equal to fi,, the ordez;' of magnitude of the total probability
of collisién induced transitions is given for n—>m by N f% . &nd for
m—»n by 2Ngpfin. (The assiiz;&)tions- &bove concerning collision proba-
Hilitieé are only guesses of ordex‘-"ss of magnitude since information con~
cerning these factors is meager. ) is given by 862 W] s Where
¥ is the numerical density, and ¢ is the effective collision diameter
correspénding to ff;., For the transition 3281--32P in sodium vapor,
experiménts have éiven values"‘ of W x 1078 ceitiﬁe‘ters, 4nd 31 x 10~8
centimeters for the eross sect.:;:.on factor ¢, and a qua.ntﬁmj collision
approximation yields Il x 10-5 cent,rimet‘er's. Using the aﬁrage of these
values for &, 2ffmy = 16;(3 x 1077 cm)2 ¥ E-RI =5 x 1079 §9T sec™t.
For this transit:.on the value of Anm is given by experiment as 6 x 107

sec"l. These values]'?' are representative ones for metallic vapors.
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Considering the radiation field in the region to be of black

body distribution, w,; is given by equation(53), and since B, =
om nm

Mom |, _ A 6 x 107
m Anm, then u,, Bny 22

T (exP()—;)-ggg) + 1) ) (exp(E_._l_;,_%;}_.QI‘_) - 1)

-1
Sec

‘The equilibrium constaht for the reaction considered is given by

equation (52), and the reaction rate constant Ii , 18
I[ =Am +uy By + fgn + Uy By + fnn . (55)
' nwm nm
Thus, condition 3. above requires that

6 x 10?(1 +

)?; 5 x 10"'9 'ﬁ‘“ﬁ sec™1,

1)

1 .

For T =.1000K, -this mans that

. . J . . , ‘ 1
F =-253- x 1073 § gm-cm'3£ L.6 x 10‘7(1000)7 -

= 1.0 x 10 -3

g;n;cm
or that the ‘experiment should be pei-foﬁmeq- with a vap;;r preééure of
‘about 0,04 millimeters of mercury, The frequency at,which dispersion
and absori)tion due to internal degrees of freedom should ocear is, from

condition 2. and equation (55%),

o -l-llgr 2 x 108 sec™L-,

Tf the quanti'{;étiﬂo‘e éxpéfir;lental conditions given are correct
to within several orders of uié.gnitude, the obs'ei'vat.'ii;m‘ of the effe.«".:ts
of radiation on the propagation of sound in sodium is _probably beyond
present laboratory techmique, The difficulties which would be encoun- ;

tered when working under the required conditions are:
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1. Equipment wﬁich"caﬁibeﬁﬁéed at téﬁpefaiuféé?giaa%ep than
one thousand degress Kelvin‘is very'restricted.-

2. At pressures of the 6}dér of one miliimétEr of mercury, the
inténsit& of a pressure wave ‘is necessarily so low. that its detection ‘
is difficult. |

3. No good electfd-nie‘bhéﬁical t.rémsﬁt_;oefs are aVaiiable as |
sources of soﬁnd waves of frequency of 108 sec™L,

L, At a pressure of about one millimeter of mercury, and for
a temperature of 1000°K,,,tran5'1atiéna1 relaxation must be considered
for frequen;:ies above 10639.::-1 (see pags: lé)-

The effects on sound proﬁagat:j.on of radiat:l."vé' tfansitibns between
't.he"rqt.atlional levels of 'mo]‘;ecu'les shou]d be observable at room tempera-
tures, if at all. Rotational degrees of freedom are excited at such
temperatures, Estimated coﬁﬂitiohs which would permit the observation
of the effect of radiation upon the propagation of sound in hydrogen |,
chloride (assuming as above that T, and £ &re the same order of
magnitude) are:

1. T =300°K (This assures that rotational transitions between
the ground level and the first level of excitation, i.e,, O-l, are oc-
curring and théré?é}e contributing to C;,)

3o boptuy BBl
The reasons for the conditiéns 2, and 3, are the same as those given
for the examplé of sodium vapor, |
The value of Ajp is gi'\iren'."3 by expériment as 58 secY. Thus

condition 3. requires that (where Ajp is about 500 microns)
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1 -l
 58(1 4 ) sec’ =i, ,

™
and for T = 300°K 4% 570 sec™.  Fram equation (55) “and condition
l. as before, these va.lnes ghre w-d -‘- tt 2000 é'ec‘,]"-.f_

Neglect-ing possibla effects due to symnetry, the simllarity of
the hydregen chloride molecule and.;the hydrogen molecule suggest that
collision effects upon the propagation of sound shoulci oceur in these
gases at '‘about the sdme range of frequency to pressure ratios. In
hydrogen, dispersion and exceésivé absorption of sound due to collision
induced transitions between rotational levels occur at about 107 eycles
per secenst per atmospheres. Assuming that collision effects on tﬁe
propagation of sound in hydrOg_en chloride ocecur near this range of

frequency to pressure ratic demands that

-1

570 sec™l= 107sec'1 atm ~ x P(atm‘) .

or that the experiment should ‘Be‘ performed with a vdpor pressure of
about 0,04 millimeters of mercury.

The experimental conditions ‘given above may be discussed in
sumnary to ascertain the availability of these conditions.

1. Température is room temperature, thus ideally suited to
laboratory work.

2. The frequency is such that sevéréi very good sources and
sensitive detectors of scund are available.

3. At pressures of the order of one m:ll.limete}, as above, the
intensity of a pressure wave is low. waevar, the availability of
sensitive detectors in the required frequency range reduces the magni-

tude of this difficulty. For example, it may be possible to use a
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sensitive microphone as a detector and meésuro the ‘quality of sound
propagation at th:.s pressure L P

The assumptions made above concerning the collision probabilities
are at best only'estimates of poasihle'ordons of maggnitude, JIf the
quaxrtitative experimental coiun{ions éivéi: from these assfumpéions are -
correct to Within several orders of magnltude, the obsarvation of the
effects of radiation npon sound propagation nay be beyond present
"laboratory technique (see 3. above). The primary difficulty'in ob=
serving radiation effects upon sound”propagaﬁion is not that radiative
‘transitions are absent for comditions easily obtainsble in the labora-
tory. Radiation transitions are occurring in hydrogen chloride, for
. example, for sound frequencies of about two kilocycles and at any
pressure since radiative transitions are independent of the pressure
of the gas. Equilibrium in tne sound wave is not dependent on these
transitions except at very low pressures since, from the caleulation
‘above, at pressures greater than 0,0k nillimeters of mercury collisions
:aré huite effective in establishing and maintaining equilibrium betwsen
internal and translational degrees of freedom,

The pressure variations in a low frequency sound wave are gen~
erally considered to be adiabatic since the temperature gradient is
low, ard thus the quantity of heat conducted is smalls It should be
noted that the results-of,Chapter‘III indicate that conditions might
be found for which heat transfer due to radiation causes non-adiabatic
pressufe variations for the propagation of low frequency sound, Hero

aocompanied by radiation would be effects to consider, and possibly
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the combined effects would produce obéérvable-départurés from adiabatic

conditions, -
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