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The ave rage  and pulsa t ion  ve loc i ty  p ro f i l e s  a r e  m e a s u r e d  in a r ec t angu la r  channel  dur ing 
combined p o r e - s l o t  blowing.  Un ive r sa l  functions a r e  p roposed  which gene ra l i ze  the e x p e r i -  
men ta l  data obtained in d i f fe ren t  c r o s s  sec t ions  and in a wide range of in tens i t i es  of pore  
blowing.  

In a number  of i ndus t r i a l  devices  (MHD g e n e r a t o r s ,  p rospec t ive  power ins ta l l a t ions ,  i n s t rumen t s  of 
p l a s m a - c h e m i c a l  production) the p r e f e r r e d  and s o m e t i m e s  the only poss ib le  means  of cont ro l l ing  the p ro -  
c e s se s  of m a s s  and hea t  exchange in the boundary l a y e r  is the combined p o r e - s l o t  blowing of the working 
med ia ,  when a s lo t  cur ta in  nea r  the wal l  is o rgan ized  in addi t ion to the t r a n s v e r s e l y  d i s t r i bu t ed  blowing 
through the p e r m e a b l e  wal l .  The flow r e a l i z e d  in such a ease  can be cons ide red  as a semiconf ined  tu rbu-  
lent  j e t  a t  a p e r m e a b l e  su r face  in a concu r r en t  s t r e a m .  

This  flow is c h a r a c t e r i z e d  by a number  of spec i f ic  p r o p e r t i e s  in c om pa r i s on  with pure ly  pore  or  
pure ly  s lo t  blowing.  At  the s ame  t ime,  combined p o r e - s l o t  blowing has been s tudied l i t t le  in the l i t e r a t u r e .  
One can ment ion only [1, 2], where  a boundary je t  without a c onc u r r e n t  s t r e a m  at  a p e r m e a b l e  su r face  at  
low blowing in tens i t ies  was s tudied ,  and [3], which c ons i de r e d  a cur ta in  in a burning graphi te  channel .  

The p r e s e n t  study was conducted on an appa ra tus  with a working sec t ion  cons is t ing  of a channel of 
r e c t a n g u l a r  c r o s s  sec t ion  31 • 35 m m  in s i z e .  The tangent ia l  boundary j e t  was fo rmed  in a r e c t a n g u l a r  
s lo t  with an exi t  c r o s s  sec t ion  of 3 • 35 m m .  The t r a n s v e r s e  blowing of gas into the boundary  l a y e r  was 
c a r r i e d  out through a plate  of porous  n ickel  mounted f lush with the lower  wal l  of the channel  a t  a d is tance  
of 6 m m  f rom the cut of the s lo t .  The d imens ions  of the working sec t ion  of the plate were  235 • 35 m m .  
The main  gas s t r e a m  a r r i v e d  a t  the e x p e r i m e n t a l  channel  a f t e r  a sec t ion  of a e r o d y n a m i c  p r e p a r a t i o n ,  as 
a r e s u l t  of which the longi tudinal  ve loc i ty  prof i le  a t  the en t rance  to the model  was c lose  to r e c t a n g u l a r  
- -  the r e l a t i ve  th ickness  5*/5 of d i sp l aceme n t  was 0.01 and the in tens i ty  of longitudinal  pulsa t ions  a t  the 
cen te r  of the s t r e a m  did not exceed  0 .015.  

Al l  the m e a s u r e m e n t s  were  conducted with an ATA-1 t h e r m o a n e m o m e t r i c  i n s t rumen t .  The head was 
c a l i b r a t e d  aga ins t  a m i c r o - P i t o t  tube at  the middle  of the channel  at  the beginning and end of each s e r i e s  
of e x p e r i m e n t s .  The f l ow- ra t e  p a r a m e t e r s  for  the gas components  were  r e c o r d e d  f rom the p r e s s u r e  drop  
at  the m e a s u r i n g  d i sk s .  

The p r e l i m i n a r y  qual ifying m e a s u r e m e n t s  in a boundary  j e t  without blowing in a concu r r en t  s t r e a m  
gave s a t i s f a c t o r y  a g r e e m e n t  with the wel l -known gene ra l i za t ions  for  f!0ws of this type [4]. The flow ra t e s  
of the incoming,  s lot ,  and pore  gas suppl ies  were  va r i ed  in the cour se  of the e x p e r i m e n t s .  With a main  
s t r e a m  veloci ty  of ui0 = 8 m / s e c  three  s lo t  blowing ve loc i t i es  were  es tab l i shed :  u 0 = 4, 8, and 16 m / s e c .  

With a main  s t r e a m  veloci ty  of ui0 = 20 m / s e c  only s lo t  blowing with u 0 = 20 m / s e c  was examined .  F o r  
each mode four values of the pore  blowing in tens i ty  were  achieved:  m = 0.05,  0 .03,  0 .01 ,  and 0. The 
t h e r m o a n e m o m e t r i c  m e a s u r e m e n t s  were  made in five c r o s s  sec t ions  along the length of  the working 
sec t ion  with the following d i m e n s i o n l e s s  longi tudinal  coord ina tes :  x = x / h  = 5 .3 ,  22.0,  38.7 ,  55.3,  and 
72 .0 .  The d i s t r ibu t ions  of the ave rage  and pulsa t ion  longitudinal  ve loc i t i e s  were  m e a s u r e d  in each c r o s s  
sec t ion .  
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Fig.  1. Prof i les  of average (a) and pulsation 
(b) longitudinal velocities in c ross  section x 
= 5 5 . 3 a t r  = 0 . 5 :  1) m =0;  2) 0.01; 3) 0.03; 
4) 0.05.  ~fif~, m / s e c .  

Thelexperimental  results  for the c ross  section x = 55.3 and r = 0.5 are  presented in Fig.  i .  The 
graphs presented permi t  an est imate of the degree of influence of the pore blowing on the retardat ion of 
the jet. It is charac te r i s t i c  that along with considerable deformation of the velocity profiles the usual 
s t ruc ture  of a semieonfined jet  with a maximum longitudinal velocity is retained during intense t r ansverse  
blowing at considerable distances f rom the s tar t  of the jet (more than x = 72 at m = 0.05).  The blowing re -  
distr ibutes the thicknesses of the wall and jet  boundary layers ,  with the total thickness of the jet remaining 
unchanged under the experimental  conditions examined. The lat ter  is connected with the effect of a negative 
p ressu re  gradient  which increases  with an increase  in the blowing and compensates for  the forcing back of 
the jet  by the t r ansver se  flow of mater ia l .  

In the analysis  of the velocity profiles presented in Fig.  1 it must  be considered that the local veloc- 
ities u are  normal ized with respec t  to the local velocity of the concurrent  flow u i which is not constant 
along the length of the jet (ui = 8.0 m / s e e  for mode i ,  8.5 for  2, 9.8 for 3, and 11.4 m / s e e  for  mode 4). 
Thus, the maximum velocity u m under the present  conditions in a fixed c ross  section f i r s t  decreases ,  but 
then increases  with the fur ther  increase  in the blowing intensity and becomes g rea te r  than at f i rs t .  This 
is explained by the fact  that with light blowing the re tardat ion of the jet dominates over  its enhancement 
which is promoted by the supply of mass  by the external  s t ream,  while with s trong blowing the picture is 
r eversed .  

The lengths of the initial section of the jet a re  determined f rom the dependence of the maximum 
velocity excess Um--Ui/Um0--ui0 on the longitudinal coordinate x.  It turned out that with an increase in 

blowing the initial sect ion contracts ,  a lmost  degenerating at the maximum blowing intensity m = 0.05 for 
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Fig.  2. General ized dependence for average velocity in middle 
zone of a boundary jet  with r = 0.5 (a) and with r = 1 and 2 (b): 1) 
m = 0.01; 2) 0.03; 3) 0.05; 4) f rom Eq. (1). 
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Fig.  3. Universal  profile of average velocity for 
outer  zone of boundary jet: 1) m = 0; 2) 0.01; 3) 
0.03; 4) 0.05.  

the present  exper iments .  The variat ion along the jet of the relat ive coordinate of half velocity y 0 . J h ,  
which charac te r i zes  the width of the jet, shows that in the presence  of blowing, the outer  zone of the 
boundary jet obeys the general  rule for  s e l f - s imi l a r  jet flows -- s t ra ightness  of the outer boundary [5]. 
The blowing affects ,  although not great ly ,  the location of the pole of the jet .  With an increase  in the blow- 
ing intensity the pole is shifted toward the s ta r t  of the jet .  

In a jet  with a pa r ame te r  of concurrence  r = 2 at a sufficient distance f rom the cut of the slot the 
velocity profi les are  monotonic and it is difficult to fix the boundary between the region of mixing and the 
boundary layer  near  the wall on the basis of the usual concepts .  The experimental  data obtained at r = 2 
show that the profiles of u /u i  are  a lmost  equidistant except for  a relat ively smal l  region near  the wall, and 
in con t ras t  to the mode examined f i r s t  the thickness of the jet increases  with an increase  in the blowing in- 
tensity,  reaching values corresponding to r = 0.5 only at the highest  m. 

The pulsation charac te r i s t i cs  are  of considerable importance '  for the understanding of the s t ruc ture  ~ 
of the complicated flow under considerat ion.  The rms  longitudinal-pulsation velocities are  presented 
graphical ly  in Fig.  lb .  The presence  of two maxima in the profiles is a cha rac te r i s t i c  proper ty  of the flow 
at r = 0 .5 .  The f i r s t  of the pulsation maxima is determined by the blowing and increases  sharply with an 
increase  in the rate  of the pore supply, while the second maximum is a consequence of the development of 
the jet boundary layer  and decreases  with an increase  in blowing. All this indicates the redis tr ibut ion of 
turbulent energy between the wall and jet boundary layers  of this jet under the effect of the t r ansver se  gas 
flow, as well as stabil ization of the flow in the vicinity of the wall by the blowing. 

The question of the location of the f i rs t  maximum in the pulsations is important  for  the calculation of 
semiconfined jets of the type examined. This is connected with the fact  that the velocity profile in its wall 
boundary l ayer  taken for  the calculation of the jet mus t  allow for the t r ansve r se  flow of mate r ia l  at the wall 
and it mus t  be assigned specif ical ly through relat ionships established for  independently developing turbulent 
boundary layers  at permeable  sur faces .  Many of the present ly  available methods of represent ing  the veloc- 
ity profi les in such boundary layers  provide for the presence  of two charac te r i s t i c  zones of flow (in the 
turbulent par t  of the layer) .  An individual velocity relationship is establ ished for each of the zones, for 
example,  all kinds of modifications of the " logari thmic wall function" for  the inner zone and a "velocity 
defect" function for  the outer zone of the layer  [6]. The line of maximum shear ing s t r e s ses  or  the line of 
maximum intensity of the turbulent pulsations is taken as the boundary between the zones.  According to 
the exper imental  data the locations of the maximum pulsations and of the maximum in the shear ing s t r e s ses  
cor respond  closely to one another [7]. 

It should be noted that the relationships establ ished for  the turbulent boundary layer  at a permeable  
surface are  limited as a rule to re la t ively low blowing intensities and the absence of a longitudinal p ressure  
gradient .  Except for  solutions obtained on the basis  of the theory of limiting transit ions [8] and fully ap- 
plicable to large Reynolds numbers  there are  no universal  relat ionships in the l i terature  for  the boundary 
layer  under considerat ion.  
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Fig. 4. Profile of rms pulsation velocity inouter 
zone of boundary jet: i) m = O; 2) 0.01; 3) 0.03; 
4) 0.05 

In the present  work an attempt is made to establish on the basis of the experimental  data obtained 
general  relationships suitable for the calculation of jets in a wide range of blowing intensities and longitu- 
dinal p ressu re  gradients .  The general izat ion applicable to the boundary layer  of the jet  is satisfied for  its 
outer  part ,  i . e . ,  for  the middle zone of the jet (zone II in Fig.  3). In compar ison  with the section near  the 
wall, in which disturbing factors  (blowing, t h e p r e s s u r e  gradient,  roughness) affect the flow to a consider-  
able extent, the middle zone is more  conservat ive with respec t  to the disturbances enumerated because of 
the g rea t e r  longitudinal momentum of the liquid, and in addition possesses  the important  proper ty  that in 
some s t ruc tura l  charac te r i s t i cs  and f rom a number  of formal  indications it is s imi lar  to turbulent boundary 
layers  of mixing. On the basis of the la t ter ,  the data on the average velocities in the middle zone are  ana- 
lyzed in the coordinates U--Umm/Um--Umm and y--~rm/Y0.5--y m, which are  charac te r i s t i c  for  jet flows. In 
the present  case Y0.5 is the coordinate of the point where u = 0.5 (Um + Umm). As seen f rom Fig.  2a, the 
data on the jet with r = 0.5 are  outside of a dependence on the longitudinal p re s su re  gradient  for  all the 
blowing intensities studied and the values of the longitudinal coordinate were general ized in the form of a 
sIngle curve,  for  which the equation is 

u _ u , ~  _ 1 _ _ 0 . 5 (  g_g~ )3/2. 
Um --  umm Yo.,~ - -  Ym (1) 

The data for  jets with r = 1 and 2 are  presented in Fig.  2b in the same t reatment .  Since the velocity 
profiles here are  monotonic, zones I and II (see Fig.  3) merge  into a single zone. All the available data 
are  a lso well general ized and, which is important,  the curve fully corresponds  to Eq. (1). The la t ter  in- 
dicates the universal i ty  of Eq. (1). Through formal  t ransformat ions  one can obtain f rom (1) the relat ion-  
ship 

urn__u(. ' )3/2, (2) g,~ -=g 

U m  - -  U m m  , g m  - -  Y m m  

which is more  suitable for  use in calculations of je ts .  

The data were also general ized for  the outer zone of the jet at r = 0 .5 .  The analysis of the exper i -  
mental  data showed that the blowing and the longitudinal p ressu re  gradient  do not disturb the approximate 
se l f - s imi la r i ty  of the flow in this zone, i . e . ,  for  each fixed blowing pa ramete r  there is a single excess 
velocity profile in all the c ross  sections along the length of the jet: u--ui /um--U i = f (Y/Y0.s). Moreover ,  
differentiation of the se l f - s imi l a r  profiles is observed with variat ion in the intensity of pore blowing. As -  
suming that the differentiation of the profiles is caused mainly by the shifting along the y axis of the line of 
maximum velocity u m, the experimental  data were t reated in the coordinates u--ui /um--U i and Y-Ym/  
Y0.s - y  m" As seen f rom Fig.  3, all the experimental  points were general ized in the entire range of blowing 
intensities studied, having formed a single profi le of the relat ive velocity excess close to the profi le for a 
free iet (the solid line on the graph is the Schlichting profile).  

A s imi la r  approach was used In construct ing the general ized dependence for  the pulsation longitudinal 
velocities for  the outer  par t  of zone I. F r o m  Fig.  4, where experimental  points obtained at d i f fe ren tc ross  
sections of the jet  and at different blowing Intensities are  plotted, it is seen that universal i ty  of the profile 
of pulsation velocities is approximately observed in this par t  of the jet .  
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The flow in the wall zone of the jet (zone III) differs little f rom the flow in an ord inary  boundary layer  
at  a wall.  Because of the relat ively smal l  thickness of this zone ei ther  one-dimensional  solutions or  other 
approaches allowing for  the immediate proximity of the wall can be c o r r e c t  here with sufficient rel iabil i ty.  

N O T A T I O N  

= h/x: dimensionless longitudinal coordinate; y: t r ansver se  coordinate;  h: height of slot; Y0.5: 
t r ansver se  coordinate of point where u = 0.5 (Um+ ui) or  u = 0.5 (um + Umm); u: average longitudinal 
velocity; u ' :  rm s  longitudinal-pulsation velocity; Vw: velocity of t r ansver se  blowing; m = Vw/Ui: intensity 
of t r ansve r se  blowing; u0: velocity of slot  supply; r = ui/u0: pa rame te r  of concurrence of jet; 5: thick- 
ness  of boundary layer;  5": displacement  thiclmess.  Subscripts:  i: incoming flow; m: maximum; mm: 
at line of maximum shear ing s t r e s se s ;  0: at cut of slot.  
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