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On the basis of the thermodynamics of irreversible processes, an 
expression is derived for the thermal conductivity of a chemically 
reacting gas mixture. 

The the rmal  conductivi ty of a chemica l ly  reac t ing  
gas mix ture  is cons ide rab ly  g r e a t e r  than that of a 
nonreac t ing  gas.  The r e a s o n  for the i n c r e a s e  was f i r s t  
pointed out by Nerns t  [1], who examined the d i s soc i a -  
t ion of n i t rogen te t roxide.  

In con t ras t  to a nonreac t ing  gas, in which heat is 
t r an smi t t ed  mainly  by col l i sons  of molecules  and the 
heat flux vec tor  is propor t ional  to the t empe ra t u r e  
field gradient ,  there  a r i s e s  in a reac t ing  gas mix ture  
an addit ional  heat  flux t r a n s f e r r e d  as chemical  en-  
thalpy of the molecules  diffusing due to the concen t r a -  
t ion gradient  produced in the reac t ion .  

In a number  of papers  [2-5]  the express ion  pro-  
posed by Nerns t  for the t he rma l  conductivi ty has s ince 
been refined,  and s imple  cases  of chemical  reac t ions  
of the type A *~ 2B have been examined.  

In the steady state,  and in the p resence  of chemica l  
equ i l ib r ium,  the effective t he rma l  conductivity is 

;% = ~ + Xo - -~D.  (1 )  

This  express ion  conta ins  th ree  t e rms :  the o rd ina ry  
the rmal  conductivi ty )~m, the "diffusion" conductivi ty 
)'D due to the chemica l  react ion,  and, finally,  the 
t e r m  XTD connected with thermodif fus ion and the 
Dufour effect. Substi tut ing va lues  of the respec t ive  
components  of the conductivi ty [2] into (1), we obtain 

H~ C~C= fir 
~,, ---- ~.,,, + Dp R2T3 2 D ,  p RI.  ~ . (2) 

must  also take into account  thermodif fus ion and the 
Dufour effect. 

We shal l  examine  the steady state of the above 
cyclic  p rocess  in a sys tem reac t ing  according to the 
scheme A ,~ B + C. We shal l  introduce,  for s impl ic i ty ,  
indices  1, 2, and 3, denoting respec t ive ly  components  
A, B, and C. We wri te  the phenomenological  equations 
of t r ans f e r  of mass  and energy in the form 

3 

Ji = ~ LikX~ -~ LiuXu, i = 1, 2, 3, (3) 
I 

k ~ l  

3 

J. = ~ L,,~X k + L..X~. (4) 

We wr i te  the values  of the affinity quant i t ies  X k 
and X u, in the absence of externa l  forces,  in the form 

X, = - -  T grad (~k/T), (5) 

l X, = - -  - -  grad T. (6) 
T 

Taking (5) and (6) into account, we may wri te  (3) 
and (4) in the form 

3 3 
1 

J' : -- E Likgrad Yk -]- ( E  Ll~lak-- L" i )T  grad T, (7, 
k = l  ~=1 

3 3 
l 

The topic of this  paper  is an examinat ion  of the mos t  
gene ra l  case - - the  t h e r m a l  conductivi ty of a gas r e -  
act ing according to the scheme A -- B + C. 

Let the gas mix ture  be located between two plates 
at t e m p e r a t u r e s  T and T + AT. Since there  is a 
t e m p e r a t u r e  g rad ien t  between the plates ,  in the 
p r e sence  of a reac t ion  a concent ra t ion  grad ien t  of 
d issoc ia ted  and und issoc ia ted  molecules  a r i s e s  at 
every  point in space.  Then the heavy undissoc ia ted  
molecules  diffuse into the region  at the higher  t em-  
pe ra tu re  and there  d issoc ia te ,  absorb ing  heat.  Con-  
ve r se ly ,  the light d i ssoc ia t ion  products  diffuse into 
the l o w e r - t e m p e r a t u r e  region  and there  recombine ,  
emi t t ing  heat. As a r e su l t  of mutual  diffusion i n th i s  
cycl ic  p rocess ,  heat t r a n s f e r  i n c r e a s e s  in the d i r e c -  
t ion opposite to the t e m p e r a t u r e  gradient .  In examin-  
ing the t he rma l  conductivi ty of reac t ing  gases  we 

The chemical  potential  is a function of t empera tu re ,  
p r e s s u r e ,  and the r - 1 concent ra t ions  xj 

r 

g r a d ~ , = - - S ~ g r a d T 4 - v k g r a d p + ~ . ~ [  O~k ~ gradxh(9) 
i=1  ~ Oxl ]rp 

Since the chemical  potential  is a function of the r - 1 
concent ra t ions ,  by subst i tu t ing values  of the chemical  
potent ial  g rad ien t  (9) into (7) and (8), the par t ia l  
der iva t ive  (a~k/~xj)pT in the las t  t e rm of (9) may be 
e l imina ted  in some way. We shall  e l imina te  it in 
such a way that (7) and (8) may be wr i t ten  in the form 

3 3 

Jt =(~.~ Ll,TSk "+" Z Liklak-- Liu) + grad T-- 
k = l  k = l  

(lO) 
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3 

(Cont  'd) 
]:1 k=l OX] ]pr  

We sha l l  e xa mine  the e x p r e s s i o n  for  the hea t  
flux, which is  the d i f f e r ence  between the ene rgy  flux 
Ju and the hea t  flux c a r r i e d  by di f fus ion,  

3 3 

- - Z 2 ~  Luk{2 t~  ~ gradxi" 
i=lk=l \ Oxi /pr 

ke ]  

(11) 

Since the spec i f i c  en tha lpy  h k = ~k + TSk, we f inal ly  
obta in  

3 
L 1 

k = l  

3 3 

/=, k=l ~ Ox/ / ~r 
(12) 

3 

Jq = Ju --  ~ hiJi. (16) 

In the ca se  of no e x t e r n a l  f o r c e s  the hea t  flux Jq may  
be w r i t t e n  in the fo rm 

n - - l  
Lqq grad (l~k - -  l&)r 

J q = - - T  g r a d T - -  ~ T (17) 

Subst i tu t ing  into (16) the va lues  of Jn and J i  f rom (12) 
and (13), we obta in  

3 3 3 3 

k ~ l  i = l  k = I  i=~ 

J u  = 

3 

k~l  

3 3 

j=lk=l \ Oxj ]or 
k~] 

(13) 

3 3 

x -~-  i=l k=~ Ox/ lot 

3 3 3 

t lg ad ,. 
i = l  j:=[ k ~ I  

j , i  

(18) 

It is  a s s u m e d  he re  that  the s y s t e m  examined  is  in 
m e c h a n i c a l  equ i l i b r ium,  i . e . ,  g r ad  p = 0, and that  
the ve loc i ty  of mot ion  of the cen t e r  of g r av i t y  of the 
s y s t e m  V = 0. 

We in t roduce  the t r a n s f e r  ene rgy  u [ ,  d e t e r m i n e d  
by the e x p r e s s i o n  

3 

Lu~ = Z Liku'~, i--~ 1, 2, 3, (14) 

then, taking (3) and (4) into account ,  and applying the 
Onsage r  r e c i p r o c i t y  p r i nc ip l e ,  we can wr i t e  the e n -  
e rgy  flux equat ion  (4) a s  

J~ = u, Jl ~ Liuui Xu + L, ,X, .  z.a (15) 

The f i r s t  t e r m  on the r i gh t  s ide  of (15) is  the ene rgy  
t r a n s f e r r e d  by the m a s s  flux, i . e . ,  the t r a n s f e r  of 
ene rgy  by dif fus ion and the rmodi f fus ion .  The second  
t e r m  a l so  d e s c r i b e s  ene rgy  t r a n s f e r  due to diffusion 
and the rmod i f fus ion .  In the c a s e  of fas t  c h e m i c a l  
r e a c t i o n s  the r a t e  of di f fus ion is c o n s i d e r a b l y  l e s s  
than the r a t e  of e s t a b l i s h m e n t  of c h e m i c a l  equ i l i b r ium,  
and the ene rgy  t r a n s f e r  p r o c e s s  is  l im i t ed  by di f fu-  
sion, and not by the c h e m i c a l  r e a c t i o n  r a t e .  T h e r e -  
fore ,  for  a s t eady  s t a t e  of the cyc l i c  type,  the  f i r s t  
and second  t e r m s  of (15) a r e  equal  and cance l  one 
ano the r .  Then (15) t a k e s  the fo rm 

J,, = L,,,,X~,. (15a) 

Applying the Onsage r  r e c i p r o c i t y  p r inc ip l e ,  we 
f ina l ly  obtain 

3 3 3 

#=1 i : 1  k : l  

3 

• i=l . = I  ~ Oxi ]pT 
i i 

3 3 3 

i=, i.=, k=L C)X: ] ,T 
] i  

Compar ing  (17) and (18), and b e a r i n g  in mind that  in 
the ca se  of me c ha n i c a l  equ i l i b r ium the second  t e r m  
in (17) does  not depend on the t e m p e r a t u r e  g rad ien t ,  
we obta in  

L. .  Lqq 2 Lukh~ -- h i ~ Llkht~. (20) 
T = - T -  + - Y  - 

k-- I  i=1  k-=--I 

F o r  any mul t i componen t  mix tu re ,  the e x p r e s s i o n  
for  the m a s s  flux may  be w r i t t e n  in the fol lowing fo rm 

[6 ,7] :  

n 

J l = : - -  m:njDif l i - -DT l ~ g r a d T ,  i =  1, 2, 3. (21) 
' T 

P i=:l 

In the absence  of ex t e rna l  f o r c e s  and with the condi t ion  
g r ad  p = 0, the quant i ty  dj is  equal  to the m o l a r  con-  
cen t r a t i on  g r a d i e n t  of the j - t h  component .  C o m p a r i n g  
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coefficients with the gradients in (10) and (21), we 
obtain the following relations for the diffusion and the 
thermodiffusion coefficients of a three-component 
system, expressed in terms of the phenomenological 
coefficients: 

3 

D~: P 

3 

D~ = Li. ~ 2 Luchk' 
k = l  

(23) 

where the molar chemical potential ~k for ideal gases 
may be written as 

~t k = po(T, P) + lnxi. 

Here we must satisfy the symmetry  conditions 

Dti = Dit, Ltk = Lk~, Lut = Ltu. 

The phenomenological coefficients may be expressed 
in terms of the diffusion coefficients of a multicom- 
ponent mixture 

nZnimlm ~ 3 r -t 

k = l  
k+t 

Substituting (24) into (20), and taking (23) and the 
s 

condition ~ Lut=O, into account, we obtain 

Luu Lr DT (hi - -  ha) + D] (h~ - -  hs) 
T - - - - - ~ - - 2  T 

n 

n* ~i, t D~imlmt [nknimkmt (hk -- hi) "~ + nkhtmbmt " 
2ppT  t, "ffi . 

k ~ l  , I 

�9 (ha - -h l ) l  - -  (nknirntttnl--t- nknimkmi -4- 2nimim I) (h i - -  h~)~]. (25) 

We write (25) in the general form 

k. = ~m- ~ o  4- ~,o , (26) 

)~u ---- LuJ  T, (27) 

w h e r e  

~,To = 2 [D]'(hx--hs)  q- D~(h~--ha)]~T, (28)  

_ _  h__L_~  
ko = 29 pT 2 Dqmim] [n~im~rni (hk - -  h~)2 + 

+ nt, nlml(h, - -  hi) z - -  (nknimkm I + nknimkrnL -}- 

+ 2ninimimi)(hch:)~ ]. (29) 

INZHENE RNO-FIZIC HESKII Z HURNAL 

In (26) the first  term represents  the t ransfer  of heat 
by ordinary heat conduction, the second term--the 
t ransfer  of reaction enthalpy due to thermodiffusion 
and the Dufour effect, and the third term--that  due 
to diffusion. 

Expression (25), obtained for the first  time, is 
the general equation for calculating the effective 
thermal conductivity of a three-component chemically 
reacting gas mixture. The values of the diffusion and 
the thermodiffusion components of the thermal con- 
ductivity [equations (29} and 28)] appearing in (25}, 
contain the diffusion and thermodiffusion coefficients 
for a multicomponent mixture. 

NOTATION 

xi--molar fraction of i-th component; Ju---energy 
flux; ci--mass fraction of i-th component; Jq--heat flux; 
J i - -mass  flux of i-th component; T--absolute tempera-  
ture; p i--molar chemical potential of i-th component; 
Ltk, Luu, Lui--phenomenological coefficients, asso-  
ciated respectively with the transfer  of mass and en- 
ergy and with the superimposed effects; Xu and Xk-- 
thermodynamic forces associated with the mass and 
energy fluxes; hi--enthalpy of i-th component; S--en- 
tropy of i-th component; D[~---diffusion coefficient of a 
multicomponent mixture; Di'--thermodiffuston coef- 
ficient of [-th component in a multtcomponent system; 
P0(T, p)--chem[cal potential in standard state; p---den- 
sity; h--number density of mixture particles; hi-- 
number density of particles of i-th component; mi--  
molecular weigh of t-th component; p--pressure of 
mixture; vi--specific volume of t-th component; H-- 
heat of reaction; r--number of component of mixture; 
R--gas constant; DT--thermodiffusion coefficient of a 
binary mixture. 
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