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The d i sp lacement  th ickness  in a tu rbulen t  boundary layer  is de te rmined  for supe rc r i t i ca l  inject ion 
p a r a m e t e r s .  Exper imenta l  re la t ions  between the d i sp lacement  th ickness  and the inject ion pa r a me t e r  a re  
obtained for a i r ,  hel ium,  and f reon-12 injected into a i r .  

The turbulent boundary layer with transverse mass addition is encountered in many practical problems such as 

the protection of structural elements, combustion, etc. Of most interest are regimes in which the value of the 

injection parameter is critical: 

b ~ pwVw 2 
p~uo c/~ : b ,  

Here ,  cf0 is the coefficient  of f r ic t ion under  s tandard  condit ions;  Pw and po a re  the dens i t i es  of the injected gas 
and the main  s t r eam;  v w is the velocity of the injected gas at the wall ;  and u 0 the flow veloci ty at the outer  edge of the 
boundary l ayer .  

In this case ,  in accordance  with [1,2], the ma in  s t r eam begins to be pushed away f rom the porous sur face .  
There  have been a number  of exper imenta l  invest igat ions  of this flow region [3,4]. The invest igat ion of the tu rbulen t  
boundary l ayer  at supe re r i t i c a l  inject ion p a r a m e t e r s  (b > b.) is also of cons iderab le  in te res t .  In [5, 6] the 
hydrodynamics  of this r eg ime  were  invest igated and the exis tence of a d i sp lacement  l ayer  observed [6]. 

The so-ca l led  d i sp lacement  th ickness  5' is the thickness  of a ce r ta in  layer  at the wall ,  cha rac t e r i s t i c  of 
superc r i t i ca I  inject ion,  in which the veloci ty component  is equal to zero.  

We have conducted exper iments  in a subsonic  wind tunnel with a working section me a su r i ng  100 x 120 mm at a 
m a x i m u m  air  flow veloci ty of 70 m/see .  

In the upper wall of the working sect ion we ins ta l led a porous plate of s ta in less  steel  me a su r i ng  600 • 70 x 5 ram 
with a porosi ty  of 30% (mean pore d iamete r  10 p) cons is t ing  of three  individual sect ions .  In order  to e n s u r e  ze ro -  
gradient  flow the bottom wall  of the working section was made movable .  P rov i s ions  Were made for heat ing the ma in  
s t r e a m  and the injected gas.  By using an IAB-451 TSpler  i n s t r u m e n t  with an anamorphic  a t tachment  we were  able to 
make v isual  observa t ions  of the boundary l aye r .  The boundary layer  was not sucked off before the beginning of the 
porous plate; accordingly ,  dur ing  the exper iments  we measu red  the ini t ia l  momen tum thickness  ahead of the porous 
plate.  The velocity profi le  was measured  with a r ec tangu la r  micro tube  m e a s u r i n g  1.5 x 0.5 ram, 

The d i sp lacement  th ickness  was measu red  with two hot-wire  a n e m o m e t e r s ,  whose readings  were  recorded  by 
means  of anN-700 loop osci l lograph.  The anemomete r  probe was a gold-plated tungsten f i lament  8 p in d iamete r  and 
5 mm long secured in a holder .  The dis tance  between the probe and the wall  was measu red  with a KM-6 ea the tometer  
co r r ec t  to =e0.005 mm.  The point of contact of the probe with the surface  was de te rmined  optically f rom the 
superpos i t ion  of the probe and its ref lect ion at the porous surface .  When the injected gas was different  f rom the m a i n -  
s t r e a m  gas,  the concent ra t ion  profi le  was measu red  with a GSTL-3 gas ana lyze r  co r r ec t  to =~3%. The flow ra te  of 
injected gas was measu red  co r r ec t  to +3% with double or i f ice  plates .  

The  p r e l i m i n a r y  par t  of the exper iment  consis ted  of invest igat ing the development  of the boundary l ayer  on the 
porous plate with and without inject ion.  These exper iments  revea led  the p re sence  of a fully developed turbulent  
boundary l ayer  on the porous plate.  

In conducting the exper iments  it was noted that at supe re r i t i ca l  inject ion p a r a m e t e r s  a l ayer  in which there  a re  
no f luctuat ions of the veloci ty vector  exis ts  at the porous wall. As m e a s u r e m e n t s  showed, the zone in which there  are  
no veloci ty f luctuat ions coincides  with the zone in which the longi tudinal  veloci ty  component  is equal to zero,  i . e . ,  with 
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the th ickness  of the d i sp lacement  layer .  At the same t ime,  the boundary of this l ayer  is quite sharply expressed in 
re la t ion  to the veloci ty f luctuat ions and easi ly  de te rmined ,  whereas  de te rmin ing  it f rom longitudinal  velocity 
m e a s u r e m e n t s  p re sen t s  ce r t a in  diff icult ies associa ted  both with the m e a s u r e m e n t  of the velocity nea r  the wall and with 
the p rec i se  locat ion of the boundary.  

The d i sp lacement  th ickness  was measu red  as follows. 

, ~ "~~ ,,.. 

Fig.  1. Typical osc i l lograms:  a . . . .  = 0. 
o~o~, w r o; b - -  ,,o r o, o w v w  = o; c - -  u ~  r o,  % v w e  O, 

1) t race  of anemomete r  readings  nea r  
the wall ,  2) t r ace  of veloci ty in flow 

core,  3) base  l ine.  

The anemomete r  probe was posi t ioned at a ce r ta in  d is tance  f rom the pe rmeab le  surface .  Gas was injected 
through the porous plate at a constant  ra te  in the absence  of the main  s t r e a m,  which corresponded to the reg ime 
b ~ ~o. In this case ,  of course ,  the a n e m o m e t e r  wi re  was located in the d i sp lacement  l ayer ,  which enabled us to make 
re l i ab le  m e a s u r e m e n t s  of the veloci ty f luctuat ions typical  of this l ayer .  The main  s t r e a m  was then switched on and its 
veloci ty inc reased  smoothly f rom 10 to 60 m/sec .  This was accompanied by a reduct ion in the th ickness  of the 
d i sp lacemen t  l ayer  and at a ce r t a in  ins tant  the d i sp lacement  boundary in te rsec ted  the anemomete r  probe.  At this 
ins tant  the anemomete r  r eg i s t e r ed  in tense  velocity f luctuat ions.  The velocity of the main  s t r e a m  was measu red  with a 
second hot -wire  anemomete r ,  whose probe was inser ted  into the flow core.  A typical  osc i l log ram of the p rocess  is 
shown in Fig.  l c .  It is c lear  f rom the osc i l log ram that oil the in terva l  AB (curve 1) the anemomete r  probe is located 
in the d i sp lacement  l ayer ,  s ince  there  a r e  no veloci ty f luctuations and the veloci ty i tself  is constant ,  despite a 
cons ide rab le  inc rease  in the m a i n - s t r e a m  veloci ty (curve 2). On the in terval  BC the absolute value of the velocity and, 
in pa r t i cu l a r ,  its f luctuat ions sharply inc rease .  This jus t i f ies  us in taking the zone around point B as the d i sp lacement  
boundary.  Fo r  compar i son ,  Fig.  l a ,  b p re sen t s  osc i l log rams  obtained with the probe at the same dis tance  f rom the 
porous sur face  as in the previous  case for e~v~ ~ o, u0 = 0 (a) and for  p~v~ = o, u0 =/= 0 (b), while Fig.  2 shows 
photographs of the veloci ty vec tor  f luctuat ion spec t ra  in (a) and outside (b) the d i sp lacement  layer  in the frequency 
range 20-500 Hz, obtained with an SK4-3 f requency spec t rum analyzer .  

F ig .  2. Velbcity vector  f luctuation 
spec t ra  in the range 20-500 Hz: a) in 
the d i sp lacement  layer ,  b) outside the 

d i sp lacement  layer .  

The d i sp lacement  th ickness  was m e a s u r e d  at both inc reas ing  and decreas ing  values  of the m a i n - s t r e a m  velocity.  
The r e su l t s  obtained for these two cases  coincide.  
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The so-ca l led  "wall effect" [7] did not affect the c o r r e c t ne s s  of de te rmina t ion  of the d i sp lacement  th ickness ,  
s ince dur ing  the exper iment  the anemomete r  probe was located at a constant  d is tance  f rom the wall and used only to 
r eg i s t e r  the occu r rence  of veloci ty f luctuat ions.  

Fig.  3. Ose i l log ram of the pe rmeab i l i t y  of an ex- 
p e r i m e n t a l  specimen:  (%~@ = tt~, s N / m  2 �9 sec, 
<~> = o.66 m/ sec ;  1) injected gas veloci ty ,  2) base 
l ine,  3) longitudinal  coordinate;  broken l i n e - m e a n -  

Flow inject ion veloci ty.  

Before carrying out the principal experiments, we checked the permeability of the porous specimens with a hot- 
wire anemometer. Gas was passed through the porous specimen at a constant rate, and the anemometer probe was 

moved along the specimen at a distance of 0.5 mm from the surface. The coordinate of the probe along the length of 
the plate and the anemometer signal were recorded on a loop oscillograph. Preliminary calibration made it possible 

to determine the velocity of the injected gas at any point of the porous plate from the oseillogram obtained (Fig. 3). 

~.!mm 

o,! 
oj i 

I ~ o? ~ (b) 

0 fO f~ fO b 

Fig. 4. a) Analysis based on mean flow 

injection velocity; b) analysis based on 
local injection velocity; the points i, 2, 

and 3 correspond to the values v w = 
= 0.51, 0.43, 0.30 m/see and <Vw} = 

0~ m/seco 

As the measurements showed, injection was significantly nonuniform along the length of the specimens. Since the 
velocity of the injected gas v w enters into the expression for the injection parameter b, it was necessary to establish 

the effect of this nontmiformity on the relation 5' = f(b). In Fig. 4a we present the results of measurements of 
displacement thickness in several cross sections with different local injection volocities, the quant[ty b being 
determined from the mean velocity <Vw}. As may be seen from the graph, the experimental points diverge 

considerably. In Fig. 4b the same experimental data are shown, but this time the parameter b has been determined 
from the local injection velocity. Clearly, in this case all the points are grouped about a single curve. 

Accordingly, all the subsequent experimental data on the displacement thickness were analyzed according to the 
local injection velocity and the measurements were made at the same cross section (x = 310 mm from the beginning of 
the porous plate) selected from considerations of injection uniformity. In this section the ratio Vw/(V w ) = 1.54 and 
remained constant at different values of (v w } correct to 4%. 

The results of experiments to measure the displacement thickness of helium, air, and freon-12 injected into air 
on the range u 0 = 10-60 m/sec are presented in Fig. 5 in the form: 
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f ,uoS' \ 
. '=i(b) t "  =,--4-) 

The coefficient  of f r ic t ion  Cfo for ca lcula t ing b was de te rmined  f rom the formula :  

~/2c h = 0.0i26 (R**)-< =a 

Here ,  the values  of R** were  found exper imenta l ly  by measur ing  the veloci ty and concentra t ion  profi les  in the 
sect ion where  the a n e m o m e t e r  probe was located.  

R' 2 ' ] 200/j~ 
leo 4' 

a ' ~ b 
/0 ,70 JO 

Fig.  5. Reynolds number  R'  as a function 
of inject ion p a r a m e t e r ;  1) inject ion of 
he l ium into a i r  PwVw = 16.55 N/m 2 �9 2) 
in ject ion of a i r  into a i r  PwVw = 59.2, 86.8, 
119.8 N/m 2 �9 see; 3) inject ion of f reon-12 
into a i r  PwVw = 181.5 N/m2"sec;  curves  
r e p r e s e n t  calcula t ions  based on equation (4). 

(1) 

The need to in t roduce these  coordinates  for analyzing the exper imenta l  data in the form R'  =f(b)  follows not only 
f rom the na tu re  of the expe r imen ta l  m a t e r i a l  but a lso f rom the theoret ical  cons idera t ions  outlined below. 

The value of 6 '  can be approximately  es t imated if it is assumed that for supe rc r i t i ca l  inject ion the following 
re la t ions  hold (cor rec t  to the coefficient):  

A Pwyw2 
8 '=  p0uo----g(x--x,) 

which follows f rom the boundary condit ion for two col l iding je ts ,  and 

dS** Pwvw 
dx poUo 

(2) 

(3) 

which follows f rom the momentum equation for supe rc r i t i c a l  inject ion.  Here ,  x ,  is the d i s tance  f rom the beginning of 
the boundary l ayer  to the point at which d i sp lacement  begins ,  and x is the d is tance  f rom the beginning of the boundary 
l ayer  to the sect ion in quest ion.  

Using (1)-(3) ,  we obtain an express ion  for the Reynolds number  

po (00126), [ (p ,v  2 

The re la t ion  R '  = f (b )  calculated f rom Eq. (4) with A = 1 is presented  in Fig.  5. In accordance  with [1,2], the 
va lues  of b .  for curves  1, 2, and 3 have been taken as 1, 5, and 10, respec t ive ly .  

In the ca lcula t ions  the r e l a t ions  R '  = f  (b, Pw Vw/P0 u0) or b = f  (R', Pw Vw/p0u0) were found f r o m  the exper imenta l  
va lues  of the p a r a m e t e r s .  Equation (4) should be regarded  as approximate ,  s ince there  a re  d i sc repanc ies  between the 
theore t ica l  and exper imenta l  data (for example,  curve  3). 

It is i n t e res t ing  to compare  the exper imenta l  r e su l t s  in the form b i /b  0 = f ( M / M  0) (Fig. 6) for the inject ion of 
he l ium and f reon-12  into a i r  in suPerc r i t i ea l  r eg imes  at R '  = idemwi th the  theore t ica l  r e l a t ion  b i , / b 0 ,  = f { M / M  o) for the 
c r i t i ca l  values  p resen ted  in [1,2]. Here,  b i and b 0 a r e  the values  of the inject ion p a r a m e t e r s  for the inject ion of gas i 
into a i r  and a i r  into a i r  at R '  = idem f rom Fig.  5 ;b i , ,b0 ,  a re  the values of the c r i t i ca l  in ject ion p a r a m e t e r s  for the 
in ject ion of gas i into a i r  and a i r  into a i r ;  M and M o a re  the molecular  weights of the injected gas and the m a i n - s t r e a m  

1 1 6  



g a s .  

C l e a r l y ,  the r a t i o  of the s u p e r c r i t i c a l  in ject ion p a r a m e t e r s  as  a function of the ra t io  of the m o l e c u l a r  weights  of 
the in jec ted  and m a i n - s t r e a m  gases  is in s a t i s f a c t o r y  a g r e e m e n t  with the theory  for  the c r i t i c a l  inject ion p a r a m e t e r s .  

' I 

L ~ , 3  - - i  

g ~ 

F ig .  6. Re la t ive  in ject ion as  a function of 
the r a t i o  of the m o l e c u l a r  weights  of the 
in jec ted  and m a i n - s t r e a m  gases ;  1) 
in jec t ion  of he l ium into a i r ;  2) inject ion of 
a i r  into a i r ;  3) in jec t ion  of f r eon-12  into 

a i r .  

At the s a m e  t i m e ,  we made v i sua l  obse rva t ions  of the boundary l aye r  with an IAB-451 TSpler  i n s t rumen t  us ing an 
anamorph ie  a t t aehment  that  gave a r e l a t i v e  magni f ica t ion  of the v e r t i c a l  coord ina te  of 10:1 with r e s p e c t  to the 
hor i zon ta l  coord ina te .  

Fig. 7. Photographs of the thermal wake behind a heated wire 
obtained by the schlieren method with an anamorphic 

attachment; frames a, b, c, and d correspond to the values 
b = 3.6, 12.8, 17~7, and 19.4. 

An electrically heated nichrome wire 0.I mm in diameter was stretched over the porous surface at right angles 
to the flow and the thermal wake was observed. Photographs of the wake are shown in Fig. 7. 

In Fig. 7b, c, d there is a clearly visible zone of intense blowing at the wall (vertical black streak), 

corresponding to a zero value of the longitudinal velocity component, which increases with increase in the injection 

parameter. For comparison, Fig. 7a shows a photograph of the thermal wake at b < b,, from which it is clear that 
there is no zone of zero longitudinal velocity component near the wall. 

A s i m i l a r  p i c tu re  was o b s e r v e d  in [6]. 
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