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A T  A P E R M E A B L E  S U R F A C E  W I T H  P R O N O U N C E D  R O U G H N E S S  
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On the basis of an empirical law of the drag at a rough porous plate, the Kutateladze-Leont'ev 
method of calculating the turbulent dynamic boundary layer at a smooth surface is extended to 
the case of flow around a surface in conditions of pronounced roughness. 

The method widely used at  p r e s e n t  to calculate  the p a r a m e t e r s  of a turbulent  dynamic  boundary l aye r  
at  a p e r m e a b l e  cu rv i l inea r  su r face  is that  of Kutateladze and Leont ' ev  [1], which is s imple  and c l ea r ,  and 
a g r e e s  sa t i s f ac to r i ly  with expe r imen t  ove r  a wide range of expe r imen ta l  conditions. This  method,  however ,  
was  developed for  the case  of flow around ae rodynamica l ly  smooth  s u r f a c e s ,  which l imi t s  its usefulness  in 
:technical appl icat ions cha rac t e r i zed  by high leve ls  of roughness  in the flow su r f aces .  

The speci f ic  case  in which pronounced roughness  appea r s  is encountered ,  in p a r t i c u l a r ,  in calculat ing 
the ae rodynamic  c h a r a c t e r i s t i c s  of the blade units in turb ines  with porous  cooling. In this f o r m  of cooling, 
the  coolant ,  e .g . ,  a i r ,  p a s s e s  through mic rochanne l s  (pores) in the contoured shell  of the blade to the ou te r  
su r face  of the blade and, mixing with the hot gas of the main  flow, f o r m s  a p ro tec t ive  heat - insula t ing  layer .  
Cooling of the blade a lso  occurs  as a r e su l t  of heat  wi thdrawal  by the coolant inside the porous  wal ls .  How- 
e v e r ,  the opera t ing  eff ic iency of a turbine us ing this method of cooling may be signif icantly impa i red  as a r e -  
sul t  of the de te r io ra t ion  in ae rodynamic  c h a r a c t e r i s t i c s  of the blade units assoc ia ted  with the above mentioned 
in terac t ion  of the coolant c rossf low with the main  gas flow [2, 3]. As shown in theore t ica l  work  [4], the In-  
c r ea sed  roughness  of the po rous -b l ade  su r face  i s  another  cause of inc reased  energy  loss  in such blade units.  

F o r  porous  m a t e r i a l s  the concept  of ~roughness"  - like the concept  of a "wall sur face"  (y = 0) - is 
a r b i t r a r y  in nature .  In [5] it was  p roposed  that  the height of e l emen t s  of roughness  {protuberances) be m e a -  
su red  f r o m  an a r b i t r a r y  plane fo r  which the longitudinal component  of the mean  veloci ty  is ze ro  - u = 0. 
Some t imes ,  in t r ea t ing  expe r imen ta l  data ,  a plane pas s ing  through the p ro tube rance  ve r t ex  is taken as the 
or igin of m e a s u r e m e n t s  [6]. In the p r e s e n t  work ,  the su r face  of the wall  is identified with the midline of 
the p r o f i l o g r a m ,  i.e., is a s ta t i s t i ca l  concept.  The degree  of roughness  is e s t imated  f r o m  the height of the 
i r r e g u l a r i t i e s  m e a s u r e d  a t  ten points [7] 
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R z  = i ~  1 

5 

Here  H l m a x  and H l m i n  a r e  the absolute  heights of the five t a l l e s t  convexit ies  and the absolute depths of the 
f ive l a r g e s t  dep re s s ions  within the l imi t s  of the base l ine  at  the m e a s u r e m e n t  sur face .  

Depending on the type of me ta l l i c  gauze used in p r e p a r i n g  the porous  m a t e r i a l  fo r  the turbine b lades ,  
the value of R z was found to va ry  in the range f r o m  29 to 94 ~m. This  var ia t ion  in roughness  leads to a p r o -  
nounced var ia t ion  in the value of the contour l o s se s  [3]. 

Calculat ion of the bounda ry - l aye r  p a r a m e t e r s  is h indered by the mult ipl ic i ty  of geomet r i ca l  p a r a m e t e r s  
de t e rmin ing  the roughness  (the height  of the p r o t u b e r a n c e s ,  the density of the i r  d is t r ibut ion,  the configurat ion,  
e tc . ) ,  and a lso  by the complexi ty  of the ef fec ts  to which they cor respond.  The p a r a m e t e r  at p r e sen t  regarded  
as  the m o s t  re l iab le  fo r  the quant i ta t ive es t imat ion  of the hydraul ic  effect  of roughness  is the "equivalent"  
(sand) roughness  k s , which gives both the d r a g  and the much-s tud ied  technical  roughness ,  de t e rmined ,  for  
example ,  by the value of R z. 

To  de t e rmine  k s , spec ia l  m e a s u r e m e n t s  were  made of the veloci ty  prof i le  at p la tes  of porous  m a t e r i a l  
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F i g .  1. E x p e r i m e n t a l  v e l o c i t y  p r o f i l e s  a t  a rough  p l a t e  w i th  R z = 94 
~ m ;  U 0 = 36.6 m / s e e  (a) and 16.2 m / s e c  (b): 1) s t a n d a r d  v e l o c i t y  p r o f i l e ;  
2) Xro = 0.02 m ;  3) 0.09; 4) 0.16;  5) 0.02; 6) 0.09; 7) 0.16. 

F i g .  2. A n a l y s i s  of the  e x p e r i m e n t a l  r e s u l t s  in the  f o r m  of  a d e p e n -  
d e n c e  of l o g S * * / x  on l o g x / k s ;  1) a p p r o x i m a t i o n  of the e x p e r i m e n t a l  r e -  
s u l t s ;  2-4)  m e a s u r e m e n t s  a t  a p o r o u s  p l a t e  (R z = 94 ~m) wi th  Xro = 
0 .02,  0 .09,  and  0.16 m ,  r e s p e c t i v e l y ,  and U 0 = 36.6 m / s e e ;  5-7)  the  
s a m e  f o r  U 0 = 16.2 m / s e e ;  8-10)  m e a s u r e m e n t s  a t  a p o r o u s  p l a t e  (R z = 
54 ~m) wi th  Xro = 0.02,  0 .09,  and  0.16 m and U 0 = 36.6 m / s e c ;  11-13)  the  
s a m e  f o r  U 0 = 16.2 m / s e c ;  14-16)  m e a s u r e m e n t s  a t  a p o r o u s  p l a t e  (R z = 
29 tLm) wi th  Xro = 0 .02,  0 .09,  and 0.16 m and U 0 = 36.6 m / s e c ;  17-19)  the  
s a m e  f o r  U~ = 16.2 m / s e c .  

(without  b lowing  of  coolan t )  w i th  R z = 29,  54, and  94 t~m. T h e  m e a s u r e m e n t s  w e r e  m a d e  wi th  i n c o m i n g - f l u x  
v e l o c i t i e s  U 0 = 16.2 and 36.6 n ~ e c .  E x p e r i m e n t a l  v e l o c i t y  p r o f i l e s  in a b o u n d a r y  l a y e r  a t  a w a l l  s u r f a c e  wi th  

R z  = 94 ~ m  o b t a i n e d  in t h r e e  d i f f e r e n t  c r o s s  s e c t i o n s  a r e  shown in F i g .  1. The  e x p e r i m e n t a l  r e s u l t s  a r e  s u f -  
f i c i e n t l y  w e l l  a p p r o x i m a t e d  by a p o w e r - l a w  v e l o c i t y  p r o f i l e  of the type  u/U 0 = (y/5) n ( see  F i g .  1). Choos ing  the 
v a l u e  of  n and m e a s u r i n g  the  b o u n d a r y - l a y e r  t h i c k n e s s  5, k s m a y  be d e t e r m i n e d  f r o m  the r e l a t i o n  [8] 

n= [1-- 2,5 J-~ 
8,58 - -  5,75 lg k_~ " (2) 

5 

F r o m  the  r e s u l t s  of s i x  m e a s u r e m e n t s  (at t h r e e  c r o s s  s e c t i o n s  f o r  two v a l u e s  of  the  v e l o c i t y  U0), the  
m e a n  va lue  k s = (389 + 393 + 390 + 392 + 384 + 392)/6 = 390 ]~m fo r  a p l a t e  wi th  R z  = 94 ~ m ;  ks = 240 a m  fo r  
R z = 5 4 ~ m a n d k  s = 4 0 ~ m f o r R  z = 2 9 ~ m .  

By e x p r e s s i n g  the r e s u l t s  a s  a d e p e n d e n c e  of  5**/x on x /ks  (Fig .  2) ,  a r e l a t i o n  m a y  be d e t e r m i n e d  fo r  
c a l c u l a t i n g  the  change  in m o m e n t u m - l o s s  s u r f a c e  5** f r o m  the  p l a t e  r o u g h n e s s  s u r f a c e ,  in the  f o r m  

X --0,228 
6** = 0,0202 { - -  1 �9 (3) 

\ k s /  
It  is  c h a r a c t e r i s t i c  tha t  the  d e v i a t i o n  of the  e x p e r i m e n t a l  v a l u e s  f r o m  the a p p r o x i m a t i n g  r e l a t i o n  in Eq.  (3) is  
only o b s e r v e d  f o r  a p l a t e  wi th  k s = 40 ~ m ,  th i s  d i s c r e p a n c y  i n c r e a s i n g  o v e r  the l eng th  of the p la te  and wi th  
d e c r e a s e  in the  v e l o c i t y  U 0. T h i s  is  e v i d e n t l y  e x p l a i n e d  by the d e c r e a s e  in r e l a t i v e  r o u g h n e s s  ks /5  as  a r e s u l t  
of i n c r e a s e  in 5 o v e r  the  p l a t e  r o u g h n e s s  length .  The  e f f ec t  of the v e l o c i t y  U 0 (for Re  0) on 5** i n d i c a t e s  t ha t ,  
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Fig. 3. Compar i son  of values  of the f r ic t ion  coefficient  
calcula ted:  1) f r o m  the re la t ion  cf = 0.0318 (x/ks)-~ 2) 
f r o m  of = 0.0363 (ks/x) ~ [7]; 3) f r o m  of = 0.0139 (x/ks) ' i /7 
[81. 

Fig. 4. Compar i son  of calculated and expe r imen ta l  va lues  
of the con tour - loss  coeff icient  in a turbine lat t ice with 
coolant injection through the p e r m e a b l e  contour su r face :  
1-3) expe r imen ta l  values  for  porous  contours  with a degree  
of roughness  R z = 94, 54, and 29 ~mo re spec t ive ly  [3]; 4) 
ae rodynamica l ly  smooth i m p e r m e a b l e  prof i le  [3]; 5) r esu l t s  
of calculat ions taking into account  the roughness  of the 
porous  m a t e r i a l ;  6) calculat ion by the method of [1]. 

beginning with the second c ro s s  sect ion (x = 90 ram),  the flow around the sur face  does not co r respond  in type 
to  conditions with the total  appea rance  of roughness .  

Different ia t ing Eq. (3) with r e s p e c t  to the longitudinal coordinate  x gives 

( x 
- = 0 . 0 1 5 9  ax \ ~ / (4) 

or  in accordance  with t h e  in tegra l  re la t ion  fo r  flow at  a plate 

( x ~-0.~8 (5) 
= 0 .0316  \ - C , /  " 

Resu l t s  for  the local  f r ic t ion  coeff ic ient  of calculated f r o m  Eq. (5) a re  given in Fig. 3, toge ther  with 
those obtained f r o m  the wel l -known re la t ion  

I 

c s = 0.0363 (kJ6) ~ [8], c~ = 0.0139 (x/ks)--r  [9]. 

The explanat ion fo r  the sa t i s f ac to ry  a g r e e m e n t  of the resu l t s  given by Eq. (5) with those obtained fronvo 
the re la t ion  of [8] and the d i s a g r e e m e n t  with those given by the method of [9] may be found in that  in [Sl the 
dependence of the local  f r ic t ion  coeff icient  of on the p a r a m e t e r  ks/x was obtained for  a rough plane wal l ,  
whereas  in [9] it was obtained by a power - l aw  approximat ion  of the logar i thmic  f r ic t ion re la t ion  in e x p e r i -  
ments  with rough tubes.  

Using Eq. (3), Eq. (5) may  be t r a n s f o r m e d  to a " d r a g  law for  a rough plate" (in conditions of the c o m -  
plete appearance  of roughness)  

{/~** ~-0.~95 
c h = 0.0101 \--~-, ] . (6) 

The  above d r a g  law for  f r ic t ion  at an i m p e r m e a b l e  plate with pronounced sur face  roughness  may be used 
within the f r a m e w o r k  of the wel l -known K u t a t e l a d z e - L e o n t ' e v  concepts  for  the calculat ion of p a r a m e t e r s  of 
the gradient  boundary l aye r  at a rough p e r m e a b l e  sur face .  The bas i c  idea of the calculat ion method of [1] 
reduces  to the use  of a d r ag  law wr i t ten  for  " s tandard"  conditions (for an i so the rma l  flow of incompress ib l e  
liquid at  a smooth i m p e r m e a b l e  plate):  to calcula te  the bounda ry - l aye r  p a r a m e t e r s  in the given condit ions,  
a co r rec t ion  is introduced to take account  of the effect  of "per turb ing"  f ac to r s  ( compress ib i l i ty ,  non i so ther -  
real  condit ions,  p e r m e a b i l i t y ,  p r e s s u r e  gradient) ,  the numer i ca l  value of this co r rec t ion  being obtained fo r  
a sympto t i c  conditions as Re  0 ~ oo 
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Below, the "s tandard"  conditions used a re  the s ame  except  that roughness of the plate is added, i .e . ,  
the initial d r ag  law adopted is that for  a rough plate in the fo rm in Eq. (6). 

In [1], the in tegra l  momentum re la t ion  for  a plane turbulent  boundary l aye r  at a pe rmeab le  sur face  in the 
fo rm 

was solved using the d rag  re la t ion  

dRe** (1 + H) Re*" dUo =ReL ~ - ( ~ - _  b) (7) + 
dx Uo dx Z 

Ik 

cr. = B (Re; t*) -~  = B (Re**) - ~  ~,o 
'Y s t  

(8) 

When the d rag  law in Eq. (8) is r ep laced  by a d r ag  law of the fo rm in Eq. (6), Eq. (7) takes  the fo rm 

dRe*__~_* + (l + H) Re*--* dUo _ 0.005 Re ~-~176 Re' .:05 (' ks ~ ~176 (tg + b). (9) 
dx Uo dx \ L ] 

At constant  sur face  t e m p e r a t u r e ,  Eq. (9) gives 

Re** = exp [ - - f f  (l + H) d ('n ~ / ~  dx d~r 0"00324 Re~ tL--] '  ks ~~ 

x 

N ( V + b )  U~'2~ 1.295 ( I + H )  d(ln~J0) d x + C  
._ ~ dx 
Xo 

(10 )  

An obvious t es t  of the soundness of the conception underlying the method adopted,  in the context of ca l -  
culations of the boundary l a y e r  at a rough p e r m e a b l e  su r face ,  is to es tabl i sh  whether  it conf i rms  the e x p e r i -  
menta l ly  obse rved  d e c r e a s e  [10] in the effect  of sur face  roughness  with inc rease  in blowing ra te .  If the r igh t -  
hand side of Eq. (9) is t r a n s f o r m e d  - bear ing  in mind the re la t ion r = [1 -- (b/bcr)]  2 [1] - t o  the fo rm 

b or/ 

the degenera t ion  of the influence of roughness  as b ~ bcr  becomes  obvious. 

Fo r  a given velocity dis tr ibut ion U 0 = U0(x) at the ex te rna l  edge of the boundary l aye r  fo rming  at the s u r -  
face in the flow, and a given dis tr ibut ion of the in jec ted-gas  flow ra te  ove r  the invest igated su r face ,  the ca l -  
culation of the bounda ry - l aye r  c h a r a c t e r i s t i c s  is made in two s tages .  In the f i r s t  s t age ,  the Reynolds number  
Re** is calculated f rom a re la t ion obtained [i] for  the case of flow around an i m p e r m e a b l e  smooth su r face ,  
and then cf0 is calculated f rom Eq. (8), this being n e c e s s a r y  for  the determinat ion of the pe rmeab i l i ty  p a r a m -  
e t e r  b = j(27cf0). In the second s tage ,  Re** is found f r o m  Eq. (i0), and this r e su l t  is used to obtain the fo rm 
p a r a m e t e r  

f _ Re~ duo 1 
1%~ st dx U o 

n e c e s s a r y  to de te rmine  the posit ion of the point of flow breakaway f rom the sur face .  

To ver i fy  the eff iciency of the method,  the con tour - loss  coefficient  of a tu rb ine-contour  latt ice was ca l -  
(6"* ** culated f rom the equation C.:co= g fr + ted- Here  gfr is the f r i c t iona l - los s  coefficient ,  C. f r  = 2 ba  + 5conc) / t s inf l2  

[11]; ~ ed is the edge- loss  coefficient,  god = kAeff/a 2 [12]. 

The values of 6** and ** ba 6cone were  calculated f rom Eqs. (6) and (10) using an M222 computer  and a p r o -  
g ram wri t ten  in For t r an .  

The calculated and expe r imen ta l  values  of the con tour - loss  coefficient  a re  compared  in Fig. 4. 

N O T A T I O N  

Rz is the degree  of roughness ,  ~m; 
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G 

Xro 
t 

~2 
K 

Aeff  

a2 

is 

is 
is 
is the 
is the 
is the 
is the 
l aye r ;  

a re  the absolute height of the five l a rges t  p ro tuberances  and absolute 
depth of the five l a rge s t  dep re s s ions  of the prof i le  within the l imits  of 
the basic  m e a s u r e m e n t  length for  the roughness ,  t~m; 
is the "equivalent" (sand) roughness ,  ~m; 
is  the d imens ion less  ve loc i ty ,  where U01 is the velocity at the outer  edge 
of the boundary l aye r  in the initial c ros s  sect ion x = x0; 
is the d imens ion less  longitudinal coordinate ,  where  x is the coordinate 
d i rec ted  downs t ream along the sur face  in the flow, m,  and L is the length 
of the sur face  in the flow, m;  

the coordinate d i rec ted  along the normal  to the su r face ,  m;  
the longitudinal component  of the mean veloci ty ,  m/ see ;  
the th ickness  of the dynamic  boundary layer ,  m;  

d i sp lacement  th ickness ,  m;  
m o m e n t u m - l o s s  th ickness ,  m ; 
ve loc i ty -p ro f i l e  fo rm p a r a m e t e r ;  
coefficient  in power - l aw approximat ion  of veloci ty prof i le  in boundary 

a re  the k inemat ic  v i scos i ty  at the outer  edge of the boundary l aye r  d e t e r -  
mined f rom T O and T~, r e spec t ive ly ,  m2/sec;  
is the k inemat ic  v i scos i ty  de te rmined  f r o m  T~t; 

a r e  the Reynolds numbers ;  
a r e t h e  constants  in the power - l aw approximat ion  of the f r ic t ion law in s t an -  
dard  conditions; 
is the re la t ive  m a s s  veloci ty  through the body su r face ,  where  Pst ,  P0 and 
Wst ,  U 0 a r e  the densi ty and veloci ty  at the wall  and at  the outer  edge of the 
boundary l aye r ;  
is the re la t ive  f r ic t ion law, where  cf0 is the f r ic t ion coefficient  for  " s t a n -  
dard"  ( i so thermal  flow of an incompress ib le  liquid at a smooth i m p e r -  
meab le  plate)  conditions and cf is the f r ic t ion  coefficient  in r ea l  (taking 
account  of all  pe r tu rb ing  fac to rs )  conditions for  the same  Re** ; 
is the c r i t i ca l  value of the pe rmeab i l i t y  p a r a m e t e r ;  
a r e  the m o m e n t u m - l o s s  th ickness  at the back  edge of the blade and on its 
concave side (at b reakaway points on the exit  edge),  m;  
is the coolant flow ra te  through the tu rb ine -con tour  su r f ace ,  kg/sec;  
is the gas flow ra te  in the in terblade  channel; 
is the coordinate  m e a s u r e d  f r o m  the origin of plate roughness ;  
is the lat t ice s tep;  
is the flow exit  angle;  
is the coefficient  depending on the angle of rotat ion of the flow in the lat t ice;  
is the effect ive th ickness  of exi t  edge,  de te rmined  by the posit ion of the 
bounda ry - l aye r  b reakaway point; 
is the or i f ice  of in terblade channel at outlet. 
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E X P E R I M E N T A L  S T U D Y  O F  H E A T  E X C H A N G E  IN 

H E L I U M  F L O W  W I T H I N  A M E T A L -  C E R A M I C  

T U B E  

L .  L .  V a s i l ' e v ,  G.  I .  B o b r o v a ,  UDC536.242 
a n d  L .  A .  S t a s e v i c h  

Resul ts  a re  p resen ted  of an exper imenta l  study of the h e a t - t r a n s f e r  p roces s  in helium flow within 
a s in te red  porous bronze tube. The effect  of flow suction ra te  through the porous wall upon t em-  
pe ra tu re  distr ibution and Nussel t  number  is demonst ra ted .  

The problem of developing effective cooling methods is of great  p rac t ica l  importance at the presen t  
t ime.  A la rge  number  of studies has been p resen ted  on intensification of heat exchange,  in pa r t i cu la r ,  an 
intensif icat ion by suction of a port ion of a flow through a porous channel wall. 

A review of the available l i t e ra tu re  shows that heat exchange for  liquid flow in permeable  channels of 
var ious  geomet r ies  has been studied to de te rmine  whether  the heat-exchange p rocess  can be intensified by 
suctioning a port ion of the flow through the permeable  wall. The major  port ion of the works published analyze 
this p roces s  theore t ica l ly ,  usually assuming a laminar  flow regime.  This  is apparently because theore t ica l  
analysis  of a l aminar  flow is s imple r  and mo re  concrete  than t r ea tmen t  of a turbulent  reg ime.  Only a few 
exper imenta l  studies a re  available.  

Analysis  of heat exchange for  a s teady-s ta te  l aminar  flow proceeds  f rom the sys tem of equations of 
motion,  continuity, and energy.  Approximately  30 y e a r s  ago Sel lars  [1] and Berman  [2] demonst ra ted  that 
the equations of motions for  a l aminar ,  completely developed flow with extract ion or  injection of a port ion 
of the flow through a permeable  porous wall may be reduced to a f o u r th -o rd e r  nonlinear differential  equation. 

These  studies were  then expanded and refined in [3, 4]. 

Since suction through the wall intensif ies  heat exchange in flows in porous channels,  invest igators  have 
concentra ted the i r  e f for ts  not only on solving the hydrodynamic problem,  but also on determining the effect  of 
suction on t empera tu re  dis tr ibut ion over  the radius and length of the porous tube. 

Thus ,  in [3] the authors  considered the effect  of low draf t  veloci t ies  through a permeable  tube wall into 
the main liquid flow within the tube upon the tube wall t empera tu re  distribution.  In [5] t empera tu re  prof i les  
were  calculated for  a flow moving within a porous tube, with the wall t empera tu re  of the tube maintained con-  
stant. Raithby [6] studied hydrodynamics  and heat  exchange for  constant wall t empera tu re  and thermal  flux, 
and analyzed the effect  of individual p a r a m e t e r s  such as draf t ,  suct ion,  channel geomet ry ,  etc.  on the t e m -  
pe ra tu re  and veloci ty  prof i les .  
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