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The interferometer method was used for determining the critical displacement parameters of 
a turbulent diffusion boundary layer at a porous plate with injection of helium, nitrogen, car- 
bon dioxide, krypton, xenon, and Freon-12. Velocity and concentration profiles were ob- 
tained for the critical flow modes. 

In engineering practice it is very often necessary to protect surfaces against various detrimental ef- 
fects of a gasodynamie stream: heating, corrosion, erosion, etc. The method of protection by a trans- 
verse feed of a fluid through permeable surfaces into the boundary layer is in this case very effective. 

A surface is protected against the destructive effect of an external stream most effectively and also 
most economically by a critical mode of injection. This mode prevails [I, 2] when interaction between the 
mainstream and the surface begins to cease: Cf/2 = St = St* = 0. 

The conditions for a critical mode of injection are established, in terms of the asymptotic theory, on 
the basis of a model of a fluid flow with zero viscosity, i.e., with Re --~ oo [i, 2]. When applied to a real 
flow with a finite Reynolds number, however, the theoretical values of the critical injection parameters re- 
quire empirical corrections [2]. 

Attempts to experimentally determine the critical injection parameters under the simplest flow con- 
ditions (Ma 0 = 0, dp/dx = 0, Tw/T0 = i, mo/m i = I) were made a rather long time ago [3, 4]. Neverthe- 
less, only a few studies on this subject have followed since. The values of bcr published by various authors 
differ by as much as a factor of 3. No study of heterogeneous critical injection can be found in the avail- 

able literature at all. 

This situation has not come about accidentally. The crux of the matter is that the errors in the mea- 
surement of extremely small friction forces and thermal fluxes by conventional methods (thermocouples, 
Pitot tubes, thermoanemometer, Stanton tubes, floating probes) increase considerably under high injec- 
tion rates. For this r~ason, in earlier studies [3, 4] the displacement parameters were determined in a 
rather qualitative manner and the subsequent quantitative generalizations were indicative of the author's 
viewpoint on the controversial subject concerning the finiteness of bcr. 

Data pertaining to the critical injection parameters of a subsonic turbulent boundary layer at a plate 
have been extracted from the technical literature and are shown in Fig. la. The dashed line here indicates 
the theoretical value of the displacement parameter with a correction for the finiteness of the Reynolds 
number [2 ]. The test data were obtained with a modified Stanton tube (point 1), by interferometry (2), by 
the transformed momentum equation and from velocity profile measurements (3-5), with thermocouples (6), 

and with chemical tracers (7). 

The question about the finiteness of bcr [I, 2] is important in principle. It is of rather academic 
interest, in our opinion, unless the stream pattern would be dis.torted appreciably when the true parameter 
values close to the extreme values at b --~o are replaced by these extreme values at a finite bcr. An es- 
sentially analogous situation prevails when the finite thickness of the boundary layer is to be introduced 
into the analysis, but in practice, as is well known, that does not result in large errors. 
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Fig. i. Effect of the heterogeneity factor (~) 
on the critical injection parameter: data 
from [3, 4] (I), data from [5] (2), data from 
[6] (3, 4, 5), data from [7] (6), data from 
[8, 9] (7), data obtained in this study (I), re- 
sults based on asymptotic theory [2] (curve). 

In this study the authors have experimentally determined the critieal displacement parameters of a 
diffusion boundary layer with various injected gases. The heterogeneity was varied over a wide range ~b 
=mo/m i = 0.22-7.24. The interferometrie method of displacement study offered several advantages over 
other methods and actually yielded the answers to our problem. The main advantage of interferometry is 
that its accuracy does not become worse as the Stanton number St* tends toward zero with an increasing 

injection rate (which was a serious obstacle to a reliable determination of ber in earlier attempts), and 
even improves somewhat because of smaller refractive errors. The determination of displacement param- 
eters does not require a solution of equations idealizing the transfer processes (e. g., the momentum equa- 
tion) nor a differentiation of empirical equations, which would lead to large errors. The value of bcr is 
obtained directly from interferometric measurements, owing to the high sensitivity of this method. 

The tests were performed in an aerodynamic tunnel operating continuously in the atmosphere-vacuum 
mode [I0]. The apparatus was equipped with a lot of modern precision control-and-measuring instruments, 
including a model IT-14 Mach-Zender interferometer with laser sources [Ii] and a thermoanemometer by 
the DISA Co. (made in Denmark). 

The test model was a 132 x 40 mm 2 plate of porous nickel mounted flush into the bottom wall of 8 
square channel. The opposite channel wall was made of 2 mm thick flexible acrylic glass. It was sup- 
ported on four micrometer screws, in order to make it possible to adjust the duct section and thus the 
pressure gradient in the outer stream. 

For a more uniform distribution of the flow rate, the porous plate was made of four isolated from 
one another sections. The gas was injected from a high-pressure tank through a filter system and a flow 
metering segment to each plate section independently. 

Prior to the main series of experiments, a few qualification tests had revealed a fully turbulent boun- 
dary layer along the entire plate - beginning at approximately 150 mm upstream beyond the porous inser- 
tion. The Reynolds number of the oncoming stream was Re x = 200,000. The forerunning layer was not 
sucked out. Special tests showed, however, a rather fast readjustment of the flow pattern to conform to 
new boundary conditions. Thus, for instance, with an injection of gaseous carbon dioxide at a rate F 
= 1.35% (b L = 4.7, subcritieal mode), the similarity region of velocities and concentrations began already 
at a distance x = 80-90 ram. The length of the initial region decreased fast with higher injection rates. 

An excellent uniformity and a low turbulence (6 = 0.13~ across the channel were ensured by honey- 
combing and converging. 

Measurements of the velocity profiles and of the skin-friction coefficients indicated a smooth aero- 
dynamic stream along the porous plate. Indeed, the test plate made of porous nickel by powder metallurgy 
processes had a fine grain structure (powder particles about 2 #m in diameter, dimension of pores about 
8/~m, porosity about 65-70%). Evidently, the roughness height of this plate was not more than I0 ~m, i.e., 
by one order of magnitude under the allowable roughness height according to [12]. 

For checking how uniform the permeability of the plate was, we used a miniature thermoanemometer 
tube and moved it around along the channel axis at a distance approximately 0.8 mm from the wall in aplane 
parallel to it. The standard deviation of the measured injection velocity over a length of approximately 35 
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m m  at the p la te  edge was 10%. F o r  calculat ing the injection p a r a m e t e r  F = (PV)w/(PU)o, the f low intensi ty 
at the wall  (pv) w was de te rmined  not f r o m  the local  injection ve loc i ty  but f r o m  the m e a n - r a t e  veloci ty  p e r  
unit model  a r ea .  

As the act ing gases  we used hel ium, ni t rogen,  carbon dioxide, krypton,  xenon, and Freon-12 .  Be-  
cause  of the smal l  d i f ference  between the mola l  r e f r ac t ion  of ni t rogen and the mola l  r e f r ac t ion  of the on- 
coming a i r  s t r e a m ,  the i n t e r f e r o m e t r i c  method of de te rmin ing  the d i sp lacement  p a r a m e t e r s  could not be 
used in this case .  F o r  this r eason ,  with ni t rogen injection, bc r  was de te rmined  f r o m  the veloci ty  prof i le .  

F o r  fixed p a r a m e t e r s  of the oncoming s t r e a m ,  the d i sp lacement  of the diffusion boundary  l aye r  de-  
pended on two fac to rs :  the injection ra t e  F and the local i ty  of the given sect ion.  The d i sp lacement  p a r a m -  
e t e r  was defined as b = F / X  with X = 0.296Rex ~ (Re x = UoX/Vo, and x m e a s u r e d  f rom the injection s t a r t -  
ing point), which made it poss ib le  to compare  our bc r  with the r e su l t s  of the asympto t i c  solution [2]. 

In o rde r  to obtain consis tent  t es t  data,  the d i sp lacement  p a r a m e t e r s  of the diffusion boundary l aye r  
under  injection of the va r ious  gases  were  m e a s u r e d  at the end of the pla te .  In this  way, bc r  was d e t e r -  
mined in our t e s t  by va ry ing  F. Because  of the sma l l  plate  d imensions ,  no attention was paid to the e f -  
fec t  of length X on bc r .  

The c r i t i ca l  injection p a r a m e t e r s  were  de te rmined  as follows. The s a m e  constant  ve loci ty  of the 
quiescent  s t r e a m  was es tab l i shed  in each tes t .  The r e spec t i ve  gas was supplied f r o m  its h i g h - p r e s s u r e  
conta iner  to the model  at such a flow ra te  as  to ensure  the p r e s c r i b e d  subcr i t i ca l  flow mode along the en-  
t i r e  porous  su r face .  The m a i n s t r e a m  veloc i ty  was m e a s u r e d  with a t h e r m o a n e m o m e t e r  tube along the 
pla te .  With the aid of the f lexible upper  wall and by its p r o p e r  posi t ioning we es tabl ished a z e ro -g r a d i en t  
f low (with 1-2% of the velocity) .  The in t e r fe rence  pa t t e rn  was then photographed on a l a r g e - s i z e  grade  17 
a e r o - i s o p a n c h r o m a t i e  f i lm to a 1 : 1 sca le  and with an approx ima te ly  5" 10 -8 sec  exposure  to  a r u b y - l a s e r  
pulse  of modulated quality.  

Following this ,  the injection r a t e  was inc reased  in suff icient ly smal l  s teps ,  with both ~he photograph-  
ic and the flow adjus tments  r epea ted  each  t ime.  Photography  was continued until the d i sp lacement  could be 
seen  on the i n t e r f e r o m e t e r  r e c e i v e r  s c r e e n  with a naked eye. 

The object  was photographed with the i n t e r f e r o m e t e r  se t  init ially fo r  ve r t i ca l  f r inges  of finite width. 
With such a sett ing,  the mixing zone of both s t r e a m s  was indicated by a pe r tu rba t ion  of in te r fe rence  f r inges  
r ep re sen t ing ,  to a ce r t a in  sca le ,  t h e  prof i le  of injected gas  concentrat ion.  

The i n t e r f e r o g r a m s  were  examined under  a model  MMI-2 m i c r o s c o p e  with a x 50 magnif icat ion.  A 
d i sp lacement  of the concentra t ion boundary  l aye r  occurs  when the Stanton diffusion number  becomes  equal 
to ze ro :  

D~ idol" I 
St*= ~ dy /~ = 0 .  (1) 

APlU o 

At the given initial interferometer setting, therefore, a sweepoff was characterized by a perturbation of in- 

terference fringes perpendicular to the surface. 

After each scanning of a series of interferograms, two consecutive frames were selected with no 
displacement yet seen on the first one and a displacement by a fraction of a millimeter already seen on the 
next one. Obviously,  the injection p a r a m e t e r  was c r i t i ca l  within the p r e s e l e c t e d  range  of injection r a t e s  
between the two consecut ive  i n t e r f e r o g r a m  f r a m e s .  Subsequently, on account of the extent of the d i sp lace -  
ment  region,  the c r i t i ca l  p a r a m e t e r s  a r e  given in t e r m s  of the mos t  l ikely in te rva ls .  

The asympto t i c  theory  in [2 ] has  yielded the l imi t s  of d i sp lacement  p a r a m e t e r  va lues :  

) 1 (ln i - . I / ~  2 
~;< t; ac t -  1 - ~ \ 1 - - V I ~  , ' 

(2) 

( ; 1 arccos 2 - -  ~ ~ 4 > 1 ;  ~ = , _ 1  , " 

The analyt ica l  f o r m u l a s  (2), which r e p r e s e n t  the functional re la t ion  bca: = f(~b), have been obtained for  Re 
--*~o and, t he r e fo re ,  yield absolute values  of b c r  too low at a finite Reynolds number  as it would be in a 
tes t .  Consequently,  expe r imen ta l  r e su l t s  a r e  gaged agains t  the theore t i ca l  re la t ions  as follows (Fig. lb):  
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Fig.  2. I n t e r f e r o g r a m s  of the sub laye r  in a turbulent  
boundary  l aye r  under  an increas ing  r a t e  of F reon-12  in- 
ject ion.  Ordinate  y (mm).  

TABLE 1. Di sp lacemen t  P a r a m e t e r s  of a Dif-  
fusion Boundary L a y e r  

Injected gas 

Helium 

Nitrogen 
Carbon dioxide 

Krypton 

Freon-12 

Xenon 

Hetero- I Displace- 1 
geneity merit IPower exponent n 
factor,r parameter 

7,24 

1,03 
0,66 

0,34 

0,24 

0 ,22  

I , 3 - - 1 , 6  

5 , 9 - - 6 , 7  

7,9--8,8 

13,1--14,0 

14,7--15,2 

,21,0--21,8 

nr~ ' l  , I -1 ,4  
n m ~ '  5, G 

n u l l , 3  

n r - l , 2 - - 1 , 4  
n m -- I, 9= 1.2 
n . ~ l , l - - I  ,2 

n r - - l , 3  
n m = O, 72 

tZr~ 1 ,4  
rim=O, 72 
nu=0,72 

nr~- 1 ,5  
nm -~'0 , 62 

dynamics .  

bet = f ('~), (3) 
b crl Re x 

where  bcr t  is the d i sp lacement  p a r a m e t e r  value at 
r = 1. According to Fig. lb ,  the r e su l t  of such a ca l i -  
b ra t ion  is en t i r e ly  sa t i s f ac to ry .  An except ion he re  
is the injection t e s t  with xenon (~ = 0.22). Because 
the injection t ime  was shor t ,  on account of the high 
cost  of this gas ,  it was not poss ib le  to quite e l iminate  
the longitudinal p r e s s u r e  gradient  in the outer  s t r e a m .  
The disqual if icat ion of the value of bc r  for  xenon 
f r o m  the genera l iz ing  curve  does c l ea r ly  i l lus t ra te  
how sens i t ive  the c r i t i ca l  d i sp lacemen t  p a r a m e t e r  
is to  negat ive p r e s s u r e  gradient  in the outer  s t r e a m .  

We note that  an inc reas ing  ra te  of t r a n s v e r s e  
flow in the s t r e a m  gives r i s e  to a new effect,  namely  
a negat ive p r e s s u r e  gradient ,  which affects  the flow 

A negat ive p r e s s u r e  gradient  in the in terac t ion  zone of both s t r e a m s  is caused by two fac to r s :  
f i r s t  of all,  the d isplacing act ion of the injection zone in a potent ia l  flow- and, secondly,  the jumpwise  d i s -  
continuance of injection behind the porous  plate  analogous to that  noted in a sudden widening of the s t r e a m  
around a finite wedge. 

Di sp lacemen t  of the m a i n s t r e a m  by the boundary  l aye r  can be e l iminated,  for  example ,  by means  of 
the f lexible upper  channel wall.  As to the second fac tor ,  namely  the p r e s s u r e  field induced u p s t r e a m  by 
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Fig.  3. D imens ion less  p ro f i l e s  of ve loc i ty  (points 7), of m a s s  concentra t ion (1, 6), and of volume concen-  
t r a t ion  (2, 3, 4, 5) at  c r i t i ca l  r a t e s  of hel ium,  gaseous  carbon dioxide, krypton,  and Freon-12  injection. 
The dashed curves  r e p r e s e n t  p o w e r - l a w  p ro f i l e s  (see Table 1). 

Fig.  4. I n t e r f e r o g r a m s  of a turbulent  boundary l aye r  at c r i t i ca l  hel ium, gaseous  carbon dioxide, krypton,  
and F reon-12  injection. 

the discontinuance of injection, its sca le  depends on the th ickness  of the boundary l aye r  nea r  the end of 
injection. Since this th ickness  is p ropor t iona l  to the length of the porous  pla te ,  it is not poss ib le  to p r e -  
vent  the e m e r g e n c e  of a negat ive p r e s s u r e  gradient  by inc reas ing  the pla te  d imensions .  

The t e s t s  with a high ra t e  of hel ium injection have eonf i rmed  the p r e s e n c e  of a negative p r e s s u r e  
gradient  in the d i sp lacement  zone with a z e r o - g r a d i e n t  outer  s t r e a m .  In o rder  to p rove  this ,  we measu red  
the ve loc i ty  p ro f i l e s  at  F = 0.72% (superc r i t i ca l  injection). The ve loc i ty  p rof i l es  thus obtained had a d i s -  
t inct  peak  within the d i sp lacement  zone. As the injection ra t e  was increased ,  the veloci ty  peak  a lso  in- 
c r ea sed .  A z e r o - g r a d i e n t  flow in an unper tu rbed  s t r e a m  was at tained expe r imen ta l ly  with the aid of the 
f lexible upper  wall. 

We should r e f e r  to the fact  that an analogous effect  of a negative p r e s s u r e  gradient  a r i s ing  in a supe r -  
sonic s t r e a m  at a pla te  with a high ra t e  of injection a c r o s s  its su r face  has been analyzed theore t i ca l ly  in 
[131. 

The theore t i ca l  f o rmu la s  (2) apply to the case  where  dp/dx = 0. It is quite p robab le  that  the absolute 
values  of the d i sp lacemen t  p a r a m e t e r s  were  too low not only because  the Reynolds number  had been a s -  
sumed infinite, but a l so  because  the p r e s s u r e  field induced under  actual  conditions has  been d i s regarded .  

Typical  i n t e r f e r o g r a m s  of a boundary  l aye r  segment  under  an increas ing  r a t e  of gas injection a r e  
shown in Fig. 2a, b, c. The i n t e r f e r o m e t e r  was init ial ly set  fo r  ve r t i ca l  f r inges  of finite width. The in- 
t e r f e r o g r a m s  he re  i l lus t ra te  c l e a r l y  the succes s ive  d i sp lacement  s tages  in a diffusion boundary layer .  
The in te r fe rence  f r inges  in Fig. 2c a r e  or iented at  r ight  angles  to the su r face  and the zone of constant con-  
centra t ion,  i . e . ,  the d i sp lacement  zone has  an eas i ly  m e a s u r e d  finite th ickness .  The pa t t e rn  indicates 
the obvious poss ib i l i ty  of sweeping off the concentra t ion layer .  
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In the e a r l i e r  s tudy [4] dealing with the effect  of a i r  or carbon dioxide injection on the ave rage  ve l -  
oci ty and concentra t ion  p ro f i l e s ,  qual i ta t ive conclusions were  drawn concerning the subsequent  d is tor t ion 
of these  p ro f i l e s .  An ana lys i s  of the t e s t  data has  shown that ,  as  the injection ra t e  i nc r ea se s ,  ve loc i ty  
and concentra t ion p ro f i l e s  become  d i s to r ted  in t h r ee  succes s ive  s tages .  It is noteworthy that the prof i le  
which p r e v a i l s  between the f i r s t  and the th i rd  s tage (boundary- l aye r  p ro f i l e  and jet  p ro f i l e  respec t ive ly)  
is c h a r a c t e r i z e d  by a constant  gradient  of wha tever  m e a s u r e d  quantity throughout about 70-80% of the 
b o u n d a r y - l a y e r  th ickness  ( l inear  prof i le) .  

D imens ion less  p ro f i l e s  of ve loc i ty  and injected gas concentra t ion  a r e  shown in Fig.  3 for  n e a r - c r i t i c a l  
injection of va r ious  gases .  It is evident that  some of the p ro f i l e s  have one common fea ture :  they a re  a l -  
mos t  l inear .  Thus,  the second stage of p rof i le  d i s tor t ion  co r r e sponds  to the beginning of d i sp lacement  
and, consequently,  the shape of a prof i le  indicates  the flow mode (subcr i t ica l ,  c r i t i ca l ,  or  supercr i t ica l} .  
This  fac t  was ut i l ized in de te rmin ing  bcr  for  ni trogen.  

I n t e r f e r o g r a m s  of a turbulent  boundary l aye r  with c r i t i ca l  injection of var ious  gases  a re  shown in 
Fig.  4. The initial i n t e r f e r o m e t e r  set t ing was for  an infinite f r inge width. The d i ag ram indicates that the 
th ickness  of an injection l aye r  depends s t rong ly  on tile kind of injected gas and is not just a s imple  func-  
t ion of the he te rogene i ty  f ac to r  r 

Under definite flow conditions the re  is a re la t ion  between the p r o c e s s e s  of momentum,  heat,  and 
m a s s  t r a n s f e r  which can be exp re s sed  by an analog of the  Reynolds number :  c f / 2  = St = St*.  Evidently,  
our  data on c r i t i ca l  injection p a r a m e t e r s  can be applied to  heat  t r a n s f e r ,  inasmuch as  the t h e r m a l  bound- 
a r y  l aye r  is as conserva t ive  with r e s p e c t  to va r ious  dynamic  per t f i rba t ions  as the concentra t ion boundary 
l aye r .  As f a r  as the hydrodynamic  boundary  l aye r  is concerned,  a negative p r e s s u r e  gradient  a r i s ing  
under  high injection r a t e s  can obviously cause  d i sp lacemen t  to occur  e i ther  at somewhat  higher  values  of 
the injection p a r a m e t e r  or  asympto t ica l ly .  In p rac t i ce ,  however ,  the d i sp lacement  of a hydrodynamic  
boundary  l aye r  is not as impor tan t  as the d i sp lacement  of a t h e r m a l  or  a diffusion boundary  l aye r .  

x, y 
U,  V 

p 
P~ 
D 

P 
m 

6 
C 

cf 
St 
Re, Re* 
Ma 

F = (OV)w/(Ou) o 

~P = m o / m  i 
b = F / x  

L 
r 

m 

u 

U, C 

N O T A T I O N  

a r e  the longitudinal and t r a n s v e r s e  coordinate;  
a r e  the longitudinal and t r a n s v e r s e  ve loc i ty  component;  
is the density;  
is the pa r t i a l  densi ty;  
IS the diffusivity;  
is the p r e s s u r e ;  
is the mo lecu l a r  weight; 
is the l a y e r  th ickness ;  
is the concentrat ion;  
m the turbulence  fac tor ;  
is the local  sk in - f r i c t ion  coefficient;  
is the Stanton diffusion number ;  
a r e  the Reynolds number  based on geome t r i ca l  d imens ions ;  
is the Maeh number ;  
is the injection p a r a m e t e r ;  
is the he te rogene i ty  fac tor ;  
is the d i sp lacemen t  p a r a m e t e r ;  
is the pla te  length; 
is the vo lumet r i c ;  
is the m a s s ;  
is the veloci ty;  
a r e  the re la t ive  ve loc i ty  and concen t ra t ion .  

Subscripts 

o denotes outer edge of boundary layer; 
w denotes wall; 
i denotes injected gas; 
cr denotes critical mode; 
r denotes volume. 
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