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Dynamic and static properties of accoustic waves in gases
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The expression for the veloeity of wltasome waves ¢ s heen maditied
using corrected values of the speeific heat rauo ¥ and the empivical
virisl oquavion of sume  The equation for o has heen verified for
a large number of polar, nop-polar und mery gases us ST T and 2

gaod agreement has been obtamed hetween the expermental and
theoretieal values.

The values of » thus obtmned. Tor thege gases theoretically hawe
Dheen wilised in computing the ahsorption coefficiem, effective rolaxa-
tion time, static and dynamic constants suel as  adiahatie bulk

modulus and compressibility ete. of modufated high frequeney sound
WAVOS.

As there ix a good agreement hetween the caleulated and experi-
mental values of #, hence 1t may he presumed that the other constants
computed with tlus value of » shonld also be acourate  These pro-

perties have been discussed in detail o study the moleculur strneture
of the substances

1. INTRODUCTION

Several workers have suggested empirieal and sen-cmpivienl equations of state
whicl, deseribe the pressure-volume-temperiture: velafionshap of gares, liguids
and  fiquid mixtures Tt was found that noue of {hese equaiions of state are
m ,r.r.m)('l agreement with the expernnenta) data and henee Onnes (1901) sugeested
a more satislactory and convenient form ol the empivieal  equation Ths
cquation of state van he expressed in the series form s

PV = RTLB P 1 (P DY 1 P S

where the virial coefficients By = BpRT. ( v, = CRT, Dy D,RT, mul. E
= BuRT are constants for a fixed temperature, ut vary ?\ ith temperatage ma
complicated manner and P is the azmosplierie pressure, 1" s the mn]‘n.r voh_n}lv
of the gas. B is gas vonstant and 7w the ahsolute temperature  These virial
coefficients are also expressed m, terms of powers of vojume or reciprocal-pressure
The virial coeffitients of eq (1) can also he expressed as

By

5= a1
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where B, €7, D'y and E', are the virial coefficients in terms of the volume
These virml cocfficients may also he expressed in terms of the intermolecujar
Tanetions with the help of statistical mochanies

In the presont mvestigation, the authors have employed the simple and
aceurate cquation of state suggested by Onnes (oq. (1)) for studying the veloeily
of sound » m inert, polar and non-polar gases  The theoretical computed
values of v have heen wtilised to obtam the rolaxation time; (he absorption co.
efficient and adiabatic compressibility of these gases \

\

2. THEORY

(8) Computation of velocity of sound

In an ideal gas the velocivy of sound is generally expressed ns
v = [y*¥AP[Ap)p). )

where # 35 the veloaity of sound in an ideal gas, y* the corrected value of e
speeific eat ratio and (2P)dp). the varistion of pressure \\ith density ol the
medium  Now m order 10 compute the values ol » from eq. (‘.’») we must  know
the values of the termy, p* and (3P/dp)  In order 10 compute the valies of p%
authors have developed an expression for y*, in terms of varions thermodynamical
pavameters, assummg the least pogsible approximations  The expression [or
v¥ can he written ax (see Appendix A)

R , I 9 ? B, ’]' )(/ ’

where s the gpecifie heat ratio of the gas w 0°C, 09, C“‘p are respeetively the
specific heats at constant volume and constant pressure at 0°C, By, (), are
constants related 10 second and third virial coefficients. p s the pressure m atmos-
pheres and 77 18 the absolute temperature

New eq, (1) can he expressed in termd of density in as
PMip == RT+ B ,P+-C' P2, o ()
where Mp = V.
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Differentiating eq. (4) with respect 1o f and keepg 7' constund we get the

valuo of (0P[dp). Substibuting the vajue of @Lfap). By (2) yields

(H)

b w (T4 28, P 80" P2y que
’ M ]

The theoretical value of v computed om ey (5) have heen presented in table 1,

where vhey have been compared with the expetimental vilues,
Table 1 Values of the veloeity of sound at 0

Voloeity of sound 1 m ol fsoe

Qbsorved Theoratienl [
oy (5)

(A) lnort gusos
Hehun w70 o 0oy 7 00
Noon 135 0n 129.5 011
Argon 314 Ou 7.9 0 31
Krypton — 212 7
Xenon — 169 7

(B) Non-polar gases
Hydrogen 1269 5 1262.3 008
Nitrogen W37 0 3871 014
Oxaygen S17 .29 358 [IH))

(L)) Polar guses
Ammoma 15 b 415 4 021
Cut bondioxide 258,06 260 0 o7
Cu hogmounoade 387 10 338 0 0,28
Chlorine 205,30 209 4 042
Nitrie oxide 326 (v 326 0 U 2
Nitrous vxide 261,80 260 7 0.44
Sulpherdioxide 213w 2121 0 40
Ethano 308 vt (1070 Ju4 0 90
Ethyleno 317,00 318 6 0,50
Mcthane 430 v 430 7 016

uGroy (1957)
tHand Bouk ol Physies and Chonustry (1962).

(b) Relazalion phenomens in gases

When the ultrasonic waves puss throagh a fluid it wakes a finite time for
the medium to attain the equilibiium due 1o the relaxation of the molecules of
the fluid. The thermal energy of molecules of a system s, in geyoral made up
of tran-lational, rotational and vibratonal energy which are norraally in cquili-
brium. Tho adiabatic compression of the gos due to tho passage of a high



892 A. Qadeer, M. N. Sharma and A. 8. Verma

frequency sound wave, firsy inereases the translavional energy only, but as a
resuly of collisions, purt of that energy becomes vonverted into intornal encigy
totationn] and  possibly vibrational. Equilibrium betwoon the three rumtes
is restored gradually, giving rise to the relaxation time ot the system  Consider-
able work has been done on the computavion of relaxation time in the case of
fluids.  Bhatia (1967) has given u detailed study of this phenomena from the
quantum mechuneal poinr: of view which is too cumbersome snd has a vay
litthe improvemeny over the clastical theory ay pointed out by Bhaua' (1967)
and Nozdrev (1960).  However, in the present work, the authors have presented
a very simple treatment [or the evaluation of relaxation time from olassicul
point ol view

The relaxation time 7 muinly depends on viscosity () snd thermal conduc-
tivivy (K) (Bhatia 1967).  However, 7 alko depends upon rotational and vibrational
collision of molecules hut their contribution is negligibly small (about 42 to 3%,)
Stohes (1845) assumed vhat the dependence of 7 on 9 can he expressed as

|
4 9 .
Tn=g o (U)
where p is the density of the medinm  Later on Kirchofl' (1868) propuosed that
7 also depends on Thermal conductivity (£) of the medium and can be written as
K(y*—1)

‘T”. s —I)(-:';UT— ) .. (7)

where €' i the specific heat of the fluud an constant pressure |

\

L
The effecvive valres of 7 due to 5 and A can he expressed as

ELERNN
Toess  Tn  Tin
or o (8
T — TuTth_,
Pae T,, +Tt"

The computed values of 7, irom c¢y. (6) 7, employing oq (7) amd 744 using
eq. (8) arce presented in table 2.

{0) Classioal absorption coefficient of sound

Stoken (1845) and Kirchoff (1968) have successtully shown that when a high
frequency sound wave passes through a gaseous modium, the absorption of
quanta of phonons takes place, the rate of absorption per cm® is known as the
absorntion cocfficient, Like relaxation time the classical absorption cocfficient
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(¢tetasn) also mainly depends on 4 and K of tho gases and may he simply writie,
a3 (Bhaua 1967)

Qclass __ On - Lth
=p

.—f—g— f’" e (M

in which

a 2 w?
fzn = }02_”753 - (l0)
PR (y*—1
and ;‘;" - “’27%3?};—) e (11

where w 18 the eyclic frequency of the generator and W = 2nf [ bemg the
frequency

Now substituting the values of (e, /f2) and (o [f2) from eqs. (10) and (11)
respectively in cq (9) we at once gev

Oelass _ _2 wy +“’2K(7*_____]__)
T T 3 fiprd T 2pfRiC, \

Tho caleulated vahios of o,/f2, am/f? and aegss/f* employmg eq (10), (11)
and (12) respectively for cighteen gases are tabulated kn table 2

(12)

(1) Relation between 14/, und n/f*

o, f*

It is important to menuon here that 7,4 and aggys/f? manly depend on
y and K of the fluids. Therefore this suggests that there should be some direct
relationship between the terms involving 7,4, and aepeqs/f?  For the present need,
wo devide eq (7) by oq (8) and ¢q (11) by eq (12) and we find a simple relation
between the relaxation times and absorplion cocfficients as

‘:'('ﬂl/f2 — Tth (13)
From cq (13) it 11 clear that if we know any three quantities the fourth onc can
be camly ovaluared Moreover eq (18) can be interproted as the ratio of Ihe
absorption coefficient of sound waves due to thermal conduction and that due to vis-
cosity is the same as the ratio of the relaxation lime due lo thermal conduction and
viscosity.

Tm/ 2

o [f?

The values of the ratio 7y/7, and have been given in table 2 (columns

ITI and IV respectivoly.
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{e) Elastic constants

From the knowledge of velocity of sound we ean also evaluate the values
of elastic constants  In the present mvestigation. we have theorctienlly com-
puted the adiabatic bulk modulis of clustieny (& B .

: and  compressibilty (/)
employing the {ollowing expressions

K' = e¥p . (14)
and 1
By . (15)

The theoretical values of K’ and p are pregented in {able 2 The Tl viseosity
9 s the ratio of the cffeetive relaxation tme (r,,) wnd compressimliy ( )
Mathematically we can cxpress as (Bhauia 1967)

[ __"_/'?l“ o (] ﬁ)

Substituting the values of 7,4 from eq (8) and from eq. (15), cq (16) yields

_ __ ARg(y*—1)
Ny = -’T?}O;:i:glfmjl) . . (]7)

The computed values of 3, from eq (17) arce also reported in table 2

3. Rusunurs AND DISOUSSION

Tn calculating the velocity of sound in gases using eq. (5) two important
points have baen taken into account viz , (&) the equation of state hus heon utilised
upto the third virial coefficient and (b) m eq (2) values of p* calculared a1 0°C
have been employed. Tt is obvious from rable 1 that the theorcucal vahies of v
arc in close agrecmenty wigh the experimental values within the limits of (xperi-
mental error  Thus the theoretical values of » are satisfactorily tehable and these
can be employod for evaluating allied properties of these gases such s relaxation
time, absorption coeffivient ete

The values of 7, and 7, calculated on the basis of egs. (6) and (7) respeetively
are presented in table 2. Assuming thav the clasmcal relation time mainly
depends on 7, and Ty, and neglecting the intramolecular collisions the vajues of
Tolass have beon computed and are also given in the same table. The offeet of
viscosity of relaxation time is found to he groawer than the effect of thermal
conductivity i.e., 9, > 9a. This may be due to the fact that for gase : the values
of K is almnost neglegible and hence the effoct of 4 predominates on vhe 7 valuos,
On the bagis of the theoretical results ohtained in the present work we can safoly
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conclude that 7 depends on the nature of bonding between two electrons of 1
atom. More the numher of honds, shorter is the relaxation time viz , as mole-
cules are tightly packed, the binding force is greater and therefore the values of
relaxation timo becomes srmall  For example, carbon monoxide and nitric oxid.
having triple bond have larger relaxation time. Carbon dioxide, nitrious oxie:,
sulpher dioxide and ethylene with double hond have smealler relaxation tie
than carbon monoxide and nitric oxide having triple bonds The othor reason
which we can assign to this is that carhon monoxide and nitric oxidé is morc
polar than carbon dioxide, nitrous oxide otc. Moreover, 7 for carbon monoxide
> 7 for carbon dioxide, because carhbon monoxide has two unpaired electrons
while CO, has only one unpaired cleciron. Hence we can also say thav values
of 7 also depends on the number of unpaired electrons viz , 7 increasos as the
number of unpaired electrons insreases. The saturaved vapours sucl, as ammonia,
othane and methane have the smallest value of relaxation time. On the other
hand the bondless inert gases have the largest value of relaxation time (0 > 1 >
2 > 3 > 4) according to the hond number). |

The values of o, [f2, ap/f* and aggee/f? are tabulated jn table 2 Generally
the {otal absorption coefficient is expressed as

Ototal _ %elass | Okin

_f:'. . _fz 2

because of non-availability of the data for the toym (ogia/f2) and also sinee the
contribution of (oyq/f?) is usually very small heing of the order of 1 10 5%, we
have neglected the contribution of this term m the compuiation of (asorat/f*)

!
{

Xiotal Celass .

e

Tt is seen from the table that for all the gases studied (o /f?) < (an/f*) The
maximum value of oz /[f2 15 36%, n the case of CO and NO and for NH, the maxi-
mum value is 78 19,

The (au/f2) < (xa/f?) for all the gages investigated in the present work  The
maximum value of (e;/f?) is about 409 in the ease of helium and the minimum
value is about 27 2%, for nitrogen  (an/f?) has the maximum valve for nitrogen
about. 72.8%, and it is minimum for helinm (60%,). The natwe of vaiation of
(aelf?) and (a,/f?) is the same as that of 74 and 7, which is in accordance with
the molecular theory of gares '

The theoretical values of the elaslic constants K’ and # obiained from eqs
(14) and (15) respectively in conjunction with eq (5) for v are presented in table 2
The bulk viscosity 7, computed on the basis of ey. (17) are algo tabulated 0l
table 2. It is interesting to mention here that like 7, 5, also depends on the
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number of bonds. Hence we can frame rule to arr

ange these gasos on the hasis
of the values of 4, as

A,00,NO > €0, €0, N0, 50, 6,1, - Nm, (.37, o,

ApPrENDIX A

The virial equation of gtate for seeond order of Pressure (P) is writton as

PV = RT4 BP0, 2 . (A
From eq. (Al) we can writo
RT
V= P +B’11P'f UII)PH . (A?)
M‘Ld RT
P= =0 BP0 .. (AB)

Difforentiating oq. (A2) with respect. to P keeping 7' constant and differentiating
oq. (A3) with, respeet to ¥ keepmg 7' constant, we gof,

vy (1- p20")
(5]I)T" —RT - e (Ad4)
and ap o
( W)T’* TRT - (AB)
Now we know that
1 70V 1 jop
=5 (o )= u (30 ),  (AG)

Substituting the values of T from eq (A2) and (37 /dp)p from o (A4) in oq. (AG)
we get

9p\ _ RT / 14 Byl {-C",P?) A
A = S
From thermodynamios wo know that
/0H |
=) - A8
( s ),, Cp. (A8)
and 7
(_"_H) __/p(f” ) T .. (A9)
p /p aoar /,

Transformation of relations (A8) and (A9) yiolds

i) (02T .
PR J A 10
3 Cv T\aw),, (A10)
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Substivution of the value of V from eq (A2), (A10) yields
0 0* o .
5pCp = —RT [5,—,172{(3 ,T)+P(C ,,T)}] .. (Al])
Tntegrating eq. (All), we get
Cp = C°%—pRT aT‘z‘{(B'ﬂT)+P(C’?T)}' ... (Al2)
Now dilferentiating og (A2) with respeet 1o 7', keeping P constant
ov 1 , , 2
(%), = o [#7+ (G +Es05P )]

-_—L;: [ 14p ?’OT {3'1;7'+pz 0‘77' ((?"pT)}] e (AI3)

i

v (), (%)

av op \
0,—Cp) = —T e 4 .. (Al4
( D V) ( ')11 )p( 'V ( N )
Substituting eqs. (A5) and (A13) in eq (Al4), we get

- 2o
(Cp—Cp) = R [1—|—2p s (BoT)+2p #(0,,7')‘ ] .. (A15)
We can write ’
Gy = Cp—(Cp—C,) .. (AI6)

Putling the values of C) and (Cp,—Cy) from oqs. (Al12) and (Al5) respectively
in eq. (Al6), one gets

2270’5
Cy = C“v—PR I: EVER i(B'pT)+P(0'1iT)+aT(B’ T)"l" }

20/ ) J>
(A17)
Dividing oq. (A1l) by eq. (A17). we get

) —pRT 5 (B 'T—Fp(C’,,’T)’}
Cp a'['
Cy da B,'T+2p 0]aT(C,'T) ]

CI—pR| T 2 (By T 4p(Cy T4 2 o

(A18)
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T o c .
Substituting -C—,:’ ¢ =7" and —Ci = y* in eq. (A18) and solution of it yield

y* = PLL+PRT 7 (By'T) (0D (

37 \ -+-2)

- uC u | C o 0T (BPPT+]‘Cy'T)-

(A19)
Cp'—Cy = K = R (suy),
hence,

=14 | o [ Tom®sra0y 2y, BT I

o (A20)
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