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An e x p e r i m e n t a l  s tudy  has  been  m a d e  c o n c e r n i n g  the h y d r o d y n a m i c s  of t u r b u l e n t  a i r  flow 
th rough  p o r o u s  channe l s  of u n i f o r m  c r o s s  s e c t i o n  with d r a i n  o r  f eed  a long  the pa th .  F o r m u -  
l a s  a r e  p r o p o s e d  fo r  c a l c u l a t i n g  the v a r i a t i o n s  in p r e s s u r e  and flow r a t e  a long  such a channe l .  

A g r o w i n g  i n t e r e s t  h a s  been  noted in r e c e n t  y e a r s  c o n c e r n i n g  the h y d r a u l i c  c h a r a c t e r i s t i c s  of c h a n -  
ne l s  wi th  p o r o u s  w a l l s .  

The v a r i a t i o n  of p r e s s u r e  a long  a channe l  wi th  d r a i n  o r  feed  is  d e t e r m i n e d  a c c o r d i n g  to the equa t ion  
of  f luid f low a t  a v a r i a b l e  r a t e  a long  the pa th  [1]: 

_ _  ~w (~v - -  O) d a  v )  dx 
dp .~_ ~d~v @ vfld~ @ - -1- )~ - -  --  O. (1) 
p G 2 D 

It i s  not p o s s i b l e  to i n t e g r a t e  Eq.  (1), i n a s m u c h  a s  no r e l i a b l e  t e s t  da t a  a r e  a v a i l a b l e  today p e r t a i n i n g  to 
the c o e f f i c i e n t s  fl, X, and the va lue  of  0. 

S e v e r a l  a u t h o r s  [2-4] a s s u m e d ,  wi thout  any j u s t i f i c a t i o n ,  that  the d r a i n  (de l ive ry )  v e l o c i t y  o r  the 
feed  (supply)  v e l o c i t y  of  the f lu id  m a s s  i s  p e r p e n d i c u l a r  to the m a i n s t r e a m  d i r e c t i o n ,  i . e . ,  that  0 = 0. 

It would be  m o r e  l o g i c a l  to a s s u m e  that  0 is  p r o p o r t i o n a l  to the l o c a l  f lu id  v e l o c i t y  in the channe l ,  
i . e . ,  that  0 = a w  x. 

N e i t h e r  do r e s e a r c h e r s  a g r e e  on how to c a l c u l a t e  the f low c o e f f i c i e n t s :  the m o m e n t u m  c o e f f i c i e n t  
and  the f r i c t i o n  d r a g  c o e f f i c i e n t  X. T e s t  da t a  fo r  c o e f f i c i e n t  B. a r e  v e r y  s c a r c e  and c o n t r a d i c t o r y  [3, 5]. 
A few s u g g e s t i o n s  on e s t i m a t i n g  the v a l u e s  of coe f f i c i en t  X a r e  g iven  in  [5, 6], 

An  a t t e m p t  to so lve  Eq.  (1) was  m a d e  in [4] fo r  the c a s e  of f lu id  d e l i v e r y  th rough  a p e r f o r a t e d  p ipe  
wa l l ,  a s s u m i n g  0 = 0 and wi thout  a c c o u n t i n g  fo r  the v a r i a b i l i t y  of  the l o c a l  c o e f f i c i e n t  of h y d r a u l i c  d r a g  
in the h o l e s .  

T A B L E  1. B a s i c  G e o m e t r i c a l  D i m e n s i o n s  of  T e s t  Mode l s  

Porosity. ~ Diameter of Number of [8 between Length of active seg- pacing 
f holes d, mm holes per row holes s, mm merit L, mm 
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F i g .  1. Apx (a) and  Aex  (b) a s  func t ions  of x / D ,  d / D ,  and ef 
(Re 0 = 5 .0 .  104). Sol id  l i n e s  fo r  d / D  = 0.0722 [1) ef = 0.00723; 
2) 0.01445; 3) 0.02892; 4) 0.05784; 5) 0 .1156] .  D a s h e d  l i n e s  
fo r  d / D  = 0.289 [6) ef = 0.1156]. 

Mos t  e x p e r i m e n t s  w e r e  p e r f o r m e d  wi th  l iqu id  o r  g a s e o u s  coo lan t s  supp l i ed  th rough  a p o r o u s  wa l l .  

Mos t  i n t e r e s t i n g ,  f r o m  the po in t  of v iew of h y d r o d y n a m i c s  in a p o r o u s  channe l ,  i s  the s tudy m a d e  in  
[5]. The r e s u l t s  of that  s tudy  app ly ,  h o w e v e r ,  to s m a l l  r e l a t i v e  l eng ths  (L/D < 18) of  an a c t i v e  channe l  
wi th  such a high d r a g  a s  to e n s u r e  a u n i f o r m  gas  feed  a c r o s s  the p o r o u s  s u r f a c e .  No a t t en t ion  was  p a i d  a t  
a l l  to the h y d r o d y n a m i c  e f f ec t s  in m a n y  s t u d i e s  c o n c e r n i n g  the hea t  t r a n s f e r  and the f r i c t i o n  d r a g  with  
coo lan t  i n j ec t i on  into a t u rbu l en t  b o u n d a r y  l a y e r  [7]. 

In [3] w e r e  r e p o r t e d  r e s u l t s  of an e x p e r i m e n t a l  s tudy,  and a m e t h o d  was  p r o p o s e d  fo r  c a l c u l a t i n g  the 
h y d r a u l i c  d r a g  in a t u r b u l e n t  f lu id  s t r e a m  th rough  channe l s  of u n i f o r m  se c t i on  wi th  d r a i n  (feed) a c r o s s  a 
p o r o u s  wal l .  The  t e s t  da t a  w e r e  g e n e r a l i z e d  t h e r e  on the b a s i s  of 0 = 0 and fi = eons t .  Al though m o s t  t e s t s  
w e r e  p e r f o r m e d  with  a u n i f o r m  feed  o r  d r a i n  a long  the channe l ,  the a u t h o r s  a s s u m e d  tha t  the m a t h e m a t i c a l  
r e l a t i o n s  would app ly  a l s o  to a n y  o t h e r  k ind  of f low r a t e  d i s t r i b u t i o n  a long  a p o r o u s  channe l .  

In th is  s tudy the a u t h o r s  t r i e d  to e x p e r i m e n t a l l y  d e t e r m i n e  the mode  of p r e s s u r e  and flow r a t e  v a r i a -  
t ion a long  a p o r o u s  channe l  of u n i f o r m  s e c t i o n  c a r r y i n g  t u r b u l e n t  a i r  wi th  d r a i n  o r  f eed  a long  the pa th ,  a t  
v a r i o u s  p o r o s i t y  l e v e l s  and at  v a r i o u s  l eng ths  of the a c t i v e  channe l  s e g m e n t .  The t e s t  o b j e c t  was  a c i r c u -  
l a r  b r a s s  p ipe  wi th  an  i n s i d e  d i a m e t e r  D = 13.8 m m ,  whose  p o r o s i t y  was  de f ined  by  the n u m b e r  of h o l e s  
t h rough  the wa l l  (d = 1 m m  and d = 4 m m ) .  A t  a to ta l  p ipe  length  of 1800 m m ,  the l o n g e s t  a c t i v e  s e g m e n t  
was  1500 m m  and the f low s t a b i l i z a t i o n  s e g m e n t  was  o v e r  20 d i a m e t e r s  long.  

The  g e o m e t r i c a l  p a r a m e t e r s  of the t e s t  m o d e l s  of  p o r o u s  p i p e s  a r e  g iven  in T a b l e  1. The l eng th  of  
the ac t ive  s e g m e n t  was  v a r i e d  wi th in  the r a n g e  L / D  = 10 .8-108  by  m e a n s  of a m o v a b l e  p l u n g e r  p u s h e d  in 
f r o m  the d e a d - e n d  s ide .  

A d i f f e r e n t i a l  m a n o m e t e r  o r  a m i c r o m a n o m e t e r  i n s t a l l e d  a t  s a m p l i n g  p o i n t s  r e a d  the e n t r a n c e  p r e s -  
s u r e  into the ac t i ve  s e g m e n t  and the p r e s s u r e  v a r i a t i o n  a long  the p o r o u s  p ipe ,  which w e r e  then r e c o r d e d  
a c c o r d i n g l y .  

Each  m o d e l  was  t e s t e d  u n d e r  four  d i f f e r e n t  o p e r a t i n g  m o d e s ,  n a m e l y  with fou r  v a l u e s  of the R e y -  
n o l d ' s  n u m b e r  a t  the e n t r a n c e  s e c t i o n  to the a c t i v e  s e g m e n t ,  wi th in  the r a n g e  Re 0 = 3" 104-2 �9 105 (w0 ~ 35- 
240 m / s e c ) .  T e s t s  w e r e  p e r f o r m e d  with  both  a i r  d r a i n  and a i r  feed.  The  r e s p e c t i v e  r e s u l t s  a r e  shown 
in F ig .  l a ,  b for  one f low mode  (Re 0 = 5.0 �9 104). The E u l e r  n u m b e r  h a s  b e e n  p l o t t e d  h e r e  a long  the a x i s  of 
o r d i n a t e s :  Eu = Apx  (dra in)  and Eu = A c x  (feed).  

1 2 1 2  
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Fig.  2. Apk as a funct ion of k0L/D:  1) d /D = 0.072; 
d /D = 0.29; 3) a c c o r d i n g  to the f o r m u l a s  in [3]. 
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A c c o r d i n g  to the de r ived  re la t ions ,  the total  p r e s s u r e  drop  along a p o r o u s  s egmen t  with dra in  Apk 
= APk/(pW2o/2)  does not depend on the channel  p o r o s i t y  e] (or the p a r a m e t e r  ~), but  is d e t e r m i n e d  by the 
r e l a t ive  channel  length L /D ,  by the r e l a t ive  d i a m e t e r  of  holes  d /D,  and by the flow mode (Reynolds num-  
b e r  Reo). F o r  given va lues  of L / D  and d /D,  at  the s a m e  t ime,  the mode  of p r e s s u r e  va r i a t ion  along a 
channel  is l a r g e l y  af fec ted  by the p o r o s i t y  level .  

The total r e l a t ive  p r e s s u r e  drop  (Apk) based  on all  d ra in  t es t s  is shown in Fig .  2 as  a funct ion of the 
total  hydraul ic  d r a g  coef f ic ien t  X 0L/D. 
equat ion 

It is evident  he re  that  the tes t  data fit c lo se ly  enough into the 

hPi~ - - b - -  Xo L 
APh-" pWo ~ 2.75 " --D-' 

2 
which follows f r o m  Eq. (3) 

Ap~ - Ap = X (2 - -  X )  b - -  - -  
0wo 2 

2 

d e s c r i b i n g  the p r e s s u r e  va r i a t ion  dur ing  a d ra in  flow [81. 

(2) 

)~0 L 
[1 - -  (1 - -  X)~'75]. (3 )  

2.75D 

Equat ion (3), in turn,  fol lows f r o m  the funda-  
menta l  equat ion (1) with 0 = aw x, B = const ,  Wx = w0(1-X),  b = aB, and X 0 = 0.3164/4vrRe0. 

The va lues  of coeff ic ient  b = f(d/D) had been  obtained expe r imen ta l l y  in [8] fo r  the case  of a flow with 
un i l a t e r a l  d ra in .  

It is evident  f r o m  Fig.  2 that  the tes t  points  fo r  sho r t  channels  (L/D < 18) lie f a r t h e r  and f a r t h e r  
above the ca lcu la ted  s t r a igh t  line. This  can p robab ly  be explained by the ef fec t  of a dead end on the flow 
pa t t e rn  in sho r t  channels .  On the same  d i a g r a m  is shown a cu rve  (dashed line) ca lcu la ted  by the method 
in [3] f r o m  tes t  va lues  fo r  a un i fo rm  dra in .  

While m e a s u r e m e n t s  and ca lcu la t ions  ag ree  fa i r ly  well  in the case  of shor t  channels ,  such as those 
tes ted  by the au thor s  (L/D = 12), the e r r o r  of ca lcu la t ions  by the method in [3] fo r  any o the r  than un i fo rm 
dra in  d i s t r ibu t ion  along the channel  i n c r e a s e  rap id ly  with i n c r e a s i n g  L / D  ra t io .  

An evalua t ion  of tes t  r e su l t s  has  y ie lded  the fol lowing e m p i r i c a l  f o r m u l a  fo r  the p r e s s u r e  va r i a t ion  
with d ra in  a c r o s s  a po rous  wall:  

Ap x Ap . _ 
pw~____ aXm' (4) 

2 
where  

a = b - - -  ~'o . L 
2.75 D 

m -:  1.257--- 2.5 for y>/3.0;  

m : 0 .3f- i  0.4 for y,~<3.0. (5) 

and 
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The value of coefficient b should be taken as 1.0-1.1 for d/D < 0.1-0.12. 

When f < 3.0 (especially f < 1), formula (3) gives a bet ter  agreement  with test  data. 

In this study the total p re s su re  drop along the channel was of the same order  of magnitude as the 
hydraulic drag through the porous wail and the distribution of fluid flow rate (velocity) through holes at 
various channel sections was not uniform. 

The degree of hydraulic nonuniformity can be expressed in t e rms  of the pa rame te r  71h = v/v,  where 
= G0/p~f h. On the other hand, 

~Po -4- hp 1 / 1  + kA 
V p o  ' = ~ "qG= V = ~16= + Ap 1 +hA 

Accepting that 

A -- hp _ aX m, 

2'" 

we will find the mean relative p re s su re  drop along a porous collecting pipe 

l 
~ = AP___L__ ~ a X ' d X  = a 

w~ ~o m +  1 p--~- 

Then Eq. (6) becomes 

(6) 

(7) 

' ~ 1 /  1 -t- ~ X ~  
~G= -~---  V a ' (s) 

1 + k i n +  i 

where k = (pw~/Z)/p0. 

Curves of k vs f a re  shown in Fig. 3 for var ious poros i ty  levels and various flow modes in a delivery 
channel. When f > 3, evidently k becomes independent of f, depending only on the porosi ty  and on the flow 
mode. 

For  a channel with a porosi ty  0.12 > ef -> 0.012 and f > 3.0, pa ramete r  k can be determined f rom the 
equation 

0.04 
k : e x p ~ + 2 5 e  I ) .  (9) 

When k -< 0.1-0.2, the air  delivery is a lmost  uniform throughout the length of a porous channel. 

In Fig. 3 is also shown the relation pk/P0 = ~o(f'). Evidently the p res su re  recovery  is maximum when 
f ~  3.0. 

The test data obtained for a porous channel with suction (intake channel) are  shown in Fig. lb and 
Fig. 4. According to Fig. lb, increasing the relative hole size (d/D) will resul t  in a smal le r  p re s su re  
drop along the porous channel segment�9 The relative p re s su re  drop along a porous channel with injection 
can be determined according to the expression in [8], on the basis  of Eq. (1), 
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i n t ake  mode) :  1) 6f = 0.00723; 2) 0.01445; 3) 0.02892; 
4) 0.05784; 5) 0.1156. 
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Equation (10) is based on the following assumptions: /~ = coast; w x = w0(1-X); 0 = alw x. Coefficient 
e = (2-a i ) /2  .fl accounts for the effect of added fluid mass on the mainstream structure. The values of 
this coefficient can be determined from test data in [8]. When d/D < 0.25, then c ~ 1.0. The total relative 
pressure  drop along a porous channel segment is 

}~0 L Ac~ =: hPk =: 2c --  (11) 
p w~ 2 . 7 5 9  

2 

It fo l lows  f r o m  the c u r v e s  in F ig .  4 that ,  un l ike  in d e l i v e r y  channe l s ,  in take  channe l s  a r e  c h a r a c t e r i z e d  by 
p a r a m e t e r s  k and Pk/P0 a l m o s t  i ndependen t  of the p o r o s i t y  bu t  d e t e r m i n e d  by  the p a r a m e t e r  f -and the f low 
mode  only .  

The channe l  p a r a m e t e r s  beg in  to be  i ndependen t  of f a l r e a d y  f r o m  f = 2.5 on .  With in  the  r a n g e  of 
i ndependence  pk/P0 = 0 and k = 0.5. When f > 2.5, the v e l o c i t y  th rough  h o l e s  i s  v = 0. Since  f = 4 L / D  �9 ef 
f o r  channe l s  of  c i r c u l a r  c r o s s  s e c t i o n ,  hence  f > 2.5 and thus  x / D  ~ 0 .625 /e f  such  a channe l  b e c o m e s  a l -  
m o s t  id le .  With  i n c r e a s i n g  p o r o s i t y ,  the ac t i ve  channe l  s e g m e n t  wi l l  d e c r e a s e  in length .  

The p r e s s u r e  v a r i a t i o n  a long  an in take  channe l  can be  c a l c u l a t e d  with the a id  of Eq.  (10). Th i s  e q u a -  
t ion is va l id ,  h o w e v e r ,  on ly  fo r  p o r o u s  channe l s  with the r a t i o  L / D  < 0 .625 /e f .  

p is the 

Px = p(x); 
p i s  the 
w i s  the 

Wx = w ( x ) ;  

v i s  the 
G is  the 
L i s  the 
D is  the 
d i s  the 
F e h  is  the 
Ef h i s  the 

f = E f h / F c h ;  
ef i s  the 
s i s  the 

i s  the 
Re i s  the 

NOTATION 

s t a t i c  p r e s s u r e ;  

density; 
mean-over-the-section velocity in the channel; 

r a d i a l  v e l o c i t y  th rough  h o l e s  in the channe l  wal l ;  
m a s s  f low r a t e ;  
to t a l  l ength  of the p o r o u s  channe l ;  
e q u i v a l e n t  d i a m e t e r  of  the channe l ;  
d i a m e t e r  of h o l e s  th rough  the p o r o u s  wal l ;  
a r e a  of f low s e c t i o n  of the channe l ;  
a r e a  of h o l e s  th rough  the channe l  wal l ;  

porosity of the channel; 
spacing of holes in the channel wall; 
friction drag coefficient; 
Reynolds number 

x i s  the c o o r d i n a t e ;  
X : x / L  ( 0 - < x - <  L,  0 -  x < - - l ) ;  
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X is the re la t ive  coordinate along the channel; 

P0 = p(0); 
w 0 = w ( 0 ) ;  

x 0 = X (0 ) ;  

Re 0 = Re(0). 
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