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The concept  of a cont ro l lable  t he rmopro t ec t i ve  coating as a s t ruc tu ra l  e l ement  under 
dynamic  equi l ibr ium is analyzed and d i scussed .  Genera l  conditions (applicable to any 
m e c h a n i s m  of heat  and m a s s  t r ans fe r )  of s tabi l izat ion a r e  es tabl ished.  Examples  a r e  con-  
s ide red  involving cer ta in  m e c h a n i s m s  of heat  and mass  t r a n s f e r .  Tes t  r e su l t s  a r e  a lso  
shown. 

The deisgn of s t r u c t u r e s  for  long opera t ion under exposure  to h i g h - t e m p e r a t u r e ,  h igh-veloc i ty ,  
dusty,  and c h e m i c a l l y a g g r e s s i v e g a s e s  is made difficult  on the one ha~nd by the inadequate s tab i l i ty  of 
engineer ing ma te r i a l s  and, e spec ia l ly ,  of those  used for  p ro tec t ive  coatings [1] and on the other  hand 
the high s tabi l i ty  of p rec ip i t a t e s  for  the r e m o v a l  of which no effect ive method has been developed yet  [2]. 
The crux  of the ma t t e r  is that  s tab i l i ty  of a ma te r i a l  is ensured  only by a s t rong haterl inkage between 
its pa r t i c l e s  and that,  consequently,  the i r  breakdown is i r r e v e r s i b l e ,  while the breakdown of a p rec ip i t a te  
is a r e v e r s i b l e  p r o c e s s  and its l a y e r s  a r e  mainta ined mainly  by r ep len i shment  f r o m  the ambient  a t m o -  

sphe re .  

The g i s t  of the p roposed  compos i te  solution to the p rob lem is that  phys ica l  p r o c e s s e s  which lead 
to the format ion  of depos i t s ,  and which a r e  different  f r o m  the main opera t ing  p r o c e s s ,  be guidedly used 
for  producing control lable  s tabi l ized  t h e r m o p r o t e c t i v e  coatings under dynamic equi l ibr ium [3]. The th ick-  
n e s s  of such coat ings 6 is maintained within a given range  of values  by vary ing  the d i rec t ion  (the sign) 
of the r e su l t an t  m a s s  cu r r en t  j, which is coupled through negat ive  feedback to the deviation of the coating 
th ickness  f r o m  its design value 6 d in accordance  with the following control  r e la t ions :  

] f > O w h e n 6 < 6  d,  (1) 
t --2 0 when r ~> 6 d , 

o r  

] (6  d = 0, 

d! < 0  
d6 

(2) 

(3) 

The resu l t an t  mass  cu r ren t  j is a function of the p a r a m e t e r s  of the ambient  medium z i (i = 1, 2, 
. . . .  n) and of the t e m p e r a t u r e  of the outside coating su r face  Tc,  which in turn depends on the conditions 
of heat  t r a n s f e r  and on the coat ing thickness  6. D i s rega rd ing  the heat  capaci ty  of the coating and the t h e r -  
mal  flux along its su r face ,  we obtain the following s y s t e m  of equations of s imul taneous  heat  and m a s s  
t r a n s f e r :  

- ] (4) 
dt p 

] = ] (Tc, z~), (5) 
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q(T c, zi, j ) =  ~ ( T  c - T  b~. (6) 

The th ickness  ~i, which may  be s t ipula ted in t e r m s  of design values ,  and the poss ib le  means  of m a i n -  
taining it a r e  de te rmined  by the f o r m  of the solution to s y s t e m  (4)-(6). On this bas i s ,  t he re  a r e  two p o s -  
s ib i l i t ies :  when 

d] ~ 0, (7) 
d5 

and the spec ia l  case  when 

d1 : 0. (s) 
d~ 

In the genera l  case  (7), s y s t e m  (4)-(6) is a c losed one and has a solution in the f o r m  of ftmctions 6 
= 6(t, zi) , T c = T c ( 6 ,  zi) , j = j(/}, zi). If j(5, zi) is continuous in 6 and has the roo t  5e(Zi) in this va r iab le ,  
then with the initial condition 

6t=o = 6o ~ 6 e (9) 

s y s t e m  (4)-(6) has  the following solution: 

5 : l 5(/' z ~ ) ~ ' e  at t ~ . l  e, (10) 
[5 e at t ~ l t  e, 

] =  / ] ( 6 ,  z , ) ~ 0  at t < t  e, 
(11) 

(0 a t t .:~- t e, 

T c ----- T c (5, zi). (12) 

It  follows f rom s y s t e m  (10)-(12) that  only 5 e can be the design value 6 d. The control  of a coating in this 
case  cons is t s  in se lec t ing  the values  of  p a r a m e t e r s  z i of  the main p r o c e s s  which will ensure  the des i rab le  
th ickness  5 e (operat ional  regulat ion) and a lso  in affect ing 6 e by a p rope r  var ia t ion of p a r a m e t e r s  z i ( com-  
bined ope ra t i ona l - fo r ced  regulat ion).  

In the spec ia l  c a s e / 8 ) ,  s y s t e m / 4 ) - ( 6 )  is not a c losed one and conditions (1)-(3) - if r ea l i zab le  - a r e  
sa t i s f ied  at  any des i r ed  value of 6 d. It  is suff ic ient  he re  that  for a ce r ta in  z k the following be valid: 

](zh ) { > 0  wh_en Zh~qb , 
<:~ 0 when z~ ~ lit. (13) 

Then the given value of 5 d is forc ib ly  maintained by acting on j through var ia t ion  of the p a r a m e t e r  Zk, 
which is coupled to the deviation of 5 f rom 6 d through negat ive  feedback.  

Without de t rac t ing  f r o m  the gene ra l i ty  of the r e s u l t s ,  we will l imi t  this ana lys i s  to the case  of con-  
vect ion with a constant  coeff icient  of heat  t r a n s f e r  ir~ the gas  a .  The t h e r m a l  flux is then 

q = cr ( r  s - -  T ), (14) 

which,  a f t e r  inser t ion into (6), r educes  s y s t e m  (4)-(6) to the following d imens ion less  form:  

dBi I, (15) 
dz 

I = I (o, z~), (16) 

O = (1 -}- Bi) -1. (17) 

Rela t ions  (7)-(13) cove r  the d imens ion les s  exp re s s ions  for the bas i c  quanti t ies-  the coating thickness  (Bi 
= 6 a / X ) ,  the t e m p e r a t u r e  d i f fe rence  [| = ( T s - T c ) / ( T s - T b ) ] ,  the m a s s  cu r r en t  (I = J / J cha r ) ,  and t ime  

(~ _- t~ Jcha r /P~) .  

We will now cons ider  a few examples  per ta in ing  to ce r ta in  speci f ic  mechan i sms  of mass  t r a n s f e r .  

Example  I .  When liquid ae roso l  p rec ip i t a t e s  and ,solidifies on  a b a r r i e r  which in this ease  is a blade 
of a cooled gas tu rb ine ,  then the loca l  m a s s  c u r r en t  due to iner t ia  of pa r t i c l e s  [4] and t h e r m o p h o r e s i s  [5] 
can be desc r ibed  by the equation: 
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Fig. 1. Dimens ionless  dynamic  c h a r a c t e r i s t i c s  of a control lable  t h e r -  
re|  coat ing with a mel ted su r face  at | = 1: a) | ~); b) Bi(b, 
�9 ); 1) with b = 0; 2) 1.; 3) 100; 4) l imi t ing value at O = | 

Fig. 2. Heat  t r a n s f e r  and equi l ibr ium thickness  prof i le  of a cont ro l lable  
coating around the p e r i m e t e r  of a cooled ga s - t u rb ine  blade: 1) d i ag ram 
of the h e a t - t r a n s f e r  coeff icient  a ; 2) outer  boundary  of control lable  
coating; 3) contact  boundary  between coating and blade; 4) the s ame  for  
an e ros ion - r egu la t ed  coating on the front  edge sur face ;  5) x -coord ina te  
on the p rof i l e  p e r i m e t e r .  

] = B (z~, x) + A (zi) (T  s - -  Tc ~. (is) 

L etting 

we have 

!~h~= A (zO (7s - 7 b.), 

I = b (zi, x) + O, 

and inser t ing  this into s y s t e m  (15)-(17) toge ther  with the initial condition 

0~=o = @o > O m  > 0 

yields  the following p a r a m e t r i c  solution to the sys t em:  

z + %  =[ (b ,  O ) = [ ( b O )  - x [ 1 - b  -~@ln(@-lb+ 1)] 
[0,5 0 -2 

�9 o =f(b, 0o), 

Bi = 0 -~ (1 - -  0 ) ,  

l = b + O ,  

for b=~0, 
for b = 0 ,  

( 1 8 ' )  

(19) 

(20) 

shown graph ica l ly  in Fig. 1. 

According to the g raphs  and a lso  accord ing  to the original  equation (18'), this  m e c h a n i s m  of mass  
t r a n s f e r  with I > 0 makes  the coating 6 i nc rea se  and the t e m p e r a t u r e  d i f ference  | d ec r ea se  continuously.  
As a r e su l t ,  however ,  the t e m p e r a t u r e  d i f fe rence  r eaches  a value |  at  some  t ime  v = T m which c o r r e -  
sponds to Bi = Bi m and I = Im. After  that ,  the or iginal  m e c h a n i s m  of m a s s  t r a n s f e r  becomes  augmented  
by a drain  of the liquid fi lm. The m a s s  c u r r e n t  a c r o s s  eve ry  blade sect ion no rma l  to the flow of the liquid 
f i l m /  is then desc r ibed  by the function in [6] (at a constant  v i scos i ty  of the me l t  ~L): 
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It  is evident in (21) that  the negat ive  t e r m  inc reases  fas t  (propor t ional ly  to the second o r  the th i rd  
power) as the th ickness  of the liquid f i lm i n c r e a s e s ,  while the pos i t ive  t e r m  rema ins  a lmos t  constant  and 
even d e c r e a s e s  s l ight ly  when B = 0, because  the t e m p e r a t u r e  T c r i s e s .  T h e r e f o r e ,  for  eve ry  sect ion 
n o r m a l  to the flow of molten f i lm the function JL has a root  6~. It  is a lso  quite evident that  d JL /d6  L < 0 

fo r  e v e r y  6 L and thus a lso  fo r  6_ e Dis rega rd ing ,  to the f i r s t  approximat ion ,  the t h e r m a l  r e s i s t a n c e  of 
L" 

the molten f i lm,  we obtain the loca l  p a r a m e t e r  values  for a t he rmopro t ec t i ve  coating under equi l ibr ium 
conditions: 

Sim = @m I (1 - -  Ore) , (22) 

6m = Bim - - - "  (22') 
{Z 

The prof i le  (22') is r ea l i zed  when a blade is made accord ing  to a d i a g r a m  with a a l r eady  calculated [7], 
while the outside coating su r f ace  dupl icates  the theore t i ca l  contour (Fig. 2). Such an equi l ibr ium d i s t r i -  
bution was obtained by the authors  for  a cooled conical  d i f fuser  exposed to s t r e a m s  of benzene combust ion 
products  with contaminat ing dust  (T s = 1790~ T m = 1713~ |  = 0.05, Mou t ~- 1). 

Example  2. The prec ip i ta t ion  m e c h a n i s m  is diffusive between vapor  and the flowing liquid m a s s ,  
based  on the analogy between hea t  and m a s s  t r a n s f e r  and the Arrhenius  law [9]: 

I = exp ( ~  • Bi~lt~ ~ exp (--  • Bi-1), 

/char = ~ PB exp (-- ~) = 
m G  " ~ r  o 

• = E (RTs)-1, 

/ ' s~t( :rs) ,  
(23) 

which toge ther  with s y s t e m  (15)-(17) and the initial condition 

Bi~=0 = Bi 0 

yields  the p a r a m e t r i c  solution 

Bi 

= .1" [exp ( - -  • Bi~a~t) - -  exp (--  • 
Bio 

0 = (1 + Bi) -~. 
(24) 

As in the p rev ious  example ,  Bi and | r e ach  the i r  equi l ibr ium values  Bide w and @dew at  t ime rde  w 
but,  unlike the re ,  I(Bide w) = 0 with the s tab i l i ty  of  a coating ensured  within the ef fec t iveness  of the given 
deposit ion mechan i sm.  The p reced ing  d iscuss ion  per ta in ing  to the molten f i lm thickness  6 m applies  a lso  
to the equi l ibr ium fi lm thickness  6de w . 

Example  3. Solid a e ro s o l  p rec ip i t a t e s  and the excess  l a y e r  is e roded by the iner t ia  mechan i sm a c -  
cording to the following re la t ion  fo r  the mass  c u r r e n t  [10, 11]: 

] = M (z. x) (1 - -  ~) - -  N (z~, x) ~. (25) 

The subsequent ly  act ing m e c h a n i s m  appl ies  to the ca se  (8) with the concentra t ion of a b r a s i v e  p a r -  
t i c les  w as the regula t ing p a r a m e t e r  z k (the a b r a s i v e n e s s  of pa r t i c l e s  inc reases  with the s ize  of pa r t i c l e s ,  
o ther  conditions r ema in ing  unchanged). Sets �9 and �9 a r e  defined by the inequali t ies:  

M 
z~ > - - ,  (26) 

M §  
for  4~ and 

M 
z~<= M q - N  

for  
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By such a mechan i sm the p ro tec t ive  f i lm f o r m s  only on the front  edge su r f ace  [4], while the remain ing  
su r f ace  mus t  acqui re  protec t ion  by another  mechan i sm as ,  for  example ,  one of the ea r l i e r  mentioned 
ones.  In such a combination the coating on the front  ,edge does not depend on a : it has  no min imum th ick-  
ne s s  de te rmined  by the m a x i m u m  a but, instead,  can have any des i r ed  th ickness  (Fig. 2). 

The l i s t  of examples  can be expanded and, obviously,  will cover  a wider  range  as r e s e a r c h  on this 
subjec t  continues.  Thus,  the re  appea r  many  poss ib i l i t i e s  for  producing cont ro l lable  t he rmopro t ec t i ve  
coat ings .  The genera l  p r inc ip le  of thei r  appl icat ion is that  the control  p r o c e s s  must  be o rgan ica l ly  t ied in 
with the main opera t ing p r o c e s s  of  the p ro tec ted  object .  

5 
p 
t 

T s 
Tc 
T b 
q 
OZ 

J, Jchar  
A 

B 
PB, E,  R 

Psat 
~3, T G 

M 

N 

t 

z i 
4,, ~P 
X 

l is the 
is the 
is the 

f, ~ , d P  G / d l  is the 
body; 

I = J / J e h a r  is the 
| = ( T s - T c ) / ( T s - T  b) is the 
Bi = 5~ /X  is the 
~- = t ~ J c h a r / P k  is the 
Mou t is the 

N O T A T I O N  

Ls the th ickness  of coating; 
Ls the densi ty  of coating; 
Ls the t h e r m a l  conduct ivi ty of coating; 
LS the stagnation t e m p e r a t u r e  of gas  s t r e a m ;  
LS the su r face  t e m p e r a t u r e  of coating; 
Ls the su r f ace  t e m p e r a t u r e  of base  ma te r i a l  under coating; 
m the t h e r m a l  flux density;  
,s the h e a t - t r a n s f e r  coefficient;  
a r e  the r e su l t an t  m a s s  cu r r en t  and its c h a r a c t e r i s t i c  value; 
is the p ropor t iona l i ty  fac tor  between t e m p e r a t u r e  d i f fe rence  and m a s s  cu r ren t  
due to t h e r m o p h o r e s i s ;  
is the m a s s  c u r r e n t  due to inert ial  col l is ions of p a r t i c l e s  against  b a r r i e r ;  
a r e  the base  p r e s s u r e ,  act ivat ion energy ,  and gas constant  of the sub l imate ,  
in the Ar rhen ius  equation; 
is the pa r t i a l  p r e s s u r e  of sa tu ra ted  vapor  at a given t e m p e r a t u r e ;  
a r e  the m a s s - t r a n s f e r  coefficient  and c h a r a c t e r i s t i c  t e m p e r a t u r e  at  which it 
is de termined;  
is the f rac t ion  of ab r a s ive  pa r t i c l e s  in the sol id phase  of  the opera t ing  body; 
is the p ropor t iona l i ty  fac tor  between f rac t ion  of nonabras ive  pa r t i c l e s  in solid 
phase  of working body and m a s s  flow to sur face ;  
is the p ropor t iona l i ty  fac tor  between f rac t ion  of a b r a s i v e  pa r t i c l e s  and the m a s s  
eroded f rom the sur face ;  
is the time~ 
is the i - th  p a r a m e t e r  of the two-phase  s t r e a m ;  
a r e  the se ts  of p a r a m e t e r  z k values;  
is the coordinate  in the m a i n s t r e a m  direct ion;  

coordinate  in the di rect ion of f i lm flow; 
integrat ion var iab le ;  
dynamic  viscosi ty ;  
f r ic t ional  s t r e s s ,  m a s s  fo rce ,  and p r e s s u r e  g rad ien t  along opera t ing  

d imens ion less  mass  cur ren t ;  
d imens  ionles s t e m p e r a t u r e  di f ference;  
d imens ion less  coat ing th ickness ,  Biot number ;  
d imens ion less  t ime;  
Maeh n u m b e r  at exit  f r o m  the t e s t  nozzle .  

S u b s c r i p t s  

e denotes the conditions of dynamic  equi l ibr ium between coating and opera t ing body (base m a -  
ter ia l ) ;  

m denotes the conditions when the outside coat ing su r f ace  is at the melt ing t empe ra tu r e ;  
sa t  denotes the s a tu ra t ed  vapor;  
dew denotes the conditions when the outside coating su r f ace  is at the dew-point  t e m p e r a t u r e  of 

the vaporous  prec ip i ta t ing  admixture ;  
L denotes the liquid f i lm of mol ten coating; 
char  denotes  the c h a r a c t e r i s t i c  value.  
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