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EQUILIBRIUM SPEED OF SOUND IN A DISSOCIATING GAS 

/ 

E. A. Orudzhalev UDC 431.84 

An expression is obtained for the speed of sound in dissociating nitrogen tetroxide 
with consideration of the nonideality of the gas. 

Dissociating nitrogen tetroxide shows promise as a heat-exchange agent and working sub- 
stance in nuclear energy equipment. 

To derive an expression for the equilibrium speed of sound in this system (gas), we 
will use the formula 

a =  O p  (1) 

w h e r e  s i n d i c a t e s  i s e n t r o p i c  c o n d i t i o n s .  E x p r e s s i n g  a i n  t e r m s  o f  t h e  s p e c i f i c  v o l u m e ,  we 
o b t a i n  

0p 
aa = - -  ~ ( -~-v)  " (2) 

For the partial derivative in Eq. (2) we will use the formula [i] 

There is a relationship between the partial derivatives of the function of two indepen- 
dent variables: 

1 (or 
~-P]T k~-Iv k-~v )o- -- I. (4) 

Defining (~p/~T) v from this expression and substituting in Eq. (3), we obtain 

We will now use the differential equation [i] 
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TABLE i. Coefficients a i.l of Interpola- 
tion Equation of State [3] for Eq. (14) 

l a~i a=i asl 
0 
1 
2 
3 
4 

6,724331 
--13,12774 
--4,561842 
21,69903 

--10,85284 

--1,920155 
--0,2206247 

1,044964 
10,70347 

--9,995447 

4,22444 
--5,990096 
--8,061043 

16,69250 
--6,835001 

c , -co  = r t a r ,  ~  (6) 

and the equation of state of dissociating nitrogen tetroxide in the form 

R pv = Zef - -  T, (7) 
~N~O~ 

where the coefficient Zef considers both dissociation and the nonideal nature of the gas. 
Substituting in Eq. (6) the value of (3p/3T)v from Eq. (3), and considering the resulting 
equation together with Eqs. (2), (7), we obtain 

On the basis of Eq. 
follows: 

With consideration of Eqs. 

a 2 = - -  
1 ( R T )  z. (8) (oo)  r' 'o, , ,  

v , ,  r c ~ , e f t \ a r / , > J  . 

(7), we express the partial derivatives appearing in Eq. (8) as 

av RT Zef - -  p , (9)  
r ~N,o,P z ~ ap }r ] 

. ~N=O,P \ aT Ip]" ( i0)  

(9), (i0) and introduction of the notation 

( OZ~f ~ (Ii) 
'q=Zef--P k ap i t '  

( aZef I = Z e f +  T ~--.~--]; (12) 

Eq. (8) takes on the form 

a =  1 /  R T Zef V (13) V R mz 
~N,O, " ~ ~N:O, Cpef 

For our purposes the most suitable equation of state for dissociation nitrogen tetroxide 
will be that presented in [2]: 

RT (1 + ~10 + ~i0~2o) 1 + T~ ] 

P = V~N=O4 i=1 i=o 

w h e r e  z = T / T c r ;  ~ = p / p c r ;  T c r = 4 3 1 . 3 5 ~  P c r =  1 0 2 . 4 9 2  b a r .  

C o m p a r i n g  Eqs .  (17)  and ( 1 4 ) ,  we o b t a i n  

z~f = (1 + ~1o + elope~ 1 + 7 " 
i=l i=0 

From Eqs .  (13)  and (15)  we f i n d  

= = 7 ~N20, 

(14) 

(15) 

R el~h �9 (16) 
.~t%o,Cpef ) 
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TABLE 2. Equilibrium Speed of Sound in Dissocia- 
ting Nitrogen Tetroxide 

T, K aexp acalc %xp-%alClOO% 
%xp 

T s : 2 9 4  

350 
360 
370 
380 
390 

p :  1 bar 

246,1 
256,6 
266 
274,6 
282,4 

p : l O  bar 

400 ] 261,7 
410 271,9 
420 281,9 

p = 5 0  bar 

450 [ 274,3 

243,9 0,89 
257,1 --0,19 
266,9 --0,33 
273,8 C,29 
280 , 0,84 ] 

= 352 ~ T 8 

258,6 1,18 
268,7 1,17 
279,5 0,85 

T s = 405 OK 

273,2 I 0,40 

The degree of dissociation in the first and second stages of the reaction is usually 
determined by simultaneous solution of two equations expressing the relationship between 
the equilibrium constants and the unknown degree of dissociation. This relationship was 
presented in [2]. 

For further operations on Eq. (15) we introduce the notation 

e = 1 q- alo -b aloa2o, 

3 4 i 

i=l i=o 

i.e., 

Zef : eZ. 

We will write an expanded expression for the coefficient ~. From Eqs. (17), 

o r  

(Ofcf ~ __(l+alo+aloauo)(_~_p)T+Z[<l + k op IT 
~ , - - f p - - p  I T  , . P 

Substituting this expression in Eq. (ii), we obtain 

(19) 

(17)  

(18) 

(19 )  

(2o) 

~l=(1-}-alo+aloa~o) 1-4- ~ "d - - p  (1-}- (Zlo§ OZ r § 

i=l i :0  

i=i i=o 

E x p a n d i n g  Eq.  (18 )  and  t a k i n g  t h e  d e r i v a t i v e ,  we h a v e  

N ) T =  3- a o+ �9 + 7 + j +2 2 a2~ �9 + 

a22 a23 .~. a25~ _~_ 3y~3 (030_] - a31 ._~ ~32 _~_ a33_~ a s r  

The coefficients aij are presented in Table i. 

We now derive e x p r e s s i o n s  f o r  t h e  p a r t i a l  d e r i v a t i v e s  (3C~1o/3p) T and  (3Ce2o/3p) T. We 
use the formula [i] 
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0 In KNo ) 1 
-~P r = - -  E " ~ - ' p  

where KNo is the equilibrium constant expressed in terms of molar fractions; 

change in number of moles due to the reaction. Since 

K~o = K~oP zvi, 

the relationship for Kpo is known, the equilibrium constant K N can be written as 

K•Vlo = 

We find the partial derivative 

where 

4~2o (1 --  ~0.o) z ,-(y~p, 
(1 - -  ~1o) (1 -& ~xo + ~qo~uo) p 

3 G~10(Z2 O 1 --(Yvi)~ 
(1 --  (X~o) ~ (1 q- (zlo -}- (Z~o(Z~o) p 

(23) 

v i is the 

(24) 

(25) 

(26) 

9 =[ 0(~10 ] 4r176176 (0~z~o ~ 4r __ 
Op ]r(l--a~o)Z(lq-aao+a~o~qo) ~ ~, Op IT (1--a~0)Z(lq-~'lo-~o~o) 

4=~o (1 - -  a~o)Z~ (27) 

Dividing Eq. (27) by Eq. (25) and cons ide r ing  Eq. (23),  we ob ta in  

( 0CZ10 ) 2-[-~10(Z20 [ 0(~0~ 2-~- 30~10-~- (Z10(~20 .~_ ~ 1  1 ( ~  'i)1" (29) 
Op /T (l--O~lo)(l'~O~lO'q-O~lO0~20) O~lO --\oP/r(1--CX"-o)(l-]-OqO+OhdZ"-O)[--~-" P P 

Taking the p a r t i a l  d e r i v a t i v e  of Eq. (26),  a f t e r  corresponding t r ans fo rma t ions  we ob ta in  

( 0KN,o / =[(0~Zlo ~ ~Z:o(1--CZ2o) ( O~Z~o~ 0~10(Z]0(3--0~'20AU 30~10"~-(Z10~20)] p[~2_.~ 
--~-Plr [ \  Op /r(l--~.o)3(------TT~xo----+~lO(~2o) z-l- \ - - ~ } r  (1--~..o)a(1 q-axoq-~lo~2o) z 

O~ 3 17,'1o 2 0[~ 
q- (1 --  ~.,o) z (1 q- axo q- ~ao~.,o) P~'-'" (30) 

Dividing Eq. (30) by Eq. (26) and cons ide r ing  Eq. (23),  we have 

( 0~Z,o ~ 1 ~_ (0~z~o)) 3--~20 -~- 30~10 "~- 0~10~20 .Af ~2 __ 1 ( ~  ~7i)2. (31) 
Op IT ~10( 1 ~-~IO-~IOfZ20) k Op / r  (1 --(Z2o) 0r ~-~1o~-0~1o6~2o) P P 

We have now obtained two equations, i.e., Eqs. (29), (31), with two unknowns. 
this system for (3alo/3p) T and (3a2o/3P)T: 

(aalo ~ = _ (1 q- ~1o + ~xo~2o) (3 q- ~2o), 
(1 (Zlo 0~1o) (32) 

Op ].r 6p 

( a~..o ~ = (I + ~1o + ~oO~o). 
( 1 (Z20 0~20) 

Op } r 6p 
Substituting in Eq. (21) the values of the partial derivatives from Eqs. (32), 

3 4 

= (1 Jr ~,o Jr ~1o~o) ( 1 + ~ v a i i ~ "  �9 A - / ~ - ~ ]  --  P {(1 + ~1~ -b =1~162176 ( -~p)r  
aZ 

i=l 1=o 
3 4 i 

( E E ai]~ ) [  t~l~ (1-~-~t0-~- - -  1 -}- - - ~  (1 + C%o) 6p  
i=l " i=0 

~ZloO~zo ( 1 -  a~o) (1 -[- alo-1- ~zioCZ2o)]1- (34 )  + ~100~20) (3 + 0~o_o) + 
6p JJ 

We solve 

(33) 

(33), we have 

882 



To derive the m which appears in Eq. (16), it is necessary, according to Eq. 
first obtain an expression for the partial derivative ($Zef/3T)p. From Eq. (19) 

and we have 

r 1 6 2  1 +  ~ x ~ ] . + 
i~l /'=0 

"-j- 1 -j- T (l @ ~Z20 ) "@ 0~10 , 

(12), to 

(35) 

The partial derivatives (~alo/3T)p and (~=o/~T)p were obtained in [5]: 

C3r ~ ~- ~1o (1 - -  r [AHpl (3 Av 3O~1o - -  o5~ Av ~loa.~o)-Jv ~oAHp~ (2 @ 3CZlo --~ axoCZ~o)], ( 3 6 )  
OT ] p 6RT z 

( O(Z~o ~ = O~o (1 - -  ~X2o ) [AH:ol (2 + ~ocx2o) - -  AHv~ (1 - -  a~o)], ( 3 7 )  
OT ] p 6RT z 

where bHp~ and AHp~, i.e., the thermal effects of the first and second stages of the chemi- 
cal reaction, are equal to [3]; AHp~ =623.4 kJ/kg in the temperature range 300-450~ AHp= = 
1225.9 kJ/kg in the range 400-1300~ If in Eq. (37) we take the value R=8314 J/mole.deg, 
then AHp~ =623.4.10~.92 J/kmole, AHp==1225.9.10 ~.92 J/kmole. 

Expanding Eq. (18) and taking the derivative, we obtain an expression for the partial 
derivative (~Z/3T)p, appearing in Eq. (34) in the form 

rl + + 4 1, + - V -  j 

( 2~ 3a33 4a3~ "~ ] 
The coefficients alj, a2j, and ~aj are taken from Table i. 

Thus, to find the value of m in Eq. (35) we first define the value of (~Z/3T)N with 
Eq. (38). Substituting in Eq. (35) the value of the partial derivatives from Eqs. (36), 
(37), we obtain 

3 4 i 

(o = Z (1 -k ~zlo + r + T 
(1 -~- r176 + al~176 k'a-T JP i=1 i=o 

(38) 

alo (1 - -  r ) [AHv 1 (3 
6RT z 

~10~20 (1 - -  r 3 
+ z lo-  o+ +  2oAUp (2 + + / (39) 

6RT z J .J 

After finding ~ with Eq. (34) and m with Eq. (39) at specified values of p, T, and 
Cpef, we finally use Eq. (13) to determine the equilibrium speed of sound ~. 

Table 2 shows values of the equilibrium speed of sound in the gaseous phase as obtained 
by the formula derived herein, at certain pressures and temperatures also presented in [2] 
and taken from the study of Nikolaev and Timofeev (Vests. Akad. Nauk BSSR, Ser. Fiz. Energ. 
Navuk, No. 3 (1974)). Values of isobaric heat capacity for the calculations were taken from 
[4]. 

We see that even near the saturation line, at temperatures exceeding the saturation 
temperature by about 50 ~ , the deviation is less than 1%, and only reaches 1.17 and 1.18% 
at two points. This indicates the accuracy and reliability of the formula obtained for the 
speed of sound in the gas, which can be used with experimental data on isobaric heat capa- 
city. 
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NOTATION 

p, v, T, pressure, volume, and temperature; R, universal gas constant; ~N204, molecular 
mass; Cv, Cp, isochoric and isobaric specific heats; Z, compressibility coefficient; Cpe f 
effective specific heat at constant pressure; Zef , effective coefficient considering effects 
of dissociation and nonideality; Kplo, Kp2o, temperature dependent equilibrium constants for 
first and second reaction stages for an ideal gas mixture; ~io, ~2o, degree of dissociation 
of first and second reaction stages in ideal gas state. 
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2. 

3. 

4. 

LITERATURE CITED 

M. P. Bukalovich and I. I. Novikov, Thermodynamics [in Russian], Mashinostroenie, 
Moscow (1972). 
V. B. Nesterenko et al., Physicochemical and Thermophysical Properties of Chemically 
Reacting Systems [in Russian], Nauka i Tekhnika, Minsk (1976). 
V. P. Bubnov and V. B. Nesterenko, Nuclear Heat Conversion Method Using Dissociating 
Gases [in Russian], Nauka i Tekhnika, Minsk (1975). 
Yu. D. Ii'yukhin et al., "Experimental study of isobaric heat capacity of equilibrium 
dissociating nitrogen tetroxide near the saturation line and in the near-critical 
region," Vestsi Akad. Nauk BSSR, Ser. Fiz.-Energ. Navuk, No. 3, 104-109 (1976). 

CHARACTERISTICS OF A GAS-DISCHARGE 

CO-LASER IN GENERATION ON AN OVERTONE 

i. STEADY-STATE REGIME 

Yu. B. Konev, I. V. Kochetov, 
A. K. Kurnosov, V. G. Pevgov, 
and A. V. Dem'yanov 

UDC 621.375.826 

The work presents the parametric dependences of the energy and spectral characteris- 
tics of the gas-discharge CO-laser in steady-state regime in generation on the 
first overtone on the gas temperature, the pumping power, and the cavity Q-factor 
of the resonator. The article examines questions of the selection of the indivi- 
dual vibrational and rotational lines. Comparisons with experimental results are 
made. 

At present there is considerable interest in lasers on vibrational overtone of the car- 
bon monoxide molecule [1-4]; this is due to the potentially high effectiveness of such a 
laser close to the IR range and the possibility of using it for problems of laser chemistry, 
isotope separation, etc. We will also demonstrate that the investigation of this laser makes 
it possible to elaborate on the kinetics of CO molecules, especially at high vibrational 
levels. Knowledge of the theoretical parametric dependences obtained on the basis of numeri- 
cal modeling makes it possible to predict the expected characteristics of such a laser, and 
it stimulates and facilitates its experimental investigation. The present work consists 
in the theoretical investigation of the characteristics of the gas-discharge CO-laser operat- 
ing in steady-state regime of generation on the first overtone. We analyze the parametric 
dependences of the energy and spectral characteristics on the gas temperature, the pumping 
power, and the cavity Q-factor of the resonator. We also examine questions of the selection 
of individual vibrational and rotational lines. 

Previously, we substantiated the possibility of obtaining generation on vibrational 
overtones of carbon monoxide molecules with pumping in a stationary and pulsed electric dis- 
charge [i]. An analysis of the population density of vibrational levels of CO molecules 
indicated that it is possible to effect partial inversion at the transitions J--l, v§ 
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