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On the bas i s  of an analys is  of the b inary  diffusion equation in the viscous sublayer  of the 
turbulent  boundary l aye r  an es t ima te  is given of the effect  of thermodiffus ion on the con-  
cent ra t ion  of components  at an imperv ious  wall, on the pe rmeab i l i ty  of the wall,  and on the 
intensi ty of heating of the reac t ive  sur face .  Exper imenta l  r e su l t s  a re  p resen ted  on the burn-  
out of a graphite  wall in mix tu res  of a i r  with ni trogen,  argon, and hel ium. 

In s tudies Of a boundary l aye r  involving chemica l  reac t ions  because  of the complex nature  of the e f -  
fect  a number  of assumpt ions  a re  made concerning the chemical  reac t ion  r a t e s  and the composi t ion and 
p r o p e r t i e s  of the gas  mix ture .  In this case ,  as a rule,  only concentra t ion diffusion is considered,  where 
the diffusion flux of the m a t e r i a l  is de te rmined  by the concentra t ion gradient .  

In the context of boundary l a y e r  theory barodiffusion can be neglected,  s ince the p r e s s u r e  is constant  
a c r o s s  the boundary l aye r .  Moreover ,  in a b inary  boundary l a y e r  under ce r t a in  conditions the diffusion 
the rmoef fec t  and thermodiffusion [1-3] can become important .  

The diffusion thermoef fec t  is cha r ac t e r i z ed  by heat t r a n s f e r  produced by a concentra t ion gradient .  
The p r e sence  of this effect  leads to the fact  that the t e m p e r a t u r e  of the adiabatic sur face  can differ  s ignifi-  
cantly f r o m  the t e m p e r a t u r e  outside the boundary l aye r .  

Thermodif fus ion r e p r e s e n t s  diffusion m a s s  t r a n s f e r  a r i s ing  in the p r e sence  of a t e m p e r a t u r e  gradient  
within the gas mixture .  The molecules  of the heavier  gas  usually diffuse in the di rect ion of the heat flux, 
while the l igh te r  molecules  diffuse in the opposite direct ion.  Here  the thermodiffusion intensi ty depends 
both on the cha r ac t e r i s t i c s  of the t e m p e r a t u r e  field and on the ra t io  of the molecu la r  weights of the compo-  
nents under examinat ion.  Thermodif fus ion  leads to some separa t ion  of the components  of the gas mixture .  

Thus,  in a noniso thermal  b inary  boundary l aye r  thermodiffusion can lead to a cons iderab le  change in 
concentra t ions  at the wall.  

The diffusion equation for  a b inary  mixture ,  descr ibed  through weight concentra t ions ,  with t h e r m o -  
diffusion taken into account has the f o r m  [1, 2] 

~- OK1 M1M2 0 In T ] (1) 
]i = PViK1 = - -  Pui2 L--5-~---y + kT M2 OT 

Here Jl, K1, and V I a r e  the m a s s  flux, weight concentra t ion of the f i r s t  component,  and velocity; T is 
the t empera tu re ;  p the gas density; M1, M2, and M are  the molecu la r  weights of the individual components  
and of the gas mixture;  D12 and D T a re  the concentra t ion and t he rma l  diffusion coefficients;  and k T =DT/DI2 
is the thermodiffusion ra t io .  

The thermodiffusion ra t io  depends s t rongly  on the re la t ive  content of the two components  and on the 
ra t ios  of m a s s e s  and d i ame te r s  of the molecules .  It is  the re fo re  s o m e t i m e s  convenient to  use the t h e r m o -  
diffusion constant a ,  which depends r a t h e r  weakly on the concentra t ion of the components:  

( k T . M I M ~  ( 2 )  
= m~----~' a ( i  - -  K i )  K i  = ]~T - ~  

Novos ib i r sk .  T rans la t ed  f r o m  Zhurnal  Prikaldnoi Mekhaniki i Tekhnicheskoi  Fiziki ,  No. 5, pp. 119- 
125, Sep tember -Oc tober ,  1972. Original a r t ic le  submit ted March 30, 1972. 

�9 1974 Consultants Bureau, a division of  Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 1001I. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permiss~ion of the publisher. A 
copy of this article is available from the publisher for $15.00. 

698 



Fig. 1 

Since the diffusion equations for  a mult iple-component  mixture are  
very  complex we shall f i r s t  examine a heterogeneous binary boundary layer  
in the absence of chemical  react ions.  We shall determine the concent ra-  
tions of the components at the wall taking thermodiffusion into account. 
Then using the resul ts  obtained we will determine the permeabil i ty  pa r am-  
e te r  bl* at the reactive wall which charac te r i zes  the intensity of chemical  
e ros ion  of the surface.  

A diagram of the problem under considerat ion is presented in Fig. 1. 
A wall with a surface tempera ture  T w is blown upon by a heterogeneous 
gas mixture (henceforth we will examine a mixture of a i r  with helium or 
argon) having a tempera ture  T o in the undisturbed current .  

A turbulent boundary layer  with a thickness 6 develops at the wall. In this ease the laminar  sublayer 
has a thickness Yl with gas pa rame te r s  Pl, wl, and T I at the sublayer  boundary. As the analysis conducted 
in [4] shows, for  Prandtl  and Schmidt numbers  P< 1 and S< 1 the difference in velocity at the boundaries of 
the dynamic, thermal ,  and diffusion laminar  sublayers  need not be taken into account. 

If the tempera ture  were constant over  the thickness of the boundary layer ,  the concentrat ions of the 
components of the gas mixture would be constant.  The tempera ture  does vary smoothly over  the entire 
thickness of the l aye r  f rom T O at the outer boundary to Tw at the surface,  which leads to the development 
of thermodiffusion.  

The cha rac te r i s t i c s  of turbulent t r ans fe r  prevail  in the region y i < y <  6. Here the turbulent diffusion 
coefficients D* are  many t imes l a r g e r  than the coefficients of molecular  concentrat ion D12 and thermal  dif- 
fusion D T. In such a case, despite the presence  of a tempera ture  gradient,  thermodiffusion in the turbulent 
center  can be neglected. The concentrat ions of the individual components of the mixture in the region of 
the turbulent center  can be taken as constant to a f i r s t  approximation; i.e., the concentrat ions at the bound- 
ary  of the laminar  sublayer  are  equal to their  values in the undisturbed s t ream:  

K (i)v=~, ----- K (i)0 

The p roces se s  of molecular  t ranspor t  are  established in the region of the laminar  sublayer  (for y <YO- 
The maximum tempera ture  gradients  occur  here, which leads to the development of thermodiffusion and a 
gradient  in the concentrat ions of the individual components of the mixture.  

In the fi lm theory the flow in the laminar  sublayer  is replaced by the Couette model  of flow on the 
assumption that the variat ion in pa r ame te r s  in the flow direct ion is negligibly smal l  compared  with their  
variat ion in the t r ansve r se  direction.  In this case it follows f rom the continuity equation that the t r ansve r se  
flow of mater ia l  is constant ac ross  the sublayer  c ro s s  section: 

j = pwv ---- const = ]w 

and if an impermeable  wall is considered,  j = 0 in the laminar  sublayer.  

F rom Eq. (1)(wri t ten with (2) in consideration,  at an impermeable  wall: 

O K  a K  (1 . .  0 In T (3) 
Oy - -  - -  ~ ) ' -O-T- 

it follows that in this case because of thermodiffusion in the laminar  sub!ayer  a concentrat ion gradient 
a r i ses  such that the  concentrat ion diffusion is balanced by the thermodiffusion. 

For  a small  change in concentrat ion due to thermodiffusion one can assume that a ~const  and, inte- 
grat ing Eq. (3) over  the thickness of the laminar  sublayer,  obtain 

K~ T, ! ,K K(4--K/- I (4)  

K T w 

Hence, with the condition that the concentrat ion of a component at the sublayer  boundary is equal to 
its value in the undisturbed cur ren t  K 1 = K  o, we get the equation 

Ko (t - -  K~) _ ( r w  ~ (5)  
K,~ (1 - -  K@ \ Tj. ] 

or an express ion for  the concentrat ion of the component at the wall: 
Kw ~ K0 

Ko ~ (t - -  Ko) (Tw ] T1) ~r (6)  
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To d e t e r m i n e  the  c o n c e n t r a t i o n  of  the  c o m p o n e n t s  a t  the  wa l l  i t  i s  n e c e s s a r y  to know the t e m p e r a t u r e  
T 1 at  the  b o u n d a r y  of the  v i s c o u s  s u b l a y e r .  As  shown in [4], f o r  the  f low of  a c o m p r e s s i b l e  gas  a t  a t h e r -  
m a l l y  i s o l a t e d  s u r f a c e  and fo r  hea t  e m i s s i o n  f r o m  the  wa l l  to the  gas ,  the  va lue  of the  u n i v e r s a l  c o o r d i n a t e  
~? 1 i s  c l o s e  to  i t s  va lue  in  an  i n c o m p r e s s i b l e  f luid;  i . e . ,  a t  the  b o u n d a r y  of the  l a m i n a r  s u b l a y e r  one c a n t a k e  

~1 = ~ h  = 11.6 o r  % = w / v *  = 1 1 . 6  (7) 

L e t  us  e x p r e s s  the  dynamic  v e l o c i t y  th rough  the c o e f f i c i e n t  of f r i c t i o n  at  the  wal l :  

It fo l lows  f r o m  Eqs .  (7) and (8) wi th  the  c o n d i t i o n  of s i m i l a r i t y  of the  v e l o c i t y  and t e m p e r a t u r e  p r o -  
f i l e s  tha t  

CO = Tw -- T-----~ -p- (9) 

The  r a t i o  of d e n s i t i e s  i s  d e t e r m i n e d  f r o m  the  equa t ion  of s t a t e  and  the  cond i t i on  of s i m i l a r i t y  of the  
t e m p e r a t u r e  and c o n c e n t r a t i o n  p r o f i l e s .  F r o m  the l a t t e r  r e l a t i o n  one can  d e t e r m i n e  the  t e m p e r a t u r e  T 1 at  
the  b o u n d a r y  of the  l a m i n a r  s u b l a y e r .  

L e t  us  e x a m i n e  the  cond i t i ons  u n d e r  which  the  e x p e r i m e n t s  on a g r a p h i t e  s u r f a c e  which  i s  b e i n g  
b u r n e d  out  [5, 6] w e r e  conduc ted :  

To ~ 290 ~ K, T~ ~ 2000 ~ K 

i0 5 ~ R~ ~ 3.t0~i c//2 = S t P ~  ~ ~ i . 2 . ]0  -3 

e f / 2 = ~ ' w / P o W o  2 i s  the  coe f f i c i en t  of f r i c t i o n ,  St=jc /P0w0b 1 i s  the  Stanton d i f fus ion  n u m b e r ,  R x = P o W o X / # o  i s  
the R e y n o l d s  n u m b e r  a long  the l eng th  of  the  s u r f a c e ,  and  S = # / p D 1 2  i s  the  Schmid t  n u m b e r .  

Solving Eq.  (9) r e l a t i v e  to the t e m p e r a t u r e  a t  the  b o u n d a r y  of the  l a m i n a r  s u b l a y e r  we f ind t h a t u n d e r  
t h e s e  cond i t i ons  

T1 ~- 840 ~ K, 01 z 0.68 

Now the c o n c e n t r a t i o n  of the  c o m p o n e n t s  of the gas  m i x t u r e  at  the wa l l  in  the  a b s e n c e  of c h e m i c a l  r e -  
a c t i o n s  and a t r a n s v e r s e  f low of m a t e r i a l  can  be d e t e r m i n e d  f r o m  Eq.  (6). C a l c u l a t i o n s  w e r e  conduc ted  
fo r  m i x t u r e s  of a i r  wi th  h e l i u m  and a i r  with a r g o n .  V a l u e s  of the t h e r m o d i f f u s i o n  c o n s t a n t  ~ a s  a func t ion  
of the  c o n c e n t r a t i o n  of  the c o m p o n e n t s  w e r e  c h o s e n  in a c c o r d a n c e  with  the da t a  of [2, 3]. 

The  r e s u l t s  of c a l c u l a t i o n s  of h e l i u m  and a r g o n  c o n c e n t r a t i o n s  at  the wa l l  a s  a func t ion  of t h e i r  con-  
c e n t r a t i o n  in  the  m a i n  c u r r e n t  and  t ak ing  t h e r m o d i f f u s i o n  into account  a r e  p r e s e n t e d  in F ig .  2. As  seen ,  
the  h e l i u m  c o n c e n t r a t i o n  (curve  1) can  be i n c r e a s e d  by  20-~5% at an i m p e r m e a b l e  wa l l  fo r  the  cond i t ions  
u n d e r  e x a m i n a t i o n .  The a r g o n  c o n c e n t r a t i o n  (curve  2) d e c r e a s e s ,  but  not  s i g n i f i c a n t l y  (by 2.5%). In the  
a b s e n c e  of the  t h e r m o d i f f u s i o n  e f fec t  the  c o n c e n t r a t i o n s  of the  c o m p o n e n t s  a t  the wa l l  and in  the  m a i n  c u r -  
r e n t  a r e  the s a m e  (dashed s t r a i g h t  l i ne ) .  

In an  a n a l y s i s  of the e f fec t  of t h e r m o d i f f u s i o n  and d i f fus ion  t h e r m o e f f e c t  on hea t  exchange  at  a p o r o u s  
wa l l  in [3, 7] i t  i s  r e c o m m e n d e d  tha t  t h e s e  e f f e c t s  be  t a k e n  into  account  in d e t e r m i n i n g  the  e q u i l i b r i u m t e m -  
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p e r a t u r e  of the wal l .  Here  the heat  e m i s s i o n  coeff ic ient  is conse rva t ive  with r e s pe c t  to the thermodif fus ion  
effect .  An analogous model  was used  by the authors  in [5] to analyze  the eff ic iency of a gas s c r e e n  a t a s u r -  
face which is  being burned out. It was shown that  the laws of t he r m a l  m a s s  exchange r e m a i n  conse rva t ive  
if  the ca lcu la t ions  a r e  made with r e s p e c t  to the "equ i l ib r ium"  concent ra t ion  of the components  at the wall 
(with r e s p e c t  to the oxidant concent ra t ion  de t e rmined  on the assumpt ion  of a gas s c r e e n  with the absence 
of chemica l  r eac t ions  at the sur face) .  In th is  case  the in tens i ty  of burn-ou t  of a graphi te  wall  was d e t e r -  
mined f rom the following equation: 

Jc = p 0w0St*bl * (10) 

Here St* is  the Stanton diffusion number .  In the case  where the r eac t ion  C + O - - C O  occurs  at the 
su r face  the p e r m e a b i l i t y  p a r a m e t e r  is  de t e rmined  by the equation 

b,* = 3 / , K  (OL* (11) 

where  K(O)w* is the oxygen concent ra t ion  at the wall  under  the condit ions examined in the absence  of chem-  
ica l  r eac t i ons .  

Thus, if the laws  of t h e r m a l  m a s s  exchange r e m a i n  conse rva t ive  with r e s p e c t  to thermodiffus ion,  the 
effect  of thermodi f fus ion  on the burn-ou t  in tens i ty  will  only show up through the p e r m e a b i l i t y  p a r a m e t e r b l * .  

The r e s u l t s  of ca lcu la t ions  of the p e r m e a b i l i t y  p a r a m e t e r  f rom Eqs. (6) and (11) for  the burn-ou t  of 
g raphi te  in m i x t u r e s  of a i r  with hel ium (curve 1) o r  with argon (curve 2) a r e  p r e sen t ed  in Fig.  3 as a func- 
t ion of the a rgon  o r  he l ium concent ra t ion  in the cu r r en t .  The dashed l ine r e p r e s e n t s  a ca lcu la t ion  without 
taking thermodi f fus ion  into account.  As seen,  in a mix ture  of a i r  with hel ium the thermodi f fus ion  effect  is  
cons ide rab ly  s t r o n g e r  than in a mix tu re  of a i r  with argon.  Here in the f i r s t  ca se  thermodif fus ion  leads  to 
a reduc t ion  in the burn-ou t  i n t ens i ty  [by 30% for  K (He) 0 ~0.6] ,  while in the second case  it l eads  to an ins ig-  
ni f icant  increase [by 2.5% for K (Ar)0 ~ 0.6] o 

In the experimental arrangement which was described in [5] test data were obtained on the burn-out 
of PG-50 graphite in a current of various gas mixtures. The burn-out intensity was studied in a current 
of air  diluted by nitrogen (uniform boundary layer) and in mixtures of air  with helium and with argon. The 
mass flow of the gas mixture in the tests was P0W0~100 kg/m2- see, the temperature of the gas currentwas 
T o ~290~ and the temperature of the graphite wall was T w = 1880-2025~ 

The results of these experiments, analyzed without considering the thermodiffusion effect, are pre- 
sented in Fig. 4. In this case the experimental value of the Stanton number was determined from (10) while 
the permeability parameter was determined from the oxygen concentration in the main current: 

St = ]c / p o w o b l ,  bz = 3 /4K (0)0 (12) 

As seen,  the t e s t  r e s u l t s  in mix tu re s  of a i r  with n i t rogen  K (N) 0= 0.77-0.874 (points 1) and in mix tu re s  
of a i r  with a rgon  K (Ar)0=0.31-0.56 (points 2) p r a c t i c a l l y  coincide apa r t  f rom the dependence on the con-  
cen t ra t ion  of components  in the main  c u r r e n t .  The t e s t  data obtained on the mix tu re s  of a i r  with hel ium 
a re  s t r a t i f i e d  as  a function of the hel ium concen t ra t ion  in the main  c u r r e n t  and a re  d i s t r ibu ted  lower  (by 
40%). The des igna t ions  of the points  in Fig .  4 c o r r e s p o n d  to the following hel ium concen t ra t ions  in the 
main  cur ren t :  points  3: 6.2%, 4: 13~ 5: 35%. 

The s ame  t e s t  data ana lyzed  with the effect  of thermodi f fus ion  taken into account a r e  p r e s e n t e d  in 
Fig.  5. In this  case  the expe r imen ta l  value of the Stanton number  was de te rmined  f rom the equation 

St* = ]c / p owobl  * 
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where b~* was found f rom Eq. (11) with allowance for the effect of thermodiffusion on the oxygen concentra-  
tion K (O)w* at the wall in the absence of chemical  react ions (Fig. 3). The tes t  data are  compared withthe 
dependence [5] 

St = 0.029R;~ (~t w / ~o) o.~ (13) 

with the condition that P ~S = 0.71. Here xI, = (St /St0)R, ,  is the relative law of thermal  mass  exchange, taking 
into account the nonisothermal effect and t r ansve r se  flow of mater ia l  at the wall, and Pw and P0 are  the 
gas viscosi ty at the wall and in the main current .  

It must  be kept in mind that in the case of such a heterogeneous mixture in addition to thermodiffusion 
a change in the Schmidt number  S as a function of the concentrat ion of the components can be important.  
The dependence of the Schmidt number  on the ratio of the molecular  weights of the diffusing gas M 1 to the 
molecular  weight of the medium M 2 is presented in Fig. 6. The values of S were determined f rom the co-  
efficients of binary diffusion presented in [8-10]. As seen, the available data cor re la te  sat isfactor i ly  in 
this simple form, and one can use an exponential dependence (for 0.05<MI/M2< 5) in a f i rs t  approximation 
to determine the S number: 

S ~ 0.76 (M1 / M2) ~ (14) 

In determining the permeabil i ty  pa rame te r  bl* at a graphite surface which is being burned out, dif-  
fusion equations for  oxygen and carbon [5] are  examined in which the coefficients of diffusion of oxygen and 
carbon monoxide in the gas mixture are  involved. In determining the S number the multicomponent mix-  
ture will be considered as a cer ta in  binary mixture,  where oxygen O z (or CO) diffuses in a mixture having 
a molecular  weight M 2. 

The resul ts  of experiments on the intensity of graphite burn-out  in mixtures  of a i r  with nitrogen, a r -  
gon, and helium, constructed with thermodiffusion and the S number taken into account, a re  presented in 
Fig. 7. The designations of the test  points are  the same as in Fig. 4. 

In this analysis the experimental  data obtained in a heterogeneous boundary layer  (mixture of a i rwi th  
argon and helium) cor re la te  sat isfactor i ly  with the resul ts  of experiments  in a uniform boundary layer  (mix- 
ture of a i r  with nitrogen) and are descr ibed by Eq. (13). 

For  the experimental  conditions used the maximum effect of thermodiffusion on the burn-out  inten- 
sity did not exceed 20%. However, for  other ratios of components and under more  nonisothermal  conditions 
the thermodiffusion effect can be more  important.  
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