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ABSTRACT: 

This paper is devoted t o  t h e  e f f e c t  of e l o t  he ight  and 
i q j e c t i o n  angle on t h e  physical  and in t eg ra l cha rac t e r i s t -  
i c s  of t h e  laminar boundary l a y e r  developing on a  f l a t  
plate.The r e s u l t s  showed t h a t  t h e  e f f e c t  of the s l o t  he ight  
and i n j e c t i o n  angle has t he  same trend.The increase of 
i n j e c t i o n  angle and s l o t  he ight  l eads  t o  reduct ion of t h e  
f r i c t i o n  coe f f i c i en t .  

1. NOMENCLATURE: 
b : S l o t  height thickness  (m). 
li : S l o t  height r a t i o ,  i s  the  r a t i o  of s l o t  he ight (b) ,  

t o  t h e  laminar boundary l aye r th i ckness (  & ) 

Cf : Skin f r i c t i o n  coe f f i c i en t  ,( tfi 5 u: ). 

Cp : Pressure coe f f i c i en t  , (P-P, ) 

L : Fla t -p la te  length % s u2 
sle 

HI2 : Shape f a c t o r  parameter, (- ) 

62 52 HZ3 : Energy parameter,(-) 

P 
% FT 

: S t a t i c  pressure  a t  any x- d i rec t ion( -Z)  
?I 

: Velocity component i n  x-direction ( m / s )  
: Free-stream ve loc i ty  a t  the edge of the  boundary 

l age r  = 0.99 u, , (m/s) . 
: The j e t  ve loc i ty  (m/s). 
: The first maximum ve loc i ty ,  on the  p r o f i l e ,  

measured from the  wall ,  (%,,/urn ). 

: Outer edge v e l o c i t y  of the boundary l aye r ,  a t  the 
s l o t  pos i t  ion ,  ( m / s )  . 

: Velocity component i n  y-direct ion ( m / s )  . 
: Distance along a f l a t -p l a t e  measured from the  

f i r s t  i t e r a t i o n  sec t ion  (a). 
: Distance normal t o  a f l a t - p l a t e  measured from the  

p l a t e  (m). 
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: Location of t he  minimum ve loc i ty  on the  p r o f i l e ,  31n : Boundary l a y e r  thickness  ( m ) .  
J1 : Boundary l a y e r  displacenent  thickness ,  1-+I .dy,(m) 

6 C 

% : Boundary l a y e r  momentum 

g3 : Boundary layer energy thickness ,  
0 .. 

s : Fluid dens i ty ,  (gg/rn3) 
P : Dynamic v iscos i ty .  (N.sec/m ). 
Y : Kinematic v i s c o s i t y  (mysec). 

: Angled in j ec t ion .  
1 : In j ec t ion  r a t i o ,  is the  r a t i o  of the j e t  ve loc i ty  

t o  the ou te r  edge velocity,(ujet/u,  1. 

Re= : Flow Reynolds number = (ueL/p) 

2. INTRODUCTION: 
The formulated i n  a previous work[l]problem extension 

cont r ibu tes  s tudy of t he  e f f e c t  of (B) and ( A  ). The f u l l  
d e t a i l s  of t he  model formulet ion and the  so lu t ion  procedure 
can be found i n  123 , 

3.  DISCTJSSIOPI: 
The computer program designed f o r  the ca l cu la t ion  r i s t i c s  

on a  f l a t - p l a t e  with i n j e c t i o n  was f e d  with t he  dimensionless 
s l o t  height ( 8 )  and t he  indect ion angle ( a). The problem is 
solved here fo r :  

: 0.5 , 0.6 , 0.7 and 0.8, and 
ru : 0 . 0 .  4 . 0 ,  8.0 and12O 
In addi t ion  t h e  physical  p rope r t i e s  of an inc m e s s i b l e  

a r r  , the  flow used i n  t h i s  study, a r e  u = 15 .10 -~  E5/s. The 
(Re) was taken t o  be constant  a t  Rem= 105 , which corresponds 
t o  f r e e  stream ve loc i ty  = 34.4(m/s) on a p l a t e  with &=220mm. 
The vecoci ty is qu i t  small  t o  s u i t  the condit ion of incompre- 
s s i b l e  f l d d  flow. The problem was solved f o r  isothermal and 
s teady  flow condit ions.  The q lo t  height  was chosen t o  be the  
same order  o f  magnitude of S t .  

3.1-1- Effect  of %-slot height  r a t i o -on  v e l o c i t x  f r o f i l e  : 
Figure (3-1) shows the e f f e c t  of v a r i a t i o n  B on t h e  

ve loc i ty  p r o f i l e .  The values of 1 and rr a r e  kept constant a t  
va lues  of (0.4 and 0.5) respec t ive ly ,  while B was .%s~umed t o  
be 0.5 , 0.7 and 0.8. The same was repeated a t d i f f e x e n t  valuee 
of ;\ (0.8 , 1.2 and 1.4) as shown i n  f i g u r e  (3-2) from these  
f i g u r e s  i t  can be not iced tha t :  
1. A n  increase of s l o t  height  a t  const ( 2 )  and ( K O )  l e ads  

t o  increase of  sax and urnin. The d is tance  ymin and ymrur 
a l s o  increase . Thls  can be. explained by the following. 
Increase of (3) a t  constant ( A )  means increase of mass 
flow r a t e  i n  the wall vicin&y.This leads  t o  increase of 
ve loc i ty  i n  the  v i c i n i t y  of the wall  . The s h i f t  of y,, 
and Ymin off  t he  wall  is explained by the  same reason. 

2 .  The boundary l a y e r  thickness  increases  by increas ing  5 , 



- 
3.1-2: E f fec t s  of B on decay-rupb?um v e l o c i t y  p r o f i l e  and 

its loca t ion  : - I 

Figure (3-3) shows t h e  e f f e c t  of g-variat ion on the  
first maximum v e l o c i t y  and the : v a r i a t i o n  of i ts loca t ion .  
The values of 21 0.4 and 1.2 are chosen f o r  the  compar- 
i son  purpose. 
From t h i s  f i g u r e  it can  be observed t h a t :  
1. Generally,  the  v a r i a t i o n  of  B , , l e a d s  t o  the  first 

maximum ve loc i ty  change. The r a t e  of decay is smal le r  
as B increases .  The r a t e  of decay of 
l i n e a r  f o r  3g0.4 as shown i n  f i g u r e  
of I.+,,- decrea6e i n  case of' low % is bigger  than  i n  
ease of hight  g. This can be explained as fo l loks :  A t  

o m t a n t  i n j e c t i o n  r a t i o  ( A ) ,  the f r i c t i o n  and mix- 
lW l o s se s  which a r e  propor t iona l  t o  the  ve loc i ty  a r e  
C o n s t e t  . The k i n e t i c  energy of the flow i n  case of 
small B i s - r e l a t i v a l y  small with respec t  t o  its value 
a t  higher  B. Reducing t h e  f r i c t i o n  l o s s e s  of t he  
k i n e t i c  energy i n  both-cases gives a  smaller  decrease 
r a t e  f o r  cave of high B . 

2. The v a r i a t i o n  of y is l i n e a r  i n  the beginning of 
t h e  mixing zone bu??%ownstream t h i s  l i n e a r i t y  is  not 
hold t r u e ,  The loca t ion  of(%-) is increasing down- 
stream,. A t  s m a l l  i n j e c t i o n  r a t i o s  ( A  s0.4) t h i s  
r e l a t i o n  is l i n e a r  a l l  over the  sec t ion ,  but  a t  h i g h e ~  
2 (1.2 ) , t h i s  r e l a t i o n  becomes non-linear at higher-x. 

?he increase  of B l e ads  t o  increase of (y ) s ince  the  
increase  of J,, downstream d i r e c t i o n  can 6Fexp la ined  by 
the  s t r e t c h i n g  of the semi=bounded j e t  i n  the down stream 
d i r ec t ion .  The higher  the B, the  higher  t he  ymw a t  any 
section-x. 

5.1-3) Effect  of-8 on the minimum ve loc i ty  on the 
p r o f i l e  and its loca t ion :  
The e f f e c t  of 5 v a r i a t i o n  on the minimum v e l o c i t y  

and its loca t ion ,  i s  shown i n  f i gu re  (3-4) . This f i g u r e  
inf i icates  that: 
1. Generally,  the minimum ve loc i ty  on the  p r o f i l e  is  ' 

growing along the  mixigg region, but  the r a t e  of growth 
is r e l a t i v e l y  slow as-B increases .  The increase of the 
minimum v e l o c i t ~  i s  s l i g h t l y  slower a t  the smallest  
values of A (0- )while the e f f e c t s  a r e  more appreciable 
f o r  t he  highest  values of 1 (1.2). 

2. bn increase  of E,  t he  l oca t ion  of the umi, 9 

increa8es; the behaviour of %in cw be explained a s  
follows:- 
The expansion of the j e t  i n  the  x-direction induces an 
adciitional ve loc i ty  component. This ve loc i ty  is  added 
t o  t he  l o c a l  ve loc i ty  of the boundary layer .  The 
r e s u l t a n t  is-an increas ing  ve loc i ty  i n  the x-direction. 
Increase of B means a decay of the j e t  a t  higher x, 



which leads  t o  a smal le r  r a t e  of umin increase ,  The 
increase of y i n  x-direct ion is explained on t h e  
same principlF!fn 

3-2- Effect  of s l o t  height  on the boundary l a y e r  
c h a r a c t e r i s t i c s :  

3.2 .l- Effect  of s l o t  heighr, (3) on boundary l a g e r  
thickness  ( 6 ): 
Figure (3-6) shows the e f f ec t  of &var i a t ion  on 

the  v a r i a t i o n  of ( S  ) a t  d i f f e r e n t  values of 1 (0.4, 0 ,8 ,  
1.2 and 1.4) , i n  case of t angen t i a l  4 = O  .O.  From t h i s  figure 
i t  can be seen t h a t  the increase  of B leads  t o  increase of 
8 .  Since a a . 0 ,  o r  the i n j e c t i o n  is  tangent t o  the 

p l a t e  the  increase i n  S is mainly due t o  the  increase of 
the flow area  by the s l o t  height .  

3.2.1-2- Effect  of the s l o t  height on displacement 
thickness ( h ; ~  ): 

Figure (3-7) shows the e f f e c t  of - 5 on the varia-  
t i o n  of ( f o r  d i f f e r e n t  values o f  a (0.4 , 0.8, 1.2 
and 1.4)  respec t ive ly  i n  case  of o( = 0.0 ( t angen t i a l  in jec-  
t i o n ) .  From t h Q  f i g u r e  i t  can  be observed t h a t  general ly ,  
an increase of B lead8 t o  increase of ( (S l ) ,  s ince  the mass 
flow increases  by increas&n@, of B a t  the same i n j e c t i o n  
r a t i o .  So, by increasing B, t he  mass flow r a t e  increases  , 
end hence ( 61). I n  addi t ion  t o  tbt  i n s p i t e  of ( 6  ) in- 
crease w i t h  B the r a t i o  of ( s1/6 ) increases  with the  
increases  of 8. 
3.2.1-3- Effect  of on the momentum thickness  ( 82): 

Figure (3-8) shows the v a r i a t i o n  oP 6 2  as a func- 
t i o n  of x f o r  d i f f e r e n t  B a t  A =  0.4, 0.8, 1.2, and 1.4 
respec t ive ly ,  i n  t h e  case  of t angen t i a l  i n j e c t i o n  ( %= 0 -0). 
From t h i s  f i gu re  it can  be noticed t h a t  , the same behtlviour 
of ( 6 1) v a r i a t i o n  is repeated f o r  ( g2). This  increase is 
due t o  the increase  of the k ine t i c  energy i n  the  w a l l  region 
a s  a r e s u l t  f o r  the in j ec t ion .  

3.2.1-4 m i e c t  of B on e n e r D  thickness  ( Sj): 
Figure(3-9) shows , the energy thickness  ( S3) a t  

d i f f e r e n t  s l o t  height  r a t i o s  a t  constant 2 (0.4 and 0.03. 
The same was repeated f o r  different- values of l ( 0 . 8 ,  1.2 
and 1.4).Prom t h i s  f i g u r e  it can be seen t h a t ,  t h e  main 
t rend  of g g  v a r i a t i o n ,  slow the f l a t  p l a t e ,  i t  the same 
trend of 6 l  va r i a t ion .  The r a t e  of' increase of ( h 3 )  as  
a func t ion  x ie s l i g h t l y  smaller  than the case of ( d l )  and 

a l i g h t l y  h igher  than the case  of ( S2) .  



mixing region. It can be not iced a l s o  t h a t  a t  the  smal les t  
values of ac , (K d4' ), the i n j e c t i o n  a w l e  has no e f f e c t  
on ( A t  the higher  values of N ( @>4* ) , the  e f f ec t  
begins t o  appear. The increase of ( 6, ) a t  higher limits of 

, is explained a s  the following: ~ i & e  6, is ca lcu la ted  by 
mems of l o c a l  v e l o c i t y  (u )  i-n the  tangential d i r e c t i o n ,  and 
u is connected with the i n j e c t i o n  angle &hen ( 6 3 v ~ i e s  with%- 
va r i a t ion .  The increase  of , l eads  t o  decrease of u i n  tne 
v i c i n i t y  of the wall ,  then the a rea  under the  ve loc i ty  curve 
increases ,  so the r e s a l t a n t  e f f e c t  of increasing 4 , is  the  
decrease of u i n  the  v i c i n i t y  of the wall  and then ( 6 
increases .  

3.3-4: Effect  of i n j e c t i o n  angle (d  ) on the momentum 
thickness  (J2)  : 
Figure (3-16) shows the  e f f e c t  of d -var ia t ion  on ( S2)  

a t  the same mentioned condi t ions in  the previous section.From 
t h i s  f i g u r e  it can be not iced t h a t  the same t rend  as (S1) is 
repeated. A s  pc increases ,  ( 12) increases  wi th in  the  mixing 
region. The change i n  ( 6 2 )  is  more ~ r o n o u c e d  i n  the case of 
small  va lues  of tx . The increase of B,leadn t o  magnification 
of the e f f e c t  of -q. It is i n t e r s t i n g  t o  not ice  t h a t  the in- 
c rease  of the injection angle ( p c )  f o r  constant  velo- 

ci.i;g r a t i o ( %  )mans  decrease of tangent ia l  component of t he  
i n j e c t i o n  flow. This means t h a t ,  the ca l cu la t ion  cf the 
t angen t i a l  ve loc i ty  i n j e c t i o n  r a t i o  is l e s s  than t h a t  calcu- 
l a t e d  by the i n j ec t e3  Blow r a t e .  One can f i n d  t h a t  the  in- 
crease of oc , i n  same way,is equivalent t o  decrease of 1. This 
is  v a l i d  f o r  case when A > 1 ,  when A ( 1 ,  t h i s  no t ice  is not 
hold t rue ,  e spec i a l ly  f o r  ( 6 ). The reason f o r  t h a t  may be 
explained by the ve loc i ty  dis$ribut ion i n  t h e  wall  region. 

3.3-5: Effec t  of i n j e c t i o n  angle (< ) on t h e  e n e r a  
thickness  ( Sj ) : 
A s  i t  can be seen  from f i g u r e  (3-17) where the ( 6  ) 

values along the p l a t  were computed f o r  d i f f e r en t  values af 
a (0.0, 4.0 and 12' ) for  k Q . 4  and 1.2, B= 0.5 and 0.8, 
t h a t  , t h e  behaviour of ( 6 3 )  is  the same a s  ( g2). The 
reasons f o r  this behaviour a r e  the same a s  f o r  62 ,  

3.3-6: Ef fec t  of i n ' e c t i o n  angle (4) on t h e  coe f f i c i en t  
of f r i c t i o n  iCf) coe f f i c i en t  of pressure (Cp) : 
Figure (3-18) shows the  v a r i a t i o q  of (Cf) alone the 

p l a t e .  It can be noticed from t h i s  f i gu re  t h a t ,  increase of 
4 ,  l eads  t o  decrease of Cf. Thia may be explained i n  t h e  
analogy with 1 ,  by the l o c a l  ve loc i ty  . The loca l  ve loc i ty  
decreases with increas ing  ( d )  so with the  increase of 
W ,  Cf decreases.  One can a l so  noticed t h a t  the e f f e c t  of 

on bcth (Cf) a ~ d  ( C ) is analogous t o  the e f f e c t  of 
8 1  on C . This happens tecause  t h e  increase of e i t h e r  of d 
or  8 legds to decrease of t he  l o c a l  ve loc i ty .  



3.2.1-5- Effect of s l o t  height  on the  shape f a c t o r  H12: 

the  
Figure (3-10) shows the  v a r i a t i o n  of H12 along 

p l a t e  . The e f f e c t  of B on H1;! is-smal1,the change of 
is wi th in  5% , f o r  the change of B from 0.5 t o  . The g rea t e r  values of B was not considered, s ince  

the  change of the sur face  w i l l  e f f e c t  the accuracy of t he  
mathematical model. So, H within 5% e r r o r  can be con- 
s idered  f o r  the s l o t  hei& l e s s  than  (0.8). 

3.2.1-6- Effec t  of s l o t  height on t h e  energy 
parameter (HZ3): 
From f i g u r e  (3- l l ) ,  it caq be seen t h a t ,  H 

does not vary  by the p a r i a t i o n  of B i n  the invest i&ion 
l imi t .  The change of B from (0.5) t o  (0 .8)  l e ads  t o  a 
r e l a t i v e  change of H estimated t o  be 0.31%. These 
f igu res  show nlgo th% p r a c t i v a l l y  H may be considered 
independent of  B i n  case of (8 S 0.83. - 
3.2.1-7- Ef fec t  of B on f r i c t i o n  coe f f i c i en t  (Cf): 

The r e s u l t s  of the computed (Cf) is shown on 
f igu re  (3-12) f o r  caae of B = 0.5, 0.6 ,, 0.7 and 0.8 a t  
K =  0.0 and ( A )  was taken t o  be 0.4 , 0.8, 1.2 m d  1.4. 
This r e s u l t s ,  show t h a t  along the  p l a t e  t he  main-charac- 
t e r s t i c s  of C a r e  s t i l l  v a l i d ,  The increase of B leads  
t o  decrease 05 (Cf) . 'Phie is the  r e s u l t  of decrease of 
the l o c a l  ve loc i ty  i n  case of increase of B. It can be 
not iced a l s o  t h a t  thc decrease r a t e  of (Cf)-in t h e  case 
of small  B is higher than the r a t e  of high B. 

3.2.1-8- Effect of on coe f f i c i en t  of pressure Cp: 

The e f f e c t  of B on t h e  pressure coe f f i c i en t  C 
is analogus t o  be e f f ec t  of X . Increase of leads  & 
decrease of pmin a s  shown i n  f i g u r e  (3-13). 

3.3- Effect  of i n j e c t i o n  angle (4 ) on the  boundary 
l a y e r  charac t r i s t i c s  : 

3.3-1- Effect of i n j e c t i o n  angle on boundary l aye r  
thickness  : 
Figure (3-14) shows the e f f e c t  of ocva r i a t i on  on 

( 6 ) . From t h i s  f i gu re  i t  can be seen t h a t ,  ( 6 ) is not 
a f f ec t ed  by &-variat ion.  This means t h a t  i n  a l l  the 
examined cases ;  the i n j e c t i o n  flow is  mixed with the 
main flow, the k i n e t i c  energy is rearranged. This accur 
ed i n  t he  v i c i n i t y  of the w a l l  . The outer  edge of the 
boundary l a y e r  was not a f f ec t ed  by the  in j ec t ion .  

3.3-2- Effect  of i n j e c t i o n  angle ( K )  on the  boundary 
l a y e r  displacement thickness ( d l )  : 
The e f f e c t  of c(-variation on ( 6 ) is shown i n  

f i gu re  (3-15). The f igu re  shows t h a t ,  th& increese of 
(a ) leads t o  increase of ( 61), till the  end of the 



4. C O ~ C L U s I o ~  : 
The mathematical model f o r  c a l c u l a t i o n  o f  the f l u i d  flow 

w i t h  i n j e c t i o n  i n  case  of laminar flow developing on a f lat* 
l a t e  enabled t o  s tudy the  e f f e c t  of i n j e c t i o n  parameters , 40( 8 f o r  cooatant Re on the c h a r a c t e r i s t i c s  of t he  

the  previous discussion. 
i ba&&ry l a y e r  . The f o l  owing conclusion can be drawn from 

1. The mixing zone length  increases  by increas ing  the injq~., 
t i o n  r u t i o  ( 3 )  a s  as by increas ing  (B) . The inje~, 
t i o n  angle (i% ) p a r t i c a l l y  ha6 no s i g n i f i c a n t  e f f e c t  ou 
the length  of the mixing zone. 

2. The f i r s t  maximum ve loc i ty  (s,) , decays a long ' t he  mgy, 
i ng  region,  i n  t he  s w e  manner, d i s tance  from the wall  
wnere the maximum ve loc i ty  e x i s t s  is continueosly depart, 
i n g  the  wall. The minimum ve loc i ty  ( ) increases  a l ca  
along the mixing reg ion  and its loca$d% (gmin) is depmp* 
t i n g  t h e  wall .  

3. The e f f e c t  of s l o t  height (i), on the  boundary l a y e r  
c h a r a c t e r s t i c s  is opposite t o  the e f f ec t  of 1 f o r  same Re,, 
1 and i n j e c t i o n  angle ( W ) .  

4. The e f f e c t  of i n j e c t i o n  angle (for 0 6 -( d 12O) has fhpr 
same trend a s  the e f f e c t  of s l o t  height  (B) f o r  the  smtr 
ReLand A .  

5.  The f r i c t i o n  c o e f f i c i e n t  (Cf), increases  with increasiria 
t h e  s l o t  height and i n j e c t i o n  angle ( o ~ )  . This mean6 thp~b 
the  pressure  along the  sur face  decreases i n  t he  main f l o w  
d i r ec t ion ,  which is s u i t a b l e  f o r  elemination the  flow 
separat ion.  

6. The increase  of i n j e c t i o n  angle (el, and t h e  s l o t  height, 
( B ), leads t o  decrease of Cf. This means t h a t ,  t he  d r q  
on the  pBti&e decreases  which leads  t o  increase of l iP t i r+g  
fo rce ,  when t h i s  system is used on an a i r o f o i l .  
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