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Experimental data are presented on determination of ~e critical injec- 
tion parameter on a porous plate with turbulent boundary layer. The 
test results give satisfactory confirmation of the theoretical results of [1]. 

In wall  boundary  l a y e r s  with t r a n s v e r s e  m a s s  flow, 
e . g . ,  in in jec t ion  of gas through a porous wall ,  the 
s i tua t ion may be encounte red  where  the m a i n  fluid 
flow is  pushed comple te ly  away f rom the wal l .  In th is  
event  f r i c t ion  at the wall  fa l l s  to zero,  heat t r a n s f e r  
between the ma in  s t r e a m  and the wall  becomes  m i n i -  
mal ,  and the concen t r a t i on  of the in jec ted  fluid at the 
wal l  r eaches  100%o Fo r  these  r ea sons ,  at th is  c r i t i -  
cal  in jec t ion  ra te  we may achieve the mos t  effective 
p ro tec t ion  of the sur face  f rom an undes i r ab l e  in f lu-  
ence assoc ia ted  with the m a i n  s t r e a m .  

The m a t t e r  of c r i t i c a l  in jec t ion  is  a fundamenta l  
one in  boundary  l aye r  theory  with c r o s s  m a s s  flow, 
and the study of the condi t ions  in  which such in jec t ion  
appears  i s  of g rea t  theore t i ca l  and p rac t i ca l  i n t e r e s t .  
For  a t u rbu l en t  boundary  l aye r  the condi t ions  for  on-  
set  of c r i t i c a l  in jec t ion  were  f i r s t  obtained in a s y m p -  
tot ic  theory  [1]. 

We shal l  examine  the dynamic  t u rbu l en t  boundary  
l a y e r .  Exis t ing  t e s t  data on the inf luence of in jec t ion  
on f r i c t ion  con f i rm  the theo re t i ca l  conc lus ions  of [1]. 
However,  these  t e s t s  were  c a r r i e d  out, as a rule ,  at 
value~ of the in jec t ion  p a r a m e t e r ,  b, apprec iab ly  l e s s  
than c r i t i c a l  [2 -4] .  The value of b is  de t e rmined  f rom 
the fo rmula  

~=Tw 2 (1) 
Cfo 

The f r i c t ion  coeff ic ient  for tu rbu len t  condi t ions  is de-  
t e r m i n e d  f r o m  the fo rmu la  

Cf 0 B 0.0126 

2 (Re**) '~ (Re**) ~ 

where  Re** = W 08~/v0; ST* is  the m o m e n t u m  th ickness  
at the porous  pla te ;  v 0 is  the k inemat ic  v i s cos i t y  at 
the edge of the boundary  l a y e r .  

Hacke r  [5] has m e a s u r e d  the f r i c t ion  on the wal l  
of a total  p r e s s u r e  tube over  a wide range  of v a r i a -  
t ion  of m a s s  flow ra te  of in jec ted  fluid. However, the 
negat ive  va lues  of f r i c t ion  coeff ic ient  that he obtained 
in  the m a x i m u m  a i r  in jec t ion  ra te  r eg ime  do not allow 
a r e l i ab l e  de t e rmina t i on  of the c r i t i c a l  in jec t ion  pa-  
r a m e t e r .  

In the p r e s e n t  work an a t tempt  has been made to 
evalua te  expe r imen ta l l y  the c r i t i c a l  in jec t ion  p a r a m -  
e te r  on the bas i s  of the following v i sua l  method.  The 
bas ic  flow liquid was a hydrochlor ic  acid solution,  

into which, through a porous  plate,  was in jec ted  a 
weak a lkal ine  solut ion colored  c r i m s o n  with phenol -  
phthalein .  When c r i t i c a l  in jec t ion  was attained,  a v i s -  
ible f i lm of in jec ted  l iquid was c l e a r l y  seen  on the por -  
ous pla te .  With in jec t ion  p a r a m e t e r s  l e s s  than c r i t i ca l ,  
the a lkal i  was comple te ly  neu t r a l i zed  at the wall, and 
the injected l iquid was decolor ized .  A d i a g r a m m a t i c  
layout  of the equipment  is  shown in Fig.  1. 

The porous  sur face  was made up of 25 l a y e r s  of 
Kapron  [nylon] fabr ic ,  coiled into a tube 16 m m  in di-  
ame te r ,  with a longi tudinal  s l i t  180 m m  long and 4 m m  
wide.  The un i fo rmi ty  of in jec t ion  was quite good. 
Ahead of the porous  plate  t he re  was a f o r e - s e c t i o n  
t60 m m  long. The working channel  was  of t r a n s p a r e n t  
p las t ic ,  and had a c r o s s  sec t ion  of 30 • 30 m m .  The 
flow was equ i l ib ra ted  by m e a n s  of a convergen t  sec -  
t ion  at the in le t  to the working  sec t ion .  The flow ra t e s  
of in jec ted  l iquid and ma in  s t r e a m  requ i r ed  to d e t e r -  
mine  the in jec t ion  p a r a m e t e r  (1) were  m e a s u r e d  with 
ca l ib ra t ed  m e a s u r i n g  equipment .  The fact that the 
ma in  s t r e a m  moved in a c losed c i r cu i t  enabled a con-  
s tant  concen t ra t ion  field to be main ta ined  at the in le t  
to the work ing  sec t ion .  

The p a r a m e t e r  b conta ins  the f r i c t ion  coeff ic ient  
Cf0, which is  a funct ion of Re**. To de t e r mine  Re** 
specia l  m e a s u r e m e n t s  of ve loc i ty  prof i le  were  con-  
ducted at d i s t ances  X 1 = 90 and 130 m m  f rom the front  
of the porous  plate (250 and 290 m m  f rom the beg in-  
n ing of the working  sect ion)  at va r ious  Reynolds n u m -  
b e r s  and with and without in jec t ion .  

The ve loc i ty  was m e a s u r e d  with a m i n i a t u r e  Pi tot  
tube with nose  i n t e r i o r  m e a s u r i n g  0.35 x 2 ram.  Mea-  
s u r e m e n t s  on an i m p e r m e a b l e  plate  showed that the 
va lues  of m o m e n t u m  th ickness  6** agreed  well with 
theore t i ca l  va lues  (deviations of 2-3%) over  the whole 
range  of m a i n  s t r e a m  veloc i ty  (W 0 = 1 . 5 - 2 . 2  m / s e e ) .  
The theo re t i ca l  value of 6** was found f rom the mo-  
m e n t u m  equation:  

d Re** Cfo 
dRex, 2 

1 

* *  _ t - ~ ' t t ~  

8'* = v__~_o [(1 + m) B Rex, + (Reo)~' ' ]  % 

Rex, tg/~ -- ; X~ = 0.09 and 0.130 m (2) 

The value of Re0** was found f rom the a s sumpt ion  
that  in the f o r e - s e c t i o n  of length X 0 = 160 m m  a l a m -  
i n a r  boundary  l a y e r  develops .  The butt  jo int  be tween 
the porous  plate and the f o r e - s e c t i o n  acts  as  a t u r b u -  
lence genera to r ,  because  of which a t u rbu l en t  bound-  
a r y  l a ye r  is  formed on the porous  plate  even at va lues  
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Fig. 1. Layout of tes t  equipment: 1) tank with acid solu- 
tion; 2) pump; 3) forechamber ;  4) convergent section; 5) 
working section; 6) fore-sect ion;  7) porous specimen; 8) 
measur ing  equipment for  the main s t ream;  9) fi l ter;  10) 
compressed  air  bottle; 11) tank with solution of alkali 
and phenolphthalein; 12) measur ing equipment for the in- 

jected liquid. 
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Fig. 2. Velocity profile in the boundary 
layer  with no injection and in the turbu- 
lent regime [ a) at Re X = 4.2 �9 105, b) 
5 �9 105; c) 5.35 �9 105; 1) according to 
the law W/W 0 = (y/5)~/7], in the laminar  
regime [d) Re X = 1.5 �9 105; 2) accord-  
ing to the law W/W 0 = 2 (y/6) - 2 (y/5)~ + 
+ {y/5)~], and in the presence  of cr i t ical  
injection [ e) Rel** = 1320, 3 and 4) ac-  
cording to Eq. (3) with Rel** = 1300 and 

2600, respect ively] .  
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Fig. 3. Influence of acid concen- 
t ra t ion C (%) at constant alkali 
concentration on the conditions 
for appearance of a colored fi lm 

at the porous surface .  
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Values of bcr calculated from Re** 

Wo, m/see 
~w' 102 
l~e** 
bcr 

1.68 
1.14 
1300 
5.5 

1.84 
1.I8 
1400 
5,7 

1,95 
1,14 
1450 
5.6 

2.1 
1.1 
1540 
5.5 

of Rex0 less  than 3 �9 105. This is confirmed by the ve-  
loci ty  prof i le  measuremen t s ,  which a re  in good a g r e e -  
ment with the theore t i ca l  None seventh power law" d i s -  
t r ibut ion.  It should be noted that the ins ta l la t ion of a 
turbulence genera to r  of height K at the entrance to the 
working sect ion did not lead to a change in boundary 
l aye r  th ickness  at  the measured  sect ions,  s ince in 
our t es t s  the condition [6] 

KWo/% >~ 90 

was sa t i s f ied .  
In o r d e r  to check that the agreement  between the 

exper imenta l  and theore t ica l  [according to Eq. (2)] 
values of 5"* did not resu l t  f rom fortuitous choice of 
the length X0, supplementary  t e s t s  were  conducted 
with a l amina r  boundary l aye r  in a fully l amina r  
s t r e a m  (Fig. 2). 

It may be seen f rom the graph that  the theore t ica l  
and exper imenta l  values  of 5** agreed for  this  ease  
a l so .  The veloci ty  prof i les  were  also measured  with 
injection, where l i f t -off  of the main s t r eam f rom the 
wall  was at tained.  The values of 51"* for  these  cases  
proved to be l e s s  than calculated by 30% on the a v e r -  
age. At the same t ime,  when expressed  in re la t ive  
coordinates  W/W0, y/5**, the tes t  points s a t i s f ac to r -  
i ly confirmed the theore t ica l  veloci ty  dis t r ibut ion at 
the separa t ion  point, which is given, according to [2], 
by the formula 

( / ; W/W o= 1 + 2 . 5  Cf_~0 Iny/3 (3) 
2 

Before determining the value of the c r i t i ca l  in jec-  
t ion p a r a m e t e r  b c r  , it  was n e c e s s a r y  to find the ra t io  
of concentrat ions of acid and alkal i  which would prove 
not to have an effect on the r e su l t s  obtained. Figure  3 
gives the conditions at which the colored f i lm on the 
porous plate appeared,  for  a lkal i  concentrat ion of 
0. 0390, as a fimction of acid concentrat ion.  Fo r  an 
acid concentrat ion of 0. 390 and above, the values of 
]-w remain  unchanged. At smal l  acid concentrat ions,  
the re la t ion tends to zero,  of course ,  since th is  co r -  
responds to injection of dye into the boundary l aye r  
with neutra l  liquid. The method of determining the 
value of be r  was as follows. We f i r s t  determined the 
flow condition of the main s t r e a m  at which the in jec t -  
ed liquid was complete ly  neut ra l ized .  Then, without 
changing the injection mass  flow rate ,  the veloci ty  of 
the main s t r eam was dec reased  smoothly, until dye 
did not appear  in the pores  of the porous specimen.  
This moment was regarded  as being the s ta r t  of sep-  
ara t ion;  it  p receded c r i t i ca l  injection, and f rom it 
values  of b c r m i  n were  found. With fur ther  dec rease  
in veloci ty  of the main s t r eam,  a wel l -def ined colored 
f i lm appeared,  having a v is ib le  thickness ,  in cont ras t  

to the previous  condition. Values of bc r  were  also de-  
t e rmined  in this second reg ime .  In spite of the fact 
that the accuracy  of the r e su l t s  obtained depended ap-  
p rec iab ly  on the exper imente r ,  the difference between 
b c r m i  n and b e t  was about 10% in all  the t e s t s .  

The red f i lm appeared p rac t i ca l ly  at  once along the 
whole length of the porous surface,  i t s  co lor  being 
l ighter  at the front  of the plate and da rke r  at the r e a r .  
It was not poss ib le  to fix the t ime  of onset of bc r  at 
any section of the p la te .  F r o m  the growth of intensi ty 
of f i lm co lor  toward the end of the plate,  it  may be 
concluded that the inject ion at the beginning of the por -  
ous sect ion cor responded  to the b e t  min condition, 
while the inject ion was somewhat above c r i t i c a l  at the 
end of the sect ion.  Fo r  this  r eason  it was expedient 
to de termine  the bc r  values at Re** for the center  of 
the plate,  since the inject ion was c loses t  to c r i t i c a l  
t he re .  Here it i s  appropr ia te  to r e m a r k  that the va l -  
ues of Cf 0 va r ied  insignif icant ly  along the porous plate 
in our work.  Fo r  example,  the values of Cf0, and of 
bc r  correspondingly ,  differed by roughly 1590 between 
the end and the cen te r  of the p la te .  

The bas ic  t e s t  data a re  presented  in the table .  The 
quanti t ies b c r  were  calculated f rom the t e s t  values of 
Re** at the center  of the p la te .  The values  of k ine-  
mat ic  v i scos i ty  in these calculat ions  were  found f rom 
tab les  for  aqueous solutions of acid and a lkal i .  The 
v i scos i ty  of the solutions used was p r ac t i c a l l y  equal 
to that  of wa te r .  

It may be seen f rom the table  that the exper imenta l  
values of b e t  do not differ  apprec iab ly .  According to 
[2], the theore t i ca l  value of bcr ,  allowing for  finite 
Reynolds number,  is  5.3 at Re** = 1300. In our t es t s  
we were  not able to detect  any influence of Re** on 
bcr ,  since the range of var ia t ion  of Re** was smal l .  

F rom the above evidence the following main conclu- 
sions may be drawn. We have v isua l ly  confirmed the 
exis tence of a flow reg ime with turbulent  boundary  
l aye r  and injection, where the main flow is  a lmost  
complete ly  separa ted  f rom the wal l .  The concent ra-  
t ion of injected liquid at the wall  is  then c lose  to 10090. 
The evidence for  th is  is  the p resence  of a colored fi lm 
on the porous surface at apprec iab ly  different  concen- 
t ra t ions  of acid and a lkal i .  

The exper imenta l  values of b e t  a re  in sa t i s fac to ry  
agreement  with theore t i ca l  values obtained in a symp-  
tot ic  turbulent  boundary l aye r  theory.  

NOTATION 

bcr ='~w(2/Cf0)-critical injection parameter; "~w = YwWw/?'0W0 - 
relative mass flow rate of injected liquid; ?'w, ?'0-density of injected 
liquid and of main stream; Ww, W0-velocity of injected liquid at wall 
and of main stream; Cf 0- friction coefficient; 6**-momentum ~hick- 
hess; v-kinematic viscosity; X 0-length of fore-section with Iaminar 
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boundary layer; X I- abscissa, calculated from beginning of porous 
plate; K-height of turbulence generator; /-length of porous plate; 
Re**, Rex1 , Rex0_Reynolds numbers based on geometrical dimen- 
sions; ~-relative friction coefficient; X = X 0 + Xi; C-concentration. 
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