
intensi ty of the secondary  vor t i ces  c lose  to the su r face  and the max imum genera t ion  of turbulent  fluctuations 
is observed at the boundary of the t rans i t iona l  layer ,  for  Sos = 360 the m a x i m u m  energy t r a n s p o r t  by turbulent  

f luctuat ions  to the s u r f ace  occurs  through the secondary  vor t i ces ,  which leads to an i nc rea se  of heat t r a n s f e r .  
In the range  5os/60 > 3 a d e c r e a s e  of the heat t r a n s f e r  must  occur  with the i nc r ea se  of 6os/50, i . e . ,  the in-  
c r e a s e  of Reynolds number  and d e c r e a s e  of the f requency of osci l la t ion must  lead to a d e c r e a s e  of the effect 
of oscil lat ing flow on heat t r a n s f e r ,  which ag rees  with the avai lable  exper imenta l  data .  However,  this a s s u m p -  
t ion requ i res  additional exper imenta l  invest igat ion in the range  of low-frequency osci l la t ions .  

According to the invest igations ca r r i ed  out here ,  the resu l t s  of the t e s t s  on the max imum heat t r a n s f e r  
for  5os/50 ~ 3 can be genera l ized  by the c r i t e r i a l  equation 

r Kmax~--l-i-3'13"10-3 L ~  [ A(PU)~ Jmaz ] " (6) 

NOTATION 

do, channel d i ame te r ;  L, channel length; p, densi ty;  u, velocity;  P, p r e s s u r e ;  T,  t e m p e r a t u r e ;  f, 
f requency;  w, angular  f requency;  T w, tangent ia l  s t r e s s  on channel wall;  6os, thickness  of the oscil lat ing 
layer ;  50, th ickness  of the s ta t ionary  viscous sublayer ;  v, k inemat ic  v i scos i ty  coefficient;  Nu, Nussel t  num-  
be r ;  K = Nu/Nu 0, r e l a t ive  h e a t - t r a n s f e r  coefficient;  Re 0 = udt~/v, Reynolds number ;  Re~ = r osci l lat ing 
Reynolds number .  Indices : 0, ave raged  p a r a m e t e r s ;  A, fluctuation p a r a m e t e r s .  
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R E G I O N  O F  A F L A T  P L A T E  P A R A L L E L  T O  T H E  F L O W  

W I T H  A L E A D I N G  E D G E  I N  T H E  F O R M  O F  A 

O N E - S I D E D  W E D G E  

V .  M .  L e g k i i ,  YUo D .  K o v a l ' ,  
A .  A .  S h a p o v a l ,  a n d  A .  t .  B e r e z y u k  

UDC 536.242 

Relations a r e  given for  calculat ing the local heat t r a n s f e r  in the dynamic initial sec t ion  of a l o n -  
gitudinally washed gene ra to r  of a one-s ided wedge for  the case  of constant wall  t e m p e r a t u r e  and 
turbulent  boundary l aye r .  

Leading edges with the profile of a sharp one-sided wedge, shown schematically in Fig. I, are frequently 
encountered in the natural components of power machinery and in model experiments related to the study of 
heat transfer and flow over longitudinally washed surfaces [1, 2, 13]. When the angle fl is quite small and the 
velocity field in the incident stream is uniform, it is usually assumed that mixed flow is generated in the bound- 
ary layer at the edge of a wedge oriented in the direction of the velocity vector W (the edge A in Fig. I). How- 
ever ,  it is knowntha t  leading edges with an angle near  90 ~ cause  flow sepa ra t ion  [4, t 0 ,11 ] .  
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F i g .  1. G e o m e t r i c  c h a r a c t e r i s t i c s  of t h e  l ead ing  edges  (Nos. 1-4  
a r e  p l a t e s  wi th  i m b e d d e d  h e a t - f l u x s e n s o r s ,  and Nose 5-8  a r e  
p l a t e s  wi th  i m b e d d e d  a l p h a - c a l o r i m e t e r s ) :  1) w a t e r - c o o l e d  p l a t e ;  
2) w a t e r - c o o l e d  e n t r a n c e  a d a p t e r ;  3) h e a t - f l u x  s e n s o r ;  4) t e x t o -  
l i fe  p l a t e ;  5) a l p h a - c a l o r i m e t e r .  

T h e  o b j e c t i v e  of t he  p r e s e n t  p a p e r  is  to  t r y  to  e s t a b l i s h  a r e l a t i o n s h i p  b e t w e e n  the  ang le  of a w e d g e -  
s h a p e d  l ead ing  edge  and t h e  l oca l  h e a t - t r a n s f e r  cond i t ions  in t he  d y n a m i c  e n t r a n c e  s e c t i o n  of a l ong i tud ina l ly  
washed  f la t  p l a t e .  Two g r o u p s  of e x p e r i m e n t s  w e r e  p e r f o r m e d .  In t he  f i r s t  g r o u p  a w a t e r - c o o l e d  s t e e l  p l a t e  
of t h i c k n e s s  6 = 8.0 m m  wi th  i m b e d d e d ,  i n s u l a t e d  h e a t - f l u x  s e n s o r s  was  u s e d .  T h e  p l a t e  was d e s c r i b e d  in  [8, 
9]. T h e  p l a t e  was equ ipped ,  in add i t i on ,  wi th  t h r e e  i n t e r c h a n g e a b l e  w a t e r - c o o l e d  e n t r a n c e  s e c t i o n s ,  whose  
s t r u c t u r e  is i l l u s t r a t e d  in F i g .  1. T h e  wedge  a n g l e s  /~ for  t he  t h r e e  a d a p t e r s  w e r e  a s  fo l lows : No. 1 - -  90~ 
No. 2 - -  70~ No.  3 - -  40~ and No. 4 - -  20 ~ . Wi thout  t he  a d a p t e r  t he  e n t r a n c e  s e c t i o n  had fl = 9 0  ~ No. 1. 
S p e c i a l  f e a t u r e s  of t he  t e c h n i q u e  fo r  m e a s u r e m e n t  of  l o c a l  h e a t - t r a n s f e r  c o e f f i c i e n t s  u s i n g  the h e a t - f l u x s e n -  
s o r s  w e r e  e x a m i n e d  i n  [8, 9, 12]. 

In  t h e  s e c o n d  g r o u p  of e x p e r i m e n t s  h e a t - t r a n s f e r  m e a s u r e m e n t s  in  t he  e n t r a n c e  s e c t i o n  w e r e  m a d e  us ing  
an  u n s t e a d y  method  and i m b e d d e d  a l p h a - c a l o r i m e t e r s  [3, 6, 7]. He re  t he  p l a t e  t h i c k n e s s  was v a r i e d ,  6 = 2.0; 
5.0; 7.8; 12.0 r a m ,  fo r  a cons t an t  v a l u e  of t h e  a n g l e  equa l  to  90 ~ ( en t r ance  s e c t i o n s  Nos .  5-8  in  F i g .  1). 

T h e  e x p e r i m e n t s  w e r e  conduc ted  in  a c l o s e d  wind tunne l  wi th  w o r k i n g - s e e t i o n e r o s s  s e c t i o n  of 280 • 280 
m m  2 [5, 6] a t  t e m p e r a t u r e s ,  v e l o c i t i e s ,  and a i r - s t r e a m  t u r b u l e n c e  l eve l s  of Tf low = 50-55~ W = 5-8  m / s e e ,  
e = 2.2 ~= 0.2%, and wi th  c o n s t a n t  t e m p e r a t u r e  a long  the  h e a t - g e n e r a t i n g  s u r f a c e .  In t he  f i r s t  g r o u p  of t e s t s  
T f l o w / T  w = 1.1 and in  t he  s e c o n d  g r o u p ,  T f l o w / T w  ~ 1.0.  T h e  p l a t e  was l oca t ed  on the  long i tud ina l  ax i s  of t he  
wind tunne l .  

F i g u r e  2a shows  the  r e s u l t s  of m e a s u r e m e n t s  of l oca l  hea t  t r a n s f e r  on a p l a t e  wi th  6 = 8.0 m m ,  hea ted  
a long  the  e n t i r e  length ,  wi th  flow v e l o c i t y  W = 11.0 m / s e e ,  and wi th  d i f f e r e n t  e n t r a n c e  s e c t i o n  wedge  a n g l e s .  
T h e  t e s t  poin ts  w e r e  t a k e n  fo r  the  r e g i o n  X < 120 r am,  s i n c e  for  X > 150 m m  t h e  loca l  h e a t - t r a n s f e r  c o e f f i -  
c i en t s  w e r e  p r a c t i c a l l y  i ndependen t  of t he  e n t r a n c e  cond i t ions  [7, 9]. The  d a s h e d  l ine  is  c a l c u l a t e d  us ing  Eq.  
(1), d e s c r i b e d  in [7] for  t he  h y p o t h e t i c a l  c a s e  w h e r e  a t u r b u l e n t  b o u n d a r y - l a y e r  flow beg ins  at  the  beg inn ing  
of t h e  p l a t e  

St = 0.0146Rex ~ 16+3'25R~x~ Pr -~ (1) 

T h e  r e l a t i v e  l o c a t i o n  of t h e  c u r v e s  in F i g .  2a a l lows  one to  c o m m e n t  on the  fo l lowing laws which  a r e  
s t a b l e  and r e p e t i t i v e  ove r  t he  e n t i r e  v e l o c i t y  r a n g e  i n v e s t i g a t e d .  F o r  ~ <-- 70 ~ and X -> 15 m m  t h e r e  is  no s i g n  
of m i x e d  flow in t h e  s h a p e  of t he  l o c a l  h e a t - t r a n s f e r - c o e f f i c i e n t  d i s t r i b u t i o n s .  T h e  r e l a t i o n s  a l e  e = f(X) a r e  
m o n o t o n i c ,  and t h e i r  s l o p e s  i n c r e a s e  wi th  i n c r e a s e  of ft. When  the  a n g l e  is  90 ~ the  c u r v e  a l e  e = f(X) a c q u i r e s  
a s h a p e  t y p i c a l  of s e p a r a t e d  flow [10, 11].  T h e  f a l l  in  h e a t - t r a n s f e r  i n t e n s i t y  i m m e d i a t e l y  a d j a c e n t  to  t he  en -  
t r a n c e  is r e p l a c e d  h e r e  by  a s h a r p  r i s e  in  t he  v a l u e s  of a l o e ,  and the  p a r a m e t e r  p a s s e s  t h r o u g h  a m a x i m u m  at  
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Fig.  2, Results of measurements of loca l  hea t - t rans fe r  co- 
ef f ic ients in the dynamic entrance sect ion of a plate wi th  6 = 
8.0 mm f o r W = l l . 0  m / s e e  and total heating; a) distr ibution 
~Ioc =f(X):  1) No. 1 entrance;  2) No. 2; 3) No. 3; 4) No. 
4; 5) using Eqo (1); the numbering of the leading edges is 
the same as in Fig.  1; b) the influence of the angle 3 on the 
local hea t - t r ans fe r  intensity at fixed points in the entrance 
sect ion:  ~loc,  W/m2"deg-  

a distance f rom the leading edge roughly equal to two plate tMcknesses o As was shown in [4, 7, 9], there  is 
flow reat taehment  at the maximum hea t - t rans fe r  point. To the right of this point the local hea t - t rans fe r  co-  
efficients dec rease  smoothly,  but r emain  high in compar ison with leading edges NOSe 2-4 over the whole ex- 
tent of the initial sect ion.  It should be noted that  the position of maximum heat t r ans fe r  is gradually displaced 
ups t ream as the velocity inc reases .  

As can be seen f rom Fig.  2b, which shows the interpolated graphs of a loc  = f(~) for X = 20 mm and X = 
40 mm, the local hea t - t r ans fe r  intensity at fixed points on the entrance section to the right of the maximum 
depends a lmost  l inearly on the angle ~, and the tes t  data agree  quite sa t is factor i ly  with calculations using Eq. 
(1), if we take into account that the dashed Iine in Fig. 2a corresponds to the case  # = 0 ~ 

Judging f rom the resul ts  of a comparat ive analysis of the f i rs t  group of tes ts ,  a computational scheme 
for heat t r ans fe r  in the entrance sect ion in the range I-dyn > X > Xmax can be based on a relat ionship of the 
type 

St dyn= ~ St, (2) 

where St is the Stanton number,  computed f rom Eq. (1), and ~ is a cor rec t ion  reflecting the influence of geo-  
met r ic  and dynamical  factors  specific to the entrance sect ion.  

The main problem in tes ts  of the second group was a qualitative analysis of the flow and hea t - t r ans fe r  
reg imes  in the entrance sect ion.  The experimental  data indicate that the hea t - t ransfer -coef f ic ien t  distributions 
on plates of different thicknesses  with ~ = 90 ~ a re  s imi lar ,  as a function of X, to the curve of Fig. 2a, obtained 
for entrance sect ion No. 1.* Only for entrance sect ion No. 5 was the re  no c lea r ly  marked displacement of the 
hea t - t ransfer  maximum, s ince the s ize  of the a lpha-ca lo r imete r s  was g rea te r  than the quantity Xmax. 

Figure  3 shows the dimensionless coordinates of the hea t - t rans fe r  maxima Xmax/6,  determined f rom 
the resul ts  of measurements  in the two groups of tests  and reduced as a function of Reynolds number based on 
plate th ickness .  The tes t  points show sa t i s fac tory  agreement  and fall along a curve which tends asymptotical ly 
toa l imi t ing  value Re6 > 5.103 equal to 2 for Xmax/6 .  

The nature of the experimental  curve in Fig. 3, together with the data of Fig~ 2, supports  the assumption 
that for any wedge angles ~, including very  smal l  values,  and plate thicknesses  6, the sharp  leading edge r e -  
mains a source  of turbulent perturbations or for generating separat ion in the entrance sect ion (at least for a 
turbulence level in excess of 2.0% in the oncoming s t ream) .  Similar s tatements were made also in [1, 2, 13], 
where it was observed a lso  that a turbulent bounSary layer appeared pract ical ly  at the beginning of the flow, 
on the longitudinally washed surface  of a one-sided wedge, in spite of the conventional viewpoint. The flow in 
the boundary layer becomes mixed only in the cases where the re  is t r ansve r se  suction of a i r  through the lead- 
ing edge, or where it is rounded with radius R, given by the relat ion W1q/v < 500 [3]. 

If we use the dimensionless  augte ~ = ~/90 ~ and the coordinate X = X/5 + 4, then under complete heating 
conditions the computational re la t ion for the cor rec t ion  } can be writ ten as follows : 

*Some of these  tes t  data were published in [3, 6]. 
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Fig. 4. Results of dimensionless reduction of the tes t  
data on local heat t r ans fe r  in the entrance sect ion of the 
plate for Ldy n > X > Xmax, various values of the leading- 
edge wedge angle /~, and with heating over the entire s u r -  
face.  

= 1 ~- if(l--1,2.10 -~ Re 6 �9 ~2) exp (1 - -  0.01422). (3) 

Figure  4 shows the resul ts  of measurements  of local hea t - t r ans fe r  coefficients in the entrance sec-  
t ion of a longitudinally washed genera tor  of a one-sided wedge 1-4 (entrance sections Nos. 1-4), represented 
in the form of the relat ion St/~ = f0Rex), Curve I, calculated f rom Eq. (1), can be fitted to the tes t  data with a 
sca t t e r  not exceeding 15-18%. Equation (3) has been confirmed experimentally in the following range:  X = 6- 
30; Re6 = 5-102-3-10r ~ =  0.2-1.0; Re x = 1 0 3 - 5 . 1 0 5  . 

N O T A T I O N  

6, plate thickness,  m; X, coordinate calculated from the leading edge; m; Xmax, coordinate of the 
maximum hea t - t rans fe r  coefficient,  m; X = X/6 + 4, dimensionless coordinate;  Ldyn, extent of the dynamic 
en t r ancesec t ion ,  m; R, radius of curvature  of the leading edge, m; fi, angle of the leading-edgewedge,  deg; 
:3= fl/90 ~ dimensionless leading-edge wedge angle; ~loc,  local hea t - t ransfer  coefficient, W/m 2 ~ e, 
turbulence level of the air  s t r eam,  %; Tflow, a i r  s t r e a m  tempera tu re ,  ~ or ~ Tw, wall t empera ture ,  ~ 
or ~ ~, cor rec t ion  to the heat t r ans fe r  in the entrance section;  u, coefficient of kinematic viscosi ty  of a i r ,  
m2/sec;  Stdyn, St, Stanton numbers  for thedynamic entrance sect ion and for the region with developed flow 
turbulence in the boundary layer;  Re x, Reynolds number,  based on the heat-plate length; Re6, Reynolds 
number based on the plate th ickness .  
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P L A N A R  A N D  Q U A S I P L A N A R  

C R O S S  S E C T I O N  

I .  V .  K a b a n o v a ,  A .  I0 
a n d  V .  Po M o r o z o v  

FLOW THROUGH 

CHANNELS OF VARIABLE 

Kaidanov, UDC 5360242 

Formulas  a r e  der ived  for  both the local and averaged  over  the su r f ace  Nussel t  number .  Expe r -  
imenta l  r e su l t s  a r e  presented  and the l imits of appl icabi l i ty  of the calculated fo rmulas  a r e  indi-  
ca ted ,  

We denote channels whose walls lie in pa ra l l e l  planes as p lanar ,  while channels with a constant d is tance  
between the walls and with a radius  of cu rva tu re  of the channel wall  generati~ix much g r e a t e r  than this d is tance  
will be r e f e r r e d  to  as quasiplanar~ The analyt ic  solution of the p rob lem of heat exchange in the l aminar  flow 
of a liquid through plane channels has been considered in many studies (for example ,  [1_]). However ,  the 
avai lab le  analyt ic  s tudies a r e  dedicated to heat exchange in p lanar  channels of constant  c ross  sec t ion ,  in 
which the mean  motion veloci ty  is constant .  Exper imenta l  data for planar  channels of va r i ab le  c ross  sec t ion  
were  presented  in [2, 3], but t hese  a r e  of a par t i a l  c h a r a c t e r .  

We will consider  the analyt ic  solution of the p rob lem of heat exchange for  a l aminar  liquid flow in quasi -  
p lanar  channels (Fig. l a ,  c). A schemat ic  d i ag ram of a port ion of the channel is shown in Fig.  ld .  In f o r m u -  
lating the p rob lem we make  the following assumpt ions ,  in addition to those  usually made ([1], p. 76): a) the 
liquid flow and t e m p e r a t u r e  field have az imutha l  s y m m e t r y ;  b) the channel width is a fixed function of the lon- 
gitudinal coordinate  (by channel width we understand the length of the line perpendicular  to the flow lines and 
located in a plane pa ra l l e l  to the channel walls);  c) the veloci ty  prof i le  over  the channel height at sec t ion  x is 
parabol ic :  

3 ~ y2 3 G,~ y2 

~'~= 2 , h ~ 2 6fix) p h ~ 

Trans la ted  f r o m  Inzhenerno-F iz iches ld i  Zhurnal ,  Vol. 31, No. 2, pp. 208-216, August,  1976. Original 
a r t i c l e  submit ted  May 20, 1975. 
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