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We obtain a limiting relat ive law for heat and mass  t ranspor t  when there is a gas screen in 
a turbulent boundary layer ,  which makes it possible to take into account the effect of non-  
i so thermal  flow on the turbulent heat and mass  t ranspor t  beyond the region where the 
foreign gas is injected. The theoret icel  resul ts  are  compared  with experimental  data on the 
intensity of burn-up of a graphite surface  in an air  flow when helium is injected through a 
tangential sli t .  The experimental  data were  obtained from the diffusion region of the burn-up.  

Most of the investigations on a gas screen were ca r r i ed  out in conditions in which the physical p rope r -  
ties of the gas flow were  constant .  They are  basical ly concerned with determining the effectiveness of the 
boundary cooling of the adiabatic wall (the determination of the tempera ture  Tw* and the concentration Kw* 
on the adiabatic par t  of the wall). 

It was assumed that heat and mass  t ranspor t  under nonadiabatic conditions (density of the t he rma l  
flux at the wall qw ~ 0) can be calculated by the usual methods if as the typical t empera tu re  drop tile di f fer-  
ence between the wall t empera tu re  and the t empera tu re  of the adiabatic wall, T w - Tw* under the given 
conditions was used.  

It was shown in [1-5] that this assumption is valid for a gas flow with constant physical  proper t ies .  
In a nonhomogeneous boundary layer  the complete enthalpy of the gas should be used instead of the t em-  
pera ture .  

For  investigations of a turbulent boundary layer  with var iable  physical proper t ies ,  s imi lar i ty  condi-  
tions for the velocity and tempera tu re  (complete enthalpy) profi les are  commonly used to determine the 
density distribution through the thickness .  It was shown in [5] that when there is a gas sc reen  the ~'~imilarity 
condition holds if the enthalpy (temperature) profiles are  const ructed with respec t  to their  "equilibrium" 
values (i.e., with r e spec t  to their  values at the point of the boundary layer  under considerat ion when there 
is a screen  at the adiabatic wall): 

h - -  h *  
% _ h----~ = t - ~ (1) 

Here w = Wx/W0, w x is the velocity in the boundary layer ,  w 0 is the velocity of the basic flow, h is the 
gas enthalpy, h w and hw* are the gas enthalpy at the wall with (qw • 0) and without (qw = 0) heat t rans fe r ,  
h* is the gas enthalpy at the point of the boundary layer  under considerat ion when there  is a gas screen  at 
the adiabatic wall (qw = 0). 

It is assumed that the x axis is d i rec ted  along the wall and that the y axis is perpendicular  to, it. The 
subscr ipts  w, s, the a s t e r i sk  and affix zero denote respect ively  pa rame te r s  at the wall, in the slit,  adiabatic 
conditions at the wall and conditions in the basic flow. 

When there  is boundary cooling of the adiabatic wall (~h/OY)w = 0, as a resul t  of turbulent mixing the 
heat content of the gas inside the boundary layer  becomes uniform.  The grea tes t  intensity of turbulent mix-  
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ing occurs  di rect ly  at  the wall in the region of large velocity gradients  0Wx/0y. Hence the region with 
(Oh/0y) ~ 0 is s t rongly  washed away from the wall into the depth of the boundary layer  and the region in 
which h* ~ hw* inc reases .  This p rocess  of levelling out the heat content of the gas in the neighborhood of 
the adiabatic surface can be writ ten symbolical ly  as follows: 

h* -+ h•* as x---> oo (2) 

This assumption was made in [1] in the investigation of boundary cooling. It should be noted that the 
resul t ing theoret ical  equations for the effective thermal  screens  agree  with the experimental  data of several  
authors .  

If we use Eq. (2), the s imi la r i ty  of the velocity and enthalpy profiles (1),when there is a screen at the 
nonadiabatic surface, can be written as 

~ h - - h w  
- -  = c0 ( 3 )  
hw* - -  h w 

When there  is s imi la r i ty  of the velocity and tempera ture  profiles of the form (3), the limiting relat ive 
law of turbulent heat and mass  t r anspor t  obtained by Kutateladze and Leont 'ev [1,6] p rese rves  its usual form 
and for a boundary layer  with a screen we have 

1 

uFR . . . .  ~-- q~ p0 ] (4) 

Here  �9 = (S t /S t0 )R , ,  is the relat ive hea t - t r ans fe r  coefficient; St and St 0 are  the Stanton numbers  in 
the conditions under considerat ion and in s tandard conditions at the same Reynolds number  R* *, constructed 
for the energy loss through the thickness;  q~ = q /qw is the relative density of the thermal  flux at the point 
of the boundary layer  under cons idera t ion ;  q0 ~ is the relat ive density in standard conditions; p / p  o is the 
relat ive gas density.  

We take the turbulent boundary layer  on a smooth impermeable  surface in a quas i - i so thermal  flow of 
an incompress ib le  gas (with constant physical  propert ies)  as the s tandard conditions. 

To determine the relat ive equations for heat and mass  t ranspor t  f rom (4) we have to know the thermal  
flux distribution and the gas density over a c ro s s  section of the boundary layer .  

The approximate profi le of the thermal  flux over the c ros s  section of the boundary layer  when there 
is a gas screen has the same form as when there  is no screen [1,6]: 

1 
q~ ~ -~ i --k blO (5) 

where b I = Jw/P0W0 St is the permeabi l i ty  pa ramete r  of the wall, Jw is the t r ansve r se  mass  flux at the wall. 

The density distribution ac ross  the c ross  section of the boundary layer  is determined from the equa- 
tion of state of an ideal gas 

p MTo 
p-o- ~ M o T  (6) 

and f rom the condition of s imi la r i ty  of the profiles of the total enthalpies and concentrat ions 

h - -  h K i - -  (rq)~,, (7) 

Here  M and M 0 a r e  the molecular  weight of the gas at the point of the boundary layer  under cons ide ra -  
tion and in the unperturbed flow; K i is the weighted concentration of the i - th  component of the gaseous mix-  
tu re .  

The t empera tu re  at the point under considerat ion in the subsonic gas flow is 

T - -  h _ h w + ( h w * - - h w ) ~  (8)  
r Cp 
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The specific heat and molecular  weight of the gaseous mix-  
ture  are  determined from the equations 

n 

c v = ~ % , i K ~ ,  ~ =  (9) 
1 

Here Cp, i is the specific heat of the i - th  component.  

If we ignore the relat ion between the specific heat and the 
tempera ture ,  f rom (7) and (9) we obtain 

(10) 

Here  Cpw and M w are the specific heat and molecular  weight of the gaseous mixture at the wall whoa 

* and are  the specific heat and molecular  weight of the gaseous there  is heat and mass  t ranspor t ,  Cpw Mw* 
mixtures  at the adiabatic wall .  

Substituting (8) and (10) in the equation of state (6), we can obtain the density distribution across  the 
subsonic boundary layer  in the following general  form:  

M,,,* 7'0 [42 + (i - -  *2) ~I 
P0 M0 T~)* [41 -~ ( l  - -  41) ~]  [43 -~ ( t  - -  43) ~1 

( * l = h ~ ' -  *~ = %o, *s = M~'*/ (11) 

h*  ' c~-, Mw ) 
Plo / ' 

As we see f rom (11), the density distribution depends on the pa ramete r s  of the screen through the 
molecular  weight and t empera tu re  of the gas at the adiabatic wall. 

In the case  of a quas i - i so thermal  flow past  the surface T w ~-- Tw* ~ To, the density distribution de-  
pends only on the composit ion of the mixture (it is determined only by the molecular  weight) 

do M0 ~3 + (t -- 4a) ~ (12) 

For  gases  of the same atomicity we have cpM ~ const,  or 

Cp w M w * 

c *  - -  ,-:~-, %-=~s  (13 )  
p~ 

Then the density distribution for a nonisothermal  subsonic boundary layer  has the form 

P M,w*To t 
P'-~ = MoTw* 4t + (t -- ~l) e (14) 

The limiting form of (4), af ter  substituting in it the profiles of the thermal  fluxes (5) and the density 
distribution (14), is 

i 

~'F = MoT~,* ~J V [4x + (l--~) ~l (~+b~#) (15) 
0 

Integrating this with b 1 = 0 (impermeable surface),  we obtaIn the effect of the absence of i so thermal  
conditions on turbulent heat and mass  t r anspor t  when there  is a gas screen 

T -- 7oT~* [ ~ ]  (16) 

Taking account of (13), we can write (16) as 

g h o  / 

As we see (16) and (17), when the re  is no s c r een  0aw* - -h0 ,  Mw* --M0) become the fami l i a r  equation 
due to Kutate ladze [7]. The additional factor  in front  of the pa ren thes i s  in (16) and the second t e r m  in the 
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denominator  of (17) make it possible to take into account the presence  of a gas screen in the nonisothermal  
flow past  the sur face .  The quantities Mw*, Tw*, and hw* are determined by the effectiveness of the gas 
sc reen  on the adiabatic sur face  [1-4,8]. 

Figure  1 compares  the theoret ical  resul ts  with the experimental  data obtained by the author in c o n -  
junction with E. I. Sinaiko. The data are  for exper imentson the burn-up of a graphite surface  in an air  flow 
with injection of helium through a tangential slit .  The experimental  apparatus,  the experimental  method, 
and the t rea tment  of the data are  descr ibed in detail in [9]. The density of the graphite under test  was 1895 
k g / m  3. The t empera tu res  of the injected helium was equal to the air  t empera ture ,  T s = T o = 290~ the 
t empera tu re  of the graphite  wall was Tw = 1950~ The width of the slit was s = 2.08 mm.  The mass  air  
flow was PoWo ~ 150 k g / m  2 � 9  The experimental  points 1 were obtained with an injection pa ramete r  
PsWs /P  0w0 = 0.041, and the points 2 with the parameter  p sWs/P 0w0 = 0.073. 

As we see f rom [9], when there  is an inert  gas screen the intensity of burn-up of the graphite surface  
can be determined f rom the equation 

powo i~ -- 21.8. l0 -3 (Ko)w*-R;~ "~'6 \(1~ ]~ / LF~ (18) 

Here (K0)w* is the oxygen concentrat ion at the wall in the absence of chemical  reaction,  S is the 
Schinidt number ,  #w and #0 are  the gas and basic flow viscos i t ies .  Figure 1 shows the curves  calculated 
f rom (18) and (16), 3 and 4, in the conditions of the experiment .  The curves  5 and 6 were calculated without 
taking the fac tor  Mw* T0/MoTw* in (16) into account. It was assumed in the calculations that the Sehmidt 
number  was equal to the Prandt l  number .  

It follows f rom the compar ison that there  is sa t i s fac tory  agreement  between theory and experiment  
if the factor  M w *T0/MoTw* in the limiting equation (16) is taken into account.  

Thus, we have shown that we have to take the presence  of a gas screen into account in determining the 
relat ive laws of heat and mass  t ranspor t .  
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