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BOUNDARY LAYER 
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It is shown that with mixed flow in the boundary layer  at the dynamic initial section of a 
rectangular channel the local heat exchange coefficients are considerably lower at the 

middle part of the wall than near the corners. 

The p rocess  of transit ion f rom laminar  to turbulent flow in the boundary layer  ~t the dynamic 
initial section of a rectangular  channel develops differently f rom that in a round tube or at a plate in 
longitudinal flow [1]. The laminar  boundary layer  initially loses  stability in the corner  zones (points A 
in Fig. 1). Below the points of loss  of stability in the co rne r s  the boundaries of the transit ion region are  
inclined to the longitudinal axes of the channel walls in the same way as is observed at an unbounded 
plane beyond u point source of disturbance [2]. At low and moderate  values of Re d the front of loss of 

0 

Fig. 1. Diagram of the development of the transit ional 
p rocess  at the wall in the initial section of a rectangu-  
la r  channel. The transit ion region is shaded: a) small 
Reynolds numbers;  b) large Reynolds numbers .  
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Fig. 2. Diagram of working section of experimental  apparatus:  
1) entrance attachment;  2) mounting flange; 3) heat flux pickups; 
4) measur ing  strip; 5) covers  of rectangular  channel; 6) side 
racks .  

stability fo rms  a nar row wedge at each wall with the ver tex lying at the point B (Fig. la) .  At high Reynolds 
numbers  the laminar  boundary layer  also loses  stability in the middle part  of the wall because of the de- 
velopment of the transit ional  p rocess  at the co rne r s .  Here the transi t ion front is parallel  to the entrance 
r im  of the channel Oine BS in Fig. lb).  The configuration of the boundaries of the transit ion region as a 
whole becomes  s imi lar  to a t rapezoid.  According to the data of [1], where the cr i t ical  pa ramete r s  are  
determined in the dynamic initial sections of five rectangular  channels having ra t ios  of sides of 1:1, 1:5, 
1:13.5, and 1:25 with the entrance r im rounded on the radius of a circle,  a tempera ture  factor  approaching 
unity (Ts t r /Ts t  r - -  1.0)*, and the intake of a i r  f rom the atmosphere,  the angles of inclination of the t r ans i -  
tion boundaries  at the c o r n e r s  01 and 02 are  equal to each other, 01 = 0 2 = 5~ ', and the coordinates of the 
t ransi t ion points at the co rne r s  are  

XeIr. c 75000 
d "-' Re,, ' 

X~rr *. 110000 C=_ 
d Re d 

With the same boundary conditions and relative radius  of rounding of the entrance r im  R/d  - 1.0 
to the cr i t ical  coordinates  of the natural t ransi t ion are  determined by the equations 

(i) 

(2) 

X z 800000 cr (3) 
d R% ' 

x-~ 1300000 (4) 
d Re d 

The concurrent  existence on the segment BC of the dynamic initial section of a rec tangular  channel 
of sur faces  with laminar ,  transit ional,  and turbulent flow in the boundary l ayer  prede te rmines  the i r regu-  
la r  distr ibution of local  heat exchange coefficients in the c r o s s  sections, with the fact that here  the heat 
exchange intensity must  be lower  in the middle part  of the wall than near  the co rne r s  being especial ly note-  
worthy. 

We attempted to confi rm experimental ly  the proper t ies  of the flow in the co rne r s  of rectangular  
channels by measur ing  the local heat exchange coefficients developed in [1]. A diagram of the working 
section of the stand is shown in Fig.  2. The isothermal rec tangular  channel, made of wooden side r acks  
6 and textolite covers  5 with a length of 1050 mm and a c r o s s  section of 100 • 20 m m  2 (d = 33.3 ram) and 

*As in Russian original - Publ isher .  
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F i g .  3. D i s t r i b u t i o n  of  l o c a l  hea t  exchange  c o e f f i c i e n t s  in c r o s s  
s e c t i o n s  of  d y n a m i c  in i t i a l  s e c t i o n  of r e c t a n g u l a r  channe l  at  X 0 
= 0.242 m: 1) Red  = 8250; 2) Red  = 12,800; 3) Re d = 31,400; 4) 
Re d = 45,000; 5) Re d = 89,500; a) p ickup  N o . l ,  X~/d = 7.48; b) 
No. 2, X i / d  = 7.64; c) No. 3, X1/d = 7.82; d) No. 4, X1/d = 8.0; e) No. 5 
X i / d  = 8.18. y, mm;  a l o  e, W / m  2. ~ 

an e n t r a n c e  a t t a c h m e n t  1 s h a p e d  with an a r c  of a c i r c l e  of R / d  = 1.0, is  a t t a c h e d  to the in take  of a v e n t i l a -  
t o r .  The  v e n t i l a t o r  p r o v i d e s  a i r  s p e e d s  of 1 .0-55 .0  m / s e e . *  A hea t ed  s t e e l  m e a s u r i n g  s t r i p  4 ex t end ing  
70 m m  a l o n g  the f low is se t  f l u sh  with the l o w e r  w i d e r  wal l  of the  channe l .  F i v e  " i s o l a t e d "  bee t  f lux p i c k -  
ups 3 with a c t i v e  f a c e s  10 • 6 m m  2 in s i z e  [5] a r e  bu i l t  into the s u r f a c e  of the m e a s u r i n g  s t r i p .  The  f i r s t  
of  t h e m  is  l o c a t e d  at  a d i s t2nce  of 5 m m  f r o m  the edge of the  m e a s u r i n g  s t r i p  (X 1 = 5 ram) .  The  o t h e r s  
a r e  a r r a n g e d  at  6 m m  i n t e r v a l s  a long  the c o o r d i n a t e  X t. Two t h e r m o c o u p l e s  a r e  cau lked  wi th  the p i ckups  
to men s u r e  the  t e m p e r a t u r e  of  the h e a t - e m i t t i n g  s u r f a c e .  

The  m e a s u r i n g  s t r i p  is  kep t  in a f i xed  p o s i t i o n  by  a f a s t - a c t i n g  c l a m p i n g  d e v i c e  thanks  to which 
it can be  sh i f t ed  in a d i r e c t i o n  t r a n s v e r s e  to the channel  a x i s .  The  j o i n t s  with t e x t o l i t e  c o v e r s  a r e  h e r -  
m e t i c a l l y  s e a l e d  with fe l t  p a c k i n g s .  The  c o n s t r u c t i o n  of the  m e a s u r i n g  s t r i p  is  d e s c r i b e d  in m o r e  de t a i l  
in [4]. The  s t r i p  is  h e a t e d  with w a t e r  s u p p l i e d  th rough  f l ex ib l e  h o s e s .  The  w a t e r  f low r a t e  was r e g u l a t e d  
so that  i t s  t e m p e r a t u r e  d r o p  within the  h e a t - e x c h a n g e  s u r f a c e  did  not e x c e e d  1~ A mode with twa = c o a s t  
was  t h e r e b y  m a i n t a i n e d  with su f f i c ien t  a c c u r a c y .  The  a b s o l u t e  t e m p e r a t u r e s  of the  h e a t - e m i t t i n g  s u r f a c e  
we re  twa = 60-80~ and the t e m p e r a t u r e s  of the a i r  s u p p l i e d  to the  channel  f r o m  the a t m o s p h e r e  we re  tin 
= 18_20~ 

The h e a t - e x c h a n g e  m e a s u r e m e n t s  we re  conduc t ed  at  d i f f e r en t  d i s t a n c e s  f r o m  the e n t r a n c e  to the  
channe l ,  v a r y i n g  the l e n g t h  of  the  unhea ted  s e c t i on  inc luded  a h e a d  of the m e a s u r i n g  s t r i p ,  at  four  to f ive 
v a l u e s  of  the  a i r  s p e e d .  The  in i t ia l  unhea ted  l eng th  of the  channel  was s u c c e s s i v e l y  X 0 = 0.129 m, X 0 
= 0.242 m, X 0 = 0.342 m, X 0 = 0.442 m, and X 0 = 0.542 m.  The  m e a s u r i n g  s t r i p  was sh i f t ed  with a s tep  of 
5-10 m m  in the  t r a n s v e r s e  d i r e c t i o n  and with a s t ep  of 2.5 m m  when each  of the p i c k u p s  p a s s e d  the c o r n e r  
zone .  The  loca l  convec t i ve  hea t  exchange  c o e f f i c i e n t s  we re  d e t e r m i n e d  in the  s t a t i o n a r y  m o d e s  f r o m  the 
eq uat ion 

E K  
~ioc - al-  (5) 

twa-- tin 

A s  the  e s t i m a t i n g  c a l c u l a t i o n s  show, b e c a u s e  of the s m a l l  r e l a t i v e  l eng th  of the h e a t - e m i t t i n g  s u r f a c e  of 
the  m e a s u r i n g  s t r i p  and,  consequen t l y ,  t h e s m a l l  t h i c k n e s s  of  the  t h e r m a l  b o u n d a r y  l a y e r  in the  zone where  
the  hea t  f lux p i c k u p s  a r e  l oca t ed ,  the  t e m p e r a t u r e  d i f f e r e n c e s  twa - -  t in co inc ide  a l m o s t  e x a c t l y  with the  
t e m p e r a t u r e  d r o p  be tween  the wal l  and the  c o r e  of  the  f low.  The  r a d i a n t  hea t  exchange  c oe f f i c i e n t s ,  found 
a c c o r d i n g  to the r e c o m m e n d a t i o n s  of [6], w h e r e  c~ l = 2 .5 -3 .5  W / m 2 - d e g ,  while the c a l i b r a t i o n  c o n s t a n t s  of 
the  p i c k u p s  we re  K 1 = 560 W / m 2 . p V ,  K 2 = 490 W/m2-pV,  K 3 = 580 W / m 2 . p V ,  K 4 = 565 W / m 2 . p V ,  and K 5 
= 505 W / m L p V .  

* The c o n s t r u c t i o n  of the  s t a n d  i s  d e s c r i b e d  in  [3]. 
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Fig. 4. Configuration of boundaries  of transit ional  zone for 
Re d = 12,800: 1) according to Eq. (1); 2) YI  r = f(X) acco rd -  
ing to the experimental  data; 3) YIcI r = f(X) according to ex-  
per imental  data; 4) according to Eq. (2). X and Y, mm. 

A se r i e s  of t r ansve r se  distr ibutions of local heat exchange coefficients obtained at X 0 = 0.242 m is 
presented in Fig. 3. The distance Y, measured  f rom the edge of the wide wall of the channel where the 
measurements  were conducted to the center  of each pickup, are  plotted along the absc issa .  The exper i -  
mental data a re  shown only for the interval Y = 0-60 mm since the graphs of O~1o c =f(Y) are  pract ical ly  
symmet r ica l  re la t ive to the longitudinal axis 0-0 of the wall. 

The lowest  curves  1 for  Red = 8520 indicate l aminar  flow in the boundary l ayer  over  the entire 
width of the wall. Curves 5 for Re d = 89,500, conversely,  pertain to conditions where turbulent flow in 
the boundary l ayer  existed over  the entire width of the wall. In both cases  the middle part  of the graph 
of ~loc = f(Y) represen ts  an extended region with uniform heat emiss ion.  The heat emiss ion coefficients 
decrease  smoothly near  the co rne r .  

The t r ansve r se  distr ibutions of local heat exchange coefficients for  the intermediate Reynolds 
numbers  (Re d = 12,800, 31,400, and 45,000) look different.  If one turns to curve 4 in Fig. 3a, for example, 
then here, as usual with mixed flow in the boundary layer ,  one observes  three charac ter i s t ic  regions with 
sharply differing laws of heat exchange. In the middle par t  of the wall to the right of point M, where flow 
tn the boundary l aye r  is laminar ,  the values of ~loc are  pract ical ly  constant and markedly reduced. The 
section M-N cor responds  to the transit ional  zone. To the left of point N is located a section with a turbu- 
lent mode of flow in the boundary l aye r  and high local heat exchange coefficients.  It is important that the 
differential in the absolute values of Cqo c in the segments  of the c ros s  section containing laminar  ~nd 
turbulent modes of flow reaches  40-70%. This differential rapidly increases  along with the Reynolds num- 

ber .  

The t r ansve r se  coordinates  of the cr i t ical  points established f rom the graphs of a loc  = f (Y)for  
different dis tances f rom the channel entrance and a constant Reynolds number Red = 12,800 are  compared 
in F ig .4 .  In the determination of YIcr and YIcI a cor rec t ion  was introduced taking into account the finite 
dimensions of the sensitive zone of the heat flux pickup. The "isolated" pickup with central  mounting of 
the potential leads  a n d a c o n s t a n t a n l a y e r  about 1 mm thick reac t s  to a disturbance in the local heat flux if 
it occurs  at a distance on the o rder  of 5-6 mm f rom the center  [5]. In this case the recorded  heat flux 
compr i se s  l e s s  than 1% of the level of the dis turbance.  Such a deviation in the instrument readings will 
obviously remain  unnoticed under ordinary  experimental  conditions. However, if the disturbance is applied 
at a distance of 3 mm f rom the center  of the pickup the signal will cor respond  to 5-6% of the true value of 
the heat flux and will be detected. When the pickup is shifted along the wall f rom the middle of the channel 
toward the corner  the heat fluxes do not change for some time and then star t ing f rom the point M they in- 
c r ea se .  Consequently, Ycr  = YM + AY, where AY is the radius of a field centered at the point M within 
which the pickup is not yet sensit ive to changes in the local heat flux. The size of the correc t ion  AY is 
taken as equal to 3 mm.  The sign of the cor rec t ion  is determined by the direction of movement of the pick- 

up relat ive to the Y axis. 

The solid l ines in F ig .4  are  plotted in accordance with Eqs. (1) and (2) with 01 = 02 = 5040 ' .  On the 
whole the experimental  and calculated data are  in sa t i s fac tory  agreement ,  although as Y - -  0 the d i sagree -  
ment of the longitudinal cr i t ical  coordinates  at the corner  reaches  40%. The la t ter  c i rcumstance  allows 
one to assume that the functions YIcr = f ( X ) a n d  YIcI r = f ( X ) a r e  slightly nonlinear in the immediate vicinity 
of the corner  zone. The experimental  values of the angles of inclination 01 and 02 are  somewhat smal le r  
than 5040 ', with 01 >02. Using Eqs.  (1) and (2) it is appropriate  to adopt 0 t = 5~ ' and 02 = 4050 ' .  
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We note in conclusion that the i r regu la r  distr ibution of the local  heat exchange coefficients,  and 
consequently of the local coefficients  of f r ic t ion in c ros s  sections of the dynamic initial section of r e c -  
tangular  channels,  makes  understandable the nature  of the secondary  flows d iscovered  re la t ive ly  long ago 
in thei r  co rne r  zones [7, 8]. 

N O T A T I O N  

d, m: i equivalent diameter of rectangular channel; X I and II _ e r . e  Xcr .c ,  m: longitudinal coordinates  of 
t ransi t ion points at co rner ;  XIcr and XclI r, m: longitudinal coordinates  of boundaries  of region of natural  
t ransi t ion in middle part  of wall; X: longitudinal coordinate measured  f rom entrance r im;  XI: longitudinal 
coordinate measured  f rom s tar t  of heating; X0: length of initial unheated section; Ycr,  m: t r an sv e r se  co-  
ordinate of boundaries  of t ransi t ion region; a loc ,  W/m 2. ~ local  coefficient of convective heat exchange; 
c~ l, W/m2. ~ local coefficient of radiant heat exchange; Red: Reynolds number r e f e r r e d  to equivalent di- 
ame te r  of channel; E: emf developed by heat flux pickup, pV. 
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