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The resul t s  of an experimental  investigation into a turbulent flow in a c i rcu lar  pipe with a uni- 
fo rm spread through a permeable  wall a re  presented.  A calculation formula  for determining 
the coefficient of fr ict ion is proposed. The nature of the variat ion in the coefficient of momen-  
tum flow is established. 

It has become general ly accepted that the hydrodynamics of a vapor flow in thermal  pipes a re  identical 
to the course  of a flow in porous channels with a uniform outflow (inflow) along the length [1, 2]. 

The variat ion in p r e s s u r e  in a porous channel accompanying a turbulent flow is descr ibed by an equation 
of motion with a variable flow ra te  along the length which takes the following fo rm for a one-d imens iona lmodel  
[31: 

dp  + [ ~ I u  +-u2d[~ + ~ ] (u-- -  O) dG tt 2 d x  
p 6 + ~ - 2 -  " D = O. (1) 

Data on the variat ion in fl, 0, and ~ along the porous channel are  essential  to the integration of Eq. (1). 
To this end an investigation is ca r r i ed  out in a porous pipe made f rom a perforated b ras s  s t r ip  0.25 mm thick 
with 50% porosi ty.  The internal diameter  of the pipe is 26.5 m m  and the length of the porous section is 435 
mm (16.4 in diameter)  and that of the stabilization section is 630 mm (24 in diameter) .  The porosi ty  is gen- 
erated by 0 .8- ram-diameter  aper tures  a r ranged in s taggered rows.  

The experiments  are  ca r r i ed  out on the pneumatic test  bench represen ted  schematical ly  in Fig. 1. The 
porous pipe is subdivided by brass  disks (crosspieces)  into separate  sections 39.5 mm long ( N 1.5D) in order  
to produce a uniform outflow,and the res i s t ance  "of the separa te  branches is increased by the use of thrott le  
washers  fitted to the outlet branches .  The washer 'd imens ions  a re  selected on the basis  of the condition that 
the p re s su re  gradient a t  the washer  be 25-30 velocity heads at the inlet to the porous pipe. In pract ice ,  this 
ensures  that the flow spread along the working section is uniform. The longitudinal components of the velocity 
and static p r e s su re  in the various different sections of the porous pipe are  measured  by a special  probe with 
i0 small  t o t a l -p re s su re  pipes located at equal intervals ( r /R)  2 along both the radii  and one small  s t a t i c -p r e s -  
sure  pipe located at the center  of the pipe. The smal l  to ta l -  and s t a t i c -p re s su re  pipes are  led off into a com-  
mon guide pipe 5 mm in diameter  which is located along the axis of the experimental  section. The shading of 
the flow by the measur ing  probe is about 1% at the p r e s s u r e  sampling points and 8% at the guide bar instal la-  
tion point, which has no significant influence on the measurement  accuracy.  

The longitudinal components of the velocity are  measured  at f ive points in a given cross  section at equal 
intervals ( r /R)  2 in two mutually perpendicular  planes. 

The tes ts  are  made under conditions of a turbulent isothermal  flow of air over a range of variat ions in 
the Reynolds number in front of the inlet to the porous section Re 0 = (5.29-6.72) �9 104. 
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Fig. 1. Experimental  tes t  bench and equipment: 
1) porous pipe; 2) blower; 3) rece iver ;  4) thrott le  
valve; 5) crosspiece;  6) thrott le  washer;  7) collec-  
tor;  8) measurement  diaphragm; 9) manometer ;  
(10) micromanometer ;  11) thermometer ;  12) tap- 
switch; 13) probe. 

o o,~ o, sx/z 

Fig. 2 

Fig. 2. Dependence of ~P x 
p - -  

2 
4) 4.41.104, 

* 2 
o 3 

4 

r - - ~  ) 

I 

i 

o o,~ o,8. r/R 

Fig. 3 

1) Re 0 =6.72 �9 104; 2} 5.29. 104; 3} 3.11 �9 104; 
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Fig. 3. Variation in axial velocity u(m/sec) f rom r / R  and x/D: 1 ) - -=0 ;  2) 1.5; 3) 3.0; 
D 

4) 4,5; 5) 6.0; 6) 7.5; 7). 9.0; 8) 10.5; 9) 12.0; 10) 13.5. Reo=67,200. 
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Fig. 4. Dependence of coefficient of momen- 
t am flow fl on x / D :  1) Re0=67,200; 2) 52,900. 
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Fig. 5. Dependence of shear  s t r e ss  ~'/~'w 
X 

on r / R  and x / D :  1) - - = 0 ;  2) 3.0; 3) 4.5; 
D 

4) 6.0; 5) 7.5; 6) 9.0; 7) 10.5; 8) 12.0; 
9) 13.5; a) Re0=67,200; b) Re0=52,900. 

Curves plotted by the method of least squares  are  drawn through experimental  points in o rder  to deter -  
mine the maximum axial velocity at the flow axis and also in order  to find accura te ly  interpolated values of the 
velocity for any value of r / R .  The mean velocity for a given position is calculated by integrating the velocity 
profile.  

The coefficient of momentum flow is calculated according to the equation 

I 

0 

The radial  components of velocity a re  found by integrating the continuity equation in cylindrical  coordi-  
hates f rom the pipe axis to a given radial  positibn~ 

r/R 

1 o 
v -- 4p (-~;tR-~) 0 ( x / D )  . (3 )  

The radial  distribution of shear  s t r e s se s  in the flow is found f rom the equation 

r/R r/R 

r = - -  - 4 - " d ( x / D )  - -  2 ( r / R )  . . . .  0 ( x / D )  -r- u 0 ( x / D )  " 

When (r /R)  =1, a value can be found f rom Eq. (4) for the magnitude of the shear s t r e s s  at the wall ~" =v w. 
The local coefficient of fr ict ion is determined f rom the corre la t ion  

= 8 ~ y .  (5) 
pu ~ 

The maximum v( r /R)  calculation e r r o r  occur r ing  in finite sections of the porous channel does not exceed 
8%. The e r r o r  in determining T w may be as high as 10% and the e r r o r  in finding ~ is not more  than 12%. 

Experiments  show that the flow is a fully developed turbulent one when it enters  the porous section of the 
pipe and corresponds  to the conditions of turbulent flow in a smooth pipe. The variat ion in the relat ive p re s -  
sure  along the porous section is shown in Fig. 2. The nature of the variat ion in longitudinal Velocity along the 
working section can be established f rom Fig. 3 which gives a family of velocity profs for one of the sets  of 
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flow conditions (Vw=0.63 m / s e c ) .  It follows f rom Fig. 3 that the longitudinal velocity by the wall is reduced 
sharply at the s ta r t  of the porous pipe due to the outflow, while along the pipe axis it is a l tered only slightly. 
This type of outflow continues over  a distance equal to about 8 pipe d iameters .  Thereaf te r ,  the outflow causes 
a reduct ion in velocity at the flow core  and flow formation ceases  approximately  at the section equal to 10 di- 
ameters .  

When x / D  ~_ 10 the dimensionless  velocity profile becomes se l f - s imi la r  in t e rms  of the x / D  coordihate 
and is approximated within the l imits of 0 _< r / R  _< 0.95 by the equation 

u L275 a 
- -  = (6) 
u 1.275 ~ ~- ( r /R)  2 

The coefficient of momentum flow shown in Fig. 4 a l so  ref lects  the significant var ia t ions  in the axial ve-  
locity profiles which occur  throughout an initial section of the pipe extending f rom the inlet to a distance equal 
in length to 10 d iameters  of the pipe. The magnitude of/~ r i ses  at  f i r s t  until fl =1.03 when x/D = 7.5 and then 
falls tending at x /D -> 10 to a s e l f - s imi l a r  value. 

The resu l t s  of calculating the shear  s t r e s s e s  in the flow for var ious  different t r ansve r se  sections of the 
porous pipe a re  given in Fig. 5 in the fo rm of the ra t io  of shear  s t r e ss  in a given radial  position to shear  s t r e s s  
at the wall in the same section. The flow spread and displacement of fluid mass  in the t r ansve r se  direction are  
accompanied by an increase  in both the absolute value of T and the ra t io  T/T w. 

It is c lear  that the distribution of shear  s t r e s s e s  in the flow differs sharply f rom the normal  l inear co r -  
relat ion charac te r i s t i c  of a flow with continuous walls. The maximum shear  s t r e s s e s  in the flow occur  not at 
the wall, but shifted slightly toward the center  of the flow. The maximum shift is observed when x / D  = 9 and is 
(y/R) ~0.3.  The local values of the re la t ive  shear  s t r e s se s  ~- /Tware  increased sharply until x / D = 6  and a re  

then reduced gradually. 

The experiments  show that for a completely stabil ized flow all the pa rame te r s  charac ter iz ing  the s t ruc -  
ture  of a turbulent flow in the range under investigation a re ,  in pract ice ,  se l f - s imi la r  in t e r m s  of the Reynolds 
number (Re). The dependence 

= 17.5k• (7) 

where k• =Vw/fi is the intensity of outflow, is proposed in [4] for calculating the coefficient of fr ict ion given an 
exponential law governing the variat ion in velocity in a porous channel. 

In these experiments ,  however,  the values of the coefficient of fr ict ion do not cor respond to the calculated 
values found by using formula  (7). Thus, the magnitude of the local coefficient of friction when the flow spreads 
through a porous wall is dependent not only on the intensity of outflow, but also on the law governing it. 

In an investigation into the averaged hydraulic charac te r i s t i c s  of a turbulent flow with a uniform outflow 
through a porous wall in pipes with a diameter  D=13.85 mm with a porosi ty  e f  =0.1156 and e f  =0.5 in a 
range of variat ions in re la t ive  length 14.45 _< (L/D) _~72.2, the following calculation formula iw 

~ = ~ 0 +  15.6k~--" + k--2- k,_ " 

Here m is the experimental  coefficient dependent on the porosi ty  and relat ive length of the pipe. 

For  porosi ty  e f  =0.5 

m = 0 , 0 2 5 6 k ~  ~, (9) 

where  

k= ~  Vw _ 1 
~o 4 < z / b i  " 

The dependences proposed a re  in sa t i s fac tory  agreement  with the experimental  data and can be used to 
determine the coefficient of friction in c i rcu lar  porous channels with a uniform spread of flow through a wall 

when Re 0 > 104. 

NOTATION 

p, static p ressure ;  px=P(X); p ,  densityi ~, mean velocity in channel section; Ux=U(X); v, radia l  velocity 
at wall; G, mass  ra te ;  L, total  length of porous channel; x, coordinate;  D, equivalent channel diameter ;  d, di- 
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a m e t e r  of a p e r t u r e s  in channel wall;  e f ,  channel poros i ty ;  ~ ,  coeff icient  of f r ic t ion r e s i s t ance ;  Re ,  Reynolds 
n u m b e r ;  f l ,  coefficient  of m o m e n t u m  How; ~-, shear  s t r e s s .  
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V E L O C I T Y  A N D  F R I C T I O N  S T R E S S  

D I S T R I B U T I O N S  I N  T H E  T U R B U L E N T  

B O U N D A R Y  L A Y E R  ON A P O R O U S  P L A T E  

A.  D. R e k i n  UDC 532.517.4 

The turbulent  v i scos i ty  above a p e r m e a b l e  plate is de te rmined  by using the magnitude of the 
m a x i m u m  turbulent  f r ic t ion in the boundary layer .  Simple dependences a r e  obtained for the 
veloci ty  and f r ic t ion s t r e s s  distr ibution.  

Theore t i ca l  invest igat ions of the turbulent  boundary layer  on a porous  wall ,  whose r e su l t s  a r e  sui table  
for engineer ing uti l izat ion,  a r e  based ,  as a ru le ,  on a two- l aye r  flow scheme .  The Newton fo rmula  is used for 
the f r ic t ion s t r e s s  in t h e l a m i n a r  sublayer  where  v iscous  flow p redomina tes ,  while the prandt l  (or K~trm~a~) 
fo rmula  is applied in the turbulent  core  by using the c h a r a c t e r i s t i c  mixing path length augmented by the dis-  
tance  f r o m  the wall.  The fr ic t ion s t r e s s  f l istr ibution in the boundary layer  is s imul taneous ly  taken as ~- =T w + 
pwVw u [1-4], accord ing  to which ~- i nc reases  monotonical ly  over  the bounda ry - l aye r  th ickness  during blowing. 
The ment ioned hypotheses ,  which a r e  used in theore t i ca l  methods ,  we re  subjected to c r i t i c i s m  in exper imenta l  
studies [5-7]. It is shown that  the magnitude of the f r ic t ion s t r e s s  during blowing f r o m  the wa l lhas  a m a x i m u m  
within the boundary l ayer  (for ~ ~ 0.65) but the mixing path length inc reases  with dis tance f r o m  the wall  only 
nea r  it. 

A dependence for  the turbulent  v i scos i ty  over  a p e r m e a b l e  plate  is p roposed  in this paper ,  which ag ree s  
with r ecen t  expe r imen ta l  r e s u l t s  and thus pe rmi t s  l a t e r  invest igat ion of the boundary layer  in the p r e sen ce  of 
phys icochemica l  p r o c e s s e s .  Let us f i r s t  der ive  an integral  re la t ion  for the momen tum in a f o r m  convenient 
for subsequent  solution of the p rob lem.  In tegra t ing the motion and continuity equations for the boundary layer  
on a plate between the l imi t s  0 and j~ along the no rma l  coordinate ,  we obtain 

y g 

( j )  0 0 pudy - -  p~,v w -  pv. (1) Ox pu2dy = ~ -  ~ ' - -  pvu, --Ox-- 
0 0 

F r o m  the condition that the fr ict ion s t r e s s  is ze ro  on the outer  bounda ry - l aye r  l imi t ,  t he re  follows f r o m  (1) 

6 

u2 d f ,ou(1--u) d y = ~ ( 1  --B), (2) 
d x  . 

0 
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