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The p rob l em  of t h e r m a l  protect ion is formula ted  exact ly and solved for  objects  covered  with 
a f i lm of liquid coolant.  The r e su l t s  of calculat ions a re  shown for an axial ly s y m m e t r i c a l  
object  in a s t r e a m  of oxygen. 

Formula t ion  of the P rob lem.  During the aerodynamic  heatup of an object  flying at supersonic  speed, 
a liquid f i lm may be fo rmed  on its surface ei ther  natural ly  (surface melting) or  by ar t i f ic ia l  means (if a 
liquid coolant is supplied). The r e su l t  is a two- laye r  flow: the outer  layer  cons is t s  of the oncoming gas 
and liquid vapors ;  the i n n e r l a y e r  is a thin liquid f i lm. 

Such phenomena have been studied in [1-3]. In these  r e f e r e n c e s ,  however ,  the f i lm flow was t r ea t ed  
sepa ra te ly  f r o m  the gas flow, the fr ic t ion s t r e s s  at the g a s - l i q u i d  boundary was de te rmined  f rom the s t r e a m  
pa t t e rn  around the solid object ,  the effect of evaporat ion on the heat  diss ipat ion was cons idered  app rox ima te -  
ly only, the iner t ia  t e r m s  in the equation of f i lm flow were  d is regarded ,  etc.  

Although s impl i f ica t ions  a re  ent i re ly  justif ied in s eve ra l  cases ,  it is worthwhile to calculate  the l iq- 
uid layer  and the gas layer  exact ly,  taking into account  the in teract ion between them.  

With these  considera t ions  in mind the authors  have in [4] analyzed the p rob lem of sur face  melt ing 
for the case  of an axial ly s y m m e t r i c a l  v i t reous  object  flying at a high speed. Only one assumpt ion  was 
made there ,  namely ,  that sur face  melting and wear  did not change the basic  shape of the object.  This  holds 
t rue  when the supply of liquid coolant is dis t r ibuted over  the sur face ,  and this case  will be studied here .  
The flow ra te  of the coolant will here  be an independent p a r a m e t e r ,  unlike in [4], where  it was de te rmined  
uniquely by the s t r e a m  conditions. Due to pecul ia r  the rmophys ica l  p rope r t i e s  of the v i t reous  ma te r i a l ,  f u r -  
t h e r m o r e ,  the th ickness  of the liquid layer  is fo rmal ly  infinite but in this case  p r e c i s e l y  defined. 

The equations given he re  subsequently desc r ibe  the flow both in the gas  and in the liquid layer  around 
an i m m e r s e d  object  near  the c r i t i ca l  point. The or igin of the coordinate  no rma l  to the object  sur face  l ies 
onthe g a s - l i q u i d  boundary and the posi t ive d i rec t ion is into the gas.  

Th~ Equations.  The flow of a gas near  the c r i t i ca l  point is descr ibed  by the equations of a supersonic  
boundary layer  in the Liz-Dorodni t syn  va r i ab les  [5-7]: 

the flow equation 

(/h~)~ + 11~ + ~ -  

the energy  equation 

( 
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Fig. 1 

the equations of diffusion r e f e r r e d  to the components 

((1)a)), - - / c ~ x  : 0 (c~ = 1, 2 . . .  ]~) I ; 

the equation of state 

P =p--~-  T 

The equations of diffusion and the energy equation are  written here for 
a so-cal led frozen flow in the boundary layer .  

The diffusion currents  of all components are  related to their  concent ra-  
tions as follows [8]: 

(. .) 

The following dimensionless functions have been introduced here: 

(:I) a l ap  c p m 

~np0110 R 

Ok rpue T 

' ~lopo ' T ,  

with m denoting the molecular  weight of any one a rb i t ra r i ly  chosen component,  I a the diffusion cur ren t  of 
component ~ in the gas mixture,  C~j the mass concentration of component ~ r e f e r r e d  to its molecular  weight, 
and Lcv fi the general ized Lewis coefficients; all other designations are  the conventional ones.  

The flow of liquid in the film is described by the equations of an incompressible  boundary layer,  where 
the viscosi ty  can be highly tempera ture  dependent. For  this reason,  t ransformat ions  analogous to the Liz-  
Dorodnitsyn t ransformat ions  were applied to the liquid layer  as well. Unlike in the gas layer,  where the 
pa ramete r s  are  r e f e r r e d  to values at its outer boundary, the new variables  here are  r e f e r r e d  to values at 
the ga s - l i qu id  boundary: 

ru0  v = ~ p• ~ = p~l.Uor2ds 
0 

where subscript  >r r e f e r s  to proper t ies  of the liquid layer.  

The equations for the liquid layer  become now: 

the flow equation 

+ (  P~ t - -%~)=0;  (I) 

the energy equation 

k. t / 

The Boundary Conditions. The usual conditions apply to the outer boundary of the  gas layer  (X ~ ~) 
determined by the outer s t ream around the object. At the l iqu id-so l id  boundary one may equate to zero 
the longitudinal component of velocity and the tempera ture .  

The conditions at the g a s - l i q u i d  boundary require  a more  careful  consideration.  

Some of the conditions here  follow from the continuity of flow var iables :  t empera ture ,  tangential 
velocity, frictional s t ress ,  and t r ansve r se  flow of mass and energy.  The conditions for the concentrat ions 
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of the individual components follow from the law of conservation, with no chemical  react ions assumed to be 
occurr ing  at the boundary. 

When the liquid evaporates ,  fur thermore ,  the equation of evaporation kinetics must be given. Thus, 
when the boiling point is reached (at a given pressure) ,  evaporation will be determined by the thermal  flux 
f rom the gas layer .  

When supplying a liquid coolant, one usually specifies the flow rate  and determines  the corresponding 
film thickness,  for which an additional condition is required.  In order  to manage without this condition in 
our analysis ,  both the thickness of the liquid layer and the flow ra te  will be given here.  

With all these considerat ions the boundary conditions in Liz-Dorodnitsyn variables  become: 

at the outer boundary of the gas layer  (~ ~ co) 

t = t ,  I x = l ,  c~*=c:, (c~=1,2 .... p) ; 

at the inner boundary of the film (v = 5) 

~p~ = O, t = T , / T  e . 

Here Tv is the t empera tu re  at the solid wall and 5 is the thickness of the liquid film. 

At the g a s - f i l m  boundary (continuity of tangential velocit ies,  of shear s t r e sses ,  of t empera tu res ,  and 
of t r a n s v e r s e  mass  flow) 

u ~ u x ,  t ~ t •  

Pn 

0 Pr ~ = 

where L is the heat of evaporation Of the liquid coolant. 

The condition which follows from the definition of Sv = u/u0 is 

and the conditions for the concentrat ions are  

c ~ * !  = (I)= (r = i ,  2 . . . .  ~ - -  ~) 

c~*= ~ - ~  + ~ (~=p--8+i . . .~ )  

where ~ is the number of components entering the gaseous phase during evaporation. 

The condition u : u~t has been used in the derivation of Eq. (1) for eliminating the unknown velocity u 0. 

Method of Calculation. The system of equations obtained here has been solved by the method of finite 
differences.  The equations were written down in the difference form and then solved by the successive ap- 
proximations.  
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A linear concentration and tempera ture  profile with a quadratic flow function was taken as the zeroth  
approximation. 

The sys tem of difference equations was solved by the method of i terations,  and then with the aid of 
the boundary conditions the next approximation was found for the boundary value. 

Oscillations of the solution were avoided by means of the damping technique proposed in [6]. 

Results  of Calculations and Discussion. For  i l lustration we consider  a solid object immersed  in a 
s t ream of oxygen with water as the coolant. 

Under the assumption that freezing will occur  but no react ion between the coolant vapor and the oxy- 
gen, the gas layer consists  of three components: O, H20 , and 02 (i.e., ~ = 3 and e-- 1). 

The coolant is supplied in such a way that the liquid appearing on the surface of the solid object is at 
its boiling tempera ture .  Consequently, the tempera ture  gradient ac ros s  the film may be assumed equal to 
zero. 

Underhea%ed water is not adequate for thermal protection because, as calculations have shown, the 

film flows off before evaporation becomes effective. 

All calculations were performed for a sphere with a 1 m radius and with Ues = 2200 sec -I, at a pres- 

sure Pe = Iatm abs.,T v =373~ and T e = 6500~ The thermodynamic characteristics were taken from [9, 

10]. 

The film thickness 5, var ied f rom 0.01 to 2.0 (in Liz-Dorodnitsyn variables) ,  was the controlling pa-  
r ame te r .  

The relat ion between the dimensionless variable v and the normal  in coordinates n is given as 

1~ = 2 U e s / X  0 'Y . 

The method could be used in a se r ies  of calculations for severa l  th icknesses .  The resul t s  have shown 
that varying the film thickness has little effect on the gas- layer  charac te r i s t i c s  but largely determines  the 
relat ive ra te  of evaporation. 

In t e rms  of effectiveness,  such a variant  of thermal  protect ion is preferable ,  since it allows one to 
utilize the effective heat capacity of the coolant to the fullest extent. 

The typical  distributions shown in Fig. 1 r epresen t  the dimensionless  flow function for the gas (curve 
1) and for the liquid film (curve 2), the r e f e r r ed  tempera ture  of the gas (curve 3), the concentrat ions of 
components in the gaseous boundary layer  (c~ curve 4, c% ~ 10 -2 curve 5, and c~i20 curve 6), and the re -  

f e r red  tempera ture  of the liquid filr~ ~ (curve 7): The discontinuity between the flow functions for the gas and 
the liquid is due to the fact that each is r e fe r r ed  to a different charac te r i s t i c  quantity. 

In Fig. 2 we show how the thickness of the liquid film depends on the flow ra te  of the coolant. The 
subscript  w re fe r s  to the l iqu id-so l id  boundary. It is evident here that, when 5 ~ 0, the flow ra te  tends 
toward a finite value. In this ext reme case the entire supply of coolant evaporates,  and no liquid film exists .  
This is c lear ly  indicated in Fig. 3, where the relat ive fraction of evaporating coolant is plotted on a curve.  
As 6 ~  0, this fraction reaches  100%. 
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