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The effect of the heats of chemical  react ions on the turbulence in a turbulent gas flow is 
considered.  An example of the application of the obtained resul ts  to a dissociat ing poIy-  
atomic gas is given. 

It is known [1] that distr ibuted energy sources  can affect the degree of turbulence in a compress ib le  
turbulent gas flow. This is due to the fact that in a flow of compress ib le  gas a component due to density 
(and pressure )  fluctuations is added to the usual solenoidal vort ical  turbulence field of an incompress ib le  
medium. This compress ib le  component is capable under cer ta in  conditions of receiving the energy of d is -  
tr ibuted sources  and t ransmit t ing  it in turn to the vort ical  turbulence field. 

A typical example of distr ibuted energy sources  is the heat re lease  due to chemical  react ions in homo-  
geneous gas mixtures .  

In [1] an attempt was made to investigate theoret ical ly  the intensification of turbulence due to heats of 
chemical  react ions in a react ing sys tem composed of a monatomic and a diatomic gas. This paper ,  how- 
ever ,  excludes a large number of prac t ica l ly  important  cases  of react ing mixtures  of polyatomic gases.  

Below we consider  the effect of heat re lease  due to chemical react ions on the intensity of turbulence 
of a react ing mixture of polyatomic gases.  The resul ts  obtained are  used to determine the change in turbu-  
lence in the case of thermal  dissociat ion of a dinitrogen t e t r o x i d e - n i t r o g e n  dioxide system.  We assume 
that when the flow velocity of the react ing gas is low the compress ib i l i ty  p roper t i es  depend on the molecular  
changes due to chemical  react ions .  

We will r epresen t  the fluctuations of a compress ib le  medium as a harmonic  osci l la tor :  

p = p + p' sin c0~, (1) 

p = ~ + p' sin ( + ~ -  ~). (2) 

According to [1], the energy t ransmi t ted  f rom the compress ib le  component to the vort ical  component is 
equal to the work per formed.  The work pe r fo rmed  by unit mass  in one oscil lation cycle is given by the 
integral  

V 2~ 

B~ = S pdV. (3) 
V~.~ 0 

Calculating (3) to second-o rde r  t e rms  in fluctuation amplitude we have 

B~o ----= P'P'---~ sin q~ 2n 
2 ~  - - ; - .  

Relating the pe r fo rmed  work to unit t ime we obtain 

p~ p'p'o~ sin % 
= G---r- (4) 

If the phase difference between the density and p r e s s u r e  fluctuations is q) = 7r/2, then 
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P+ = 9' P'O ~ (5) 

Thus ,  energy  Pw is t r a n s m i t t e d  in unit t ime in unit m a s s  f rom the c o m p r e s s i b l e  component  to the vor t ica l  
component ,  thus intensifying or  reducing the turbulence (depending on the sign of Pr 

We de te rmine  the re la t ionship  between p '  and p ' ,  which is r equ i red  for  the calculat ion of (4) or  (5), 
for  a s y s t e m  composed  of a d issoc ia t ing  (or recombining)  gas reac t ing  according  to the scheme  A 2 ~ 2A, 
where  A and A 2 a re  polya tomic  molecu les .  

We define the degree  of d issocia t ion  a as the m a s s  f rac t ion  of d issoc ia t ing  gas,  and the reac t ion  ra te  
r as d ~ / d T .  

In the general  case  

dE~ 
d~ r T, p). (6) 

The fluctuations of ~ and T m a y  be shif ted in phase  re la t ive  to p. 

We expand (6) in a s e r i e s  of fluctuation components  ~,  T,  and p, re ta in ing only the f i r s t - o r d e r  t e r m s .  
Bea r ing  in mind that dif ferent ia t ion a l t e r s  the phase  by ~ / 2 ,  we obtain 

%+ = +  :TI. (8) 

We now have five unknowns (a~, a~, T; ,  T l, p~), for  the de te rmina t ion  of which in t e r m s  of p '  we 
need five equations.  Two of the five equations a r e  provided  by (7) and (8). The r e s t  can be obtained by  
using two different  exp re s s ions  for  the f luctuating pa r t  of the in ternal  ene rgy  and the equation of s ta te .  

On one hand, the f luctuating p a r t  of the in ternal  ene rgy  p e r  unit m a s s  e '  can be calcula ted as the work  
p e r f o r m e d  by the f luctuat ions in one half  cycle ,  wMch co r r e sponds  to the eddy kinet ic  energy  

o 

p (9) 
V,~= 0 

In the calculat ion of (9) we re ta in  only t e r m s  of the f i r s t  o r d e r  in fluctuation ampli tude.  

I t  follows f rom (9) that in a f i r s t  approximat ion  the f luctuations of e '  a re  in phase  with p ' ,  i .e . ,  

e; = o, (lO) 

p'. (11) Co= 

On the other  hand, the f luctuating p a r t  of the in ternal  energy  can be ca lcula ted  f rom a the rmodynamic  
standpoint in the following way. 

The total in ternal  energy  U of the A 2 ~-~ 2A s y s t e m  of volume V is given by the fo rmula  [2] 

0 log ~A~} + ~ hAD" (12) U=kT~{nATT lOgfA +nA~ ~T-- 

The t e r m  hAD/2  is r equ i red  because  of the di f ference in chemica l  binding energy  in the molecu les  A and A 2. 

~A,A2 T = f~,A. f~,A,, (13) 

f,A~ = (2"~mA'A~kT)3/2h a V , (14) 

/ 8~kT ~3/2 +.A,A. Iw 

:V,A , [ 1 - - ~ ( V  A'A', T)] -1 [1 ~,"V A'A' 
= - -  ~ 2 ' T)]-I " '"  (16) 

The e lec t ron ic  dis t r ibut ion function is  usual ly  close to unity and it can be neglected.  
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ergy: 
Substituting (14)-(16) in (13) and (13) in (12), we obtain the following express ion  for  the internal  en-  

lA 

U = nh ( 3kT q- ~ hvi 
�9 i = 1  

]A~ 
1--)~(%, T) + n~ 3teT + hv~ 

1=1 

)~(v~, T) ) 1 
1 - -  )~ (v~, T) + -~- n~D. (17) 

We replace  nA and nA 2 in (17) by express ions  in p and ~. By definition 

nA pV 
a =  ; n A + 2 n A , = -  

n A + 2nA, m 

Hence,  the internal  energy  pe r  unit mass  e (e = U/pV) is given by 

IA ]A~ 

e = m - - - 2 - - -  + ~,~d~=~ hv~ I ~--~-(v~ "T) + 2-m- ~:=~ 1 --  L (v~, T) 

(18) 

+ ~ 1  D - - a .  (19) 
2 m 

The quantit ies T and a in (19) fluctuate around thei r  mean values 

T = T + T' sin (co~-- %), (20) 

a = ~ + a' sin (0)T --  %): (21) 

Because of this the internal  energy also fluctuates around a mean value e0, which is given by express ion  
(19) with T = ~ and ~ = ~. 

Substituting (20) and (21) in (19) we can de te rmine  the fluctuating par t  of the internal  energy e ' .  

To f i r s t - o r d e r  t e r m s  in fluctuation amplitude we have af ter  some manipulation 

e' = aa' + bT' ,  (22) 

where 

iA IAa 
1 Z ~(vl, T) 3 ~  1 Z h v :  ~" ('j '  '~) 1 D 

a =  m t=l hv~ 1 - - ~ ( % ,  7') + 2m 2tn i=1 1- -~ , (v j ,  T) + 2 m ' (23) 

3k l + a  ~ ,~A ) iA 1 

.i=I 3=I 

(24) 

Comparing (22) and (10), (11), we obtain 

eg = aa o -+- bTo P ' = = v - p ,  (25) 
P 

e~ = a~; + bV; = o. (26) 

Using the equation of s tate  for  the mean values 

=(1 + ~)RT, 

we replace  p / p  in (25) by (1 + a)RT.  Then 

t 
aa'o+ bTo=(1 + a ) R T  _P-~ - . 

P 

Using the equation of state for  the fluctuating quantit ies,  we obtain 

p' p' T' a' 

F o r  components with a phase shift of 7r/2 re la t ive  to p'  (29) becomes  

(27) 

(2s) 

(29) 
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- ~" + I + ~  (30) 

Using  the obta ined  equa t ions  (7), (8), (25), (26), and (30) we can e x p r e s s  componen t s  c~ I, T I, and pT 

! f) l .  in t e r m s  of  ov and de r i va t i ve s  of  the r eac t i on  ra te  r and find a r e l a t ionsh ip  be tween  Pl and 

Af te r  the n e c e s s a r y  ope ra t i ons  we obtain  

P~ = R (a -l- a a - - b  T) [bP ~~ q- RT q- a) ~Pr/r ~ p'' 
r (31) 

b 2 + --~ (ar - -  b~a/~p) ~ 

I f  p is in advance  of  p by  ~ / 2 ,  then p] = _pT sin r and the e x p r e s s i o n  fo r  the e n e r g y  Pw t r a n s m i t t e d  to 

the tu rbu lence  has  the f o r m  

p , , = .  1 o~P;9' (32) 
2 ~ 

Subst i tut ing (31) in (32) we obta in  the final e x p r e s s i o n  fo r  P 

R ( a + a a - - b T ) ( b P * P / * + R T ( i + e O * r / * )  aP ( 9-~) 2 (33) 
P o  = / E \ ~  _ _  -~ -  . 

b ~ q- ~--~-) (alPr/~-- ba~/~) ~ 

T h u s ,  the e f fec t  of the heat  of the c h e m i c a l  r e a c t i o n  on tu rbu lence  is  a s e c o n d - o r d e r  ef fec t  in dens i ty  

f luc tuat ion and is  p ropo r t i ona l  to the r e a c t i o n  ra te .  

The  e x p r e s s i o n  (33) f o r  Pw is  s i m i l a r  to tha t  obta ined  by  E s e h e n r o e d e r  in [1]. I t  d i f fe r s  in the c o e f -  
f i c ien t s  a and b ,  which have a m u c h  s i m p l e r  f o r m  fo r  a r e a c t i n g  m i x t u r e  of a m o n a t o m i e  and d ia tomie  gas .  

As an example  of the use  of  the ob ta ined  e x p r e s s i o n  fo r  Pw we use  it to eva lua te  the ef fec t  of hea t  r e -  
l e a s e  on the tu rbu lence  of a r e a c t i n g  N204 ~-~ 2NO 2 s y s t e m .  The N204 ~ 2NO 2 r eac t i on  o c c u r s  at  300-400~ 
We will  d e t e r m i n e  the ef fec t  of the c h e m i c a l  r e a c t i o n  on the tu rbu lence  at T = 320~ ~ = 0.3, fo r  ins tance .  
When a = 0.3 the p r e d o m i n a n t  r e a c t i o n  is  d i s soc i a t i on ,  which  is  a c c o m p a n i e d  by  hea t  absorp t ion .  The r e -  
ac t ion  ra te  is  pos i t ive  and,  hence ,  Pw < 0, i . e . ,  the tu rbu lence  e n e r g y  d e c r e a s e s .  

Subst i tut ing in e x p r e s s i o n s  (23) and (24) fo r  a and b the osc i l l a t ion  f r equenc i e s  of the N204 and NO 2 
m o l e c u l e s ,  the r eac t i on  hea t  D = 4 . 7 4 . 1 0  -i9 J ,  and the m e a n  m a s s  p e r  mo lecu l e  m = 7 .64-  10 -26 kg  with 
a = 0.3,  we obtain  a = 2.23* 105 J / k g  and b = 3.53 �9 102 J / k g - d e g .  

The  equat ion fo r  t h e  ove ra l l  r e a c t i o n  r a t e  has  the f o r m  

da 
~b = d~- = kdiss(1 - -  a) - -  4krecPU2. 

The r e a c t i o n  r a t e  cons tan t s  kd i s s  and k r e c  a r e  given by  the e x p r e s s i o n s  [4] 

kdiss= 1016 exp ( ' 13000 )  
RT 

~.ss 
k:mc= kp/RT (1 q- c~) ' 

w h e r e  kp is given by  the e x p r e s s i o n  [4] 

Sec'l 

I t  can  be shown [1] that  

A s s u m i n g  u '  = 25 c m / s e c  [5], we have 

2930 log kp = - - - - ~  + 9, kp in  atrn. 

p' 3/2u" 
c ~ 

_ = 9.02.10-L 
P 

(34) 
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Determin ing  the numer ica l  values  of ~ ,  ~ T ,  ~ a ,  and ~p ,  and subst i tut ing them in equation (33), we 

obtain,  for  any w, 

[ Pa [ .< 1,05 J/kg. see., 

F o r  compar i son  we give the heat  r e l e a s e  pe r  unit t ime pe r  unit m a s s  

D ~ 1013 ~/kg.sr 

The energy  Pw is r e l e a s e d  in a ve ry  shor t  per iod  of t ime ,  equal to the chemica l  re laxat ion  t ime 
r c h e m ,  which for  the cons idered  reac t ion  is  r e h e m  = 10 -~ sec .  

The energy  abso rbed  in this t ime is  

Pol:chem.~ 10 -7 ~/kg, 

which is negligibly smal l  in compar i son  with the ene rgy  of turbulent  pulsat ions pe r  unit m a s s  of gas 

u '~ = 3.10 -2 I/kg. 
2 

Thus ,  the reduct ion in turbulence due to heat  absorpt ion  of the chemical  reac t ion  in a N204 ~ 2NO 2 
s y s t e m  is  not m o r e  than 0.001%, i .e . ,  is of no p rac t i ca l  impor tance .  

P 
P 

V r  
O) 
0~ 
T 
r 
Ca ,  e T ,  r 
k 
h 
hA, nA 2 
fA, fA 2 
m 
I 
v i ( i = l , . . .  , iA) ,  
, j ( j  = 1 . . . .  , JA2) 
D 
O 
U T 

NOTATION 

zs the p r e s s u r e ;  
is  the density;  
is  the phase  di f ference  between densi ty and p r e s s u r e  fluctuations; 
is the volume pe r  unit m a s s  at t ime r ;  
i s  the f luctuation frequency;  
is  the degree  of dissociat ion;  
is  the t empe ra tu r e ;  
~s the reac t ion  ra te ;  
a r e  the de r iva t ives  of r with r e s p e c t  to o~, T,  and p; 
is  the Bol tzmann constant;  
is  the Planck constant;  
a r e  the number  of molecu les  A and A 2 in volume V; 
a r e  the dis t r ibut ion functions for  mo lecu le s  A and A2; 
is  the m a s s  of molecule ;  
is  the m om en t  of iner t i a  of molecule ;  

a re  the osci l la t ion f requenc ies  of molecu les  A and A2; 
is the d issocia t ion  energy  pe r  A 2 molecule ;  
i s  the mean  the rma l  veloci ty  of molecu les ;  
is  the pulsat ion veloci ty  

S u b s c r i p t s  

dash denotes the fluctuation ampli tude;  
b a r  denotes the mean  value;  
0 denotes  the component  in phase  with p ' ;  
1 denotes the component  differ ing in phase  f r o m  p'  by ~ / 2 .  

S u p e r s c r i p t s  

T,  R,  V, E denote the t rans la t iona l ,  rotat ional ,  v ibrat ional ,  ande lec t ron ic  dis t r ibut ion functions; 
A (u, T) = exp (--hu/kT). 

I. 
2. 
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