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We p r e s e n t  r e s u l t s  f r o m  a s tudy  of hea t  t r a n s f e r  and h y d r o d y n a m i c  d r a g  in the t u r b u l e n t  
flow of a gas  t h rough  a channe l  f o r m e d  by a s e r i e s  of f la t  n o a s y m m e t r i c  d i f f u s e r s  with a 
d i v e r g e n c e  angle  of 12 ~ and a s e r i e s  of c o n v e r g i n g  d i f f u s e r  s e c t i o n s ,  fo r  the i n t e r v a l  Re 
= ( lo -8o)  �9 l o  3. 

The p r o b l e m  of i n t e n s i f y i n g  the t r a n s f e r  of hea t  tha t  t a k e s  p l a c e  b e t w e e n  a gas  and a s u r f a c e  i s  p r e s e n t l y  
s o l v e d  p r i m a r i l y  t h rough  the use  of v a r i o u s  t y p e s  of e x t e n d e d  s u r f a c e s ,  which  in add i t i on  to d e v e l o p i n g  the 
s u r f a c e  r e s u l t  in an i n t e n s i f i c a t i o n  of the t r a n s f e r  p r o c e s s e s  a s  a c o n s e q u e n c e  of p e r i o d i c  m e c h a n i c a l  s e p a -  
r a t i o n  of the  b o u n d a r y  l a y e r .  The use of t u r b u l i z a t i o n  m e c h a n i s m s  fo r  the so lu t ion  of th i s  p r o b l e m ,  a s  
d e m o n s t r a t e d  e x p e r i m e n t a l l y  [1], is  e f f ec t ive  in a r e g i o n  of r e l a t i v e l y  low v a l u e s ,  i . e . ,  Re = (3-20) .  103. 
I n t e n s i f i c a t i o n  of hea t  t r a n s f e r  can be a c h i e v e d  by s e t t i n g  up t r a n s v e r s e  p r e s s u r e  g r a d i e n t s  in the flow, and 
t h e s e  b r i n g  about  the con t inuous  d i s p l a c e m e n t  of the b o u n d a r y  l a y e r  by the e x t e r n a l  flow [2]. 

Th i s  p a p e r  i s  devo ted  to an i n v e s t i g a t i o n  of the t r a n s f e r  of hea t  and the h y d r o d y n a m i c  d r a g  in the t u r -  
bu len t  flow of a gas  t h rough  a channe l ,  in the p r e s e n c e  of l ong i t ud ina l  p r e s s u r e  g r a d i e n t s  of v a r i a b l e  s ign .  

The gas  flow th rough  a d i f f u s e r  ( i .e . ,  in the f i e ld  of a p o s i t i v e  p r e s s u r e  g rad i en t )  is  a c c o m p a n i e d  by 
a s u b s t a n t i a l  i n c r e a s e  in the  c o e f f i c i e n t  of t u r b u l e n t  m o m e n t u m  t r a n s f e r  [3, 4]. H e r e ,  in a c c o r d a n c e  with 
the concep t  of i d e n t i t y  fo r  m o m e n t u m  and hea t  c a r r i e r s ,  we shou ld  e x p e c t  a n o t i c e a b l e  i n t e n s i f i c a t i o n  of hea t  
t r a n s f e r .  

N e v e r t h e l e s s ,  we know [5] tha t  the  gas  flow th rough  the  c o n v e r g i n g  s e c t i o n  of a d i f f u s e r  ( i .e . ,  in the 
f i e ld  of a l ong i tud ina l  nega t ive  p r e s s u r e  g rad i en t )  is  a s s o c i a t e d  with  a r e d u c t i o n  in h e a t - t r a n s f e r  i n t ens i t y ,  
and th i s  i s  e x p l a i n e d  by  the c e s s a t i o n  of t u r b u l e n c e  g e n e r a t i o n  and the d e g e n e r a t i o n  of the r e s i d u a l  t u r b u l e n c e  
as  a r e s u l t  of the nega t ive  p r e s s u r e  g r a d i e n t s  - an e f f ec t  tha t  i s  we l l  known f r o m  [6 ]. 

We a r e  n a t u r a l l y  l ed  to the idea  of s t u d y i n g  a channe l  which  i s  made  up of a s e r i e s  of d i f f u s e r s  with 
s m a l l  d i v e r g e n c e  a n g l e s ,  and a s e r i e s  of c o n v e r g i n g  d i f f u s e r  s e c t i o n s .  The t u r b u l e n t  e n e r g y  in such  a chan -  
nel ,  a c c u m u l a t e d  by the flow in the d i f f u s e r ,  is  used  p r o f i t a b l y  in the c o n v e r g i n g  sec t ion .  It goes  wi thout  
s a y i n g  tha t  the ex t en t  of the  d i f f u s e r  p o r t i o n s  of the channe l ,  even  in the  c a s e  of s m a l l  d i v e r g e n c e  a n g l e s ,  
m u s t  be l i m i t e d  both to r e d u c e  the  vo lume  of the h e a t - e x c h a n g e  a p p a r a t u s  and to p r e v e n t  flow s e p a r a t i o n  - an 
e f f ec t  which r e s u l t s  in g r e a t  e n e r g y  l o s s e s .  

We have  s t u d i e d  the c a s e  of a channe l  which  is  made  up of a s e r i e s  of f la t  n o n s y m m e t r i c  d i f f u s e r s  with 
3/ = 12 ~ and a s e r i e s  of c o n v e r g i n g  d i f f u s e r  s e c t i o n s ;  th i s  channe l  i s  f o r m e d  by two c o p p e r  p l a t e s  (a f la t  and 
a s h a p e d  p la te )  with h = 300 m m  and l = 960 m m  (Fig.  1). 

The p l a t e s  which  f o r m  the d i v e r g i n g  and c o n v e r g i n g  s e c t i o n s  of the d i f f u s e r s  (to make  up the channel)  
r e p r e s e n t  the s t r u c t u r a l  p a r t  of hol low c h a m b e r s  which w e r e  p l a c e d  into an open wind tunnel  o p e r a t i n g  in 
suc t i on .  The a i r  flow i n i t i a l l y  p a s s e d  th rough  the h y d r o d y n a m i c  s t a b i l i z a t i o n  s e g m e n t ,  s u b s e q u e n t l y  e n t e r i n g  
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Fig. 1. A channel made up of 
diverging and converging diffuser 
sect ions:  1) flat plate; 2) shaped 
plate; 3) hollow chamber.  

the channel being investigated. The thermal-s tabi l iza t ion segment 
was not turned on pr io r  to the test ,  since its function is insignifi- 
cant under conditions involving flow with elevated turbulence, and 
given sufficiently high values for l /deq ,  its effect cannot possibly 
be felt. 

The a i r  was heated by condensation of the water  vapor at at-  
mospher ic  p ressu re  within the hollow chambers  on the inside of the 
plate whose surface,  facing the air ,  was thus virtually isothermal.  
The air  flow rate was measured  by means of a precal ibra ted pneu- 
mometr ic  tube installed at the inlet to the wind-tunnel col lector  
shaped to conform to the a rc  of a c i rc le .  

The air  t empera ture  at the inlet to and at the outlet f rom the 
channel was measured  with c o p p e r - c o a s t a n t a n  thermocouples;  an 
a i r  mixer  was set  up at the channel outlet. The thermocouple read-  
ings were checked by means of back-up labora tory  mercu ry  thermo-  
mete r s  graduated to 0.1~ 

We determined the heat flow from the a i r  and it was monitored by checking the quantity of condensate 
collected on the flat and shaped plates in separate  measur ing  flasks. The time to fill the flasks was de ter -  
mined with a stopwatch giving readings of 0.2 sec. 

The static p re s su re  differences were measured  with a miniscope accurate  to 0.01 mm water  column. 

The vapor  saturat ion tempera ture  was taken as the wall t empera ture .  Correspondingly,  the average 
coefficient of heat t r ans fe r  between the wall and the air ,  for the channel as a whole, was assumed to be 
equal to the experimental ly  determined hea t - t r ans fe r  coefficient. 

We used experimental  data to determine the following values: 
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v 1 l L pw ~ 

2 

NU 

300 

1oo 
80 

5o 

, ' . rd 

8 

4 

3 

Fig. 2. Curves showing Nu and ~ functions of Re fo r  a 
= 47.7 mm for ehannels with sharp  leading edges {a, e) and 
with rounded edges (b, d); 1-6) respect ively ,  channels with 
a d i v e r g i n g - e o n v e r g i n g r a t i o o f  5:1, 2:1, 1:1, 1:2, 1:3, and 
a channel with a constant c ro s s  section through the length. 
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Fig .  3. Curves  showing Nu and ~ as functions of Re for  a 
= 33.3 mm for  channels  with s h a r p  leading  edges  (a, e) and 
rounded edges  (b, d) (the cu rves  a r e  ident i f ied  as in Fig .  2). 

The ave rage  values  of Nu were  de t e rm i ne d  s e p a r a t e l y  for  the f lat  pla te ,  the shaped plate ,  and for  the 
channel as  a whole. 

In the e x p e r i m e n t s  the value of Re va r i ed  within the l im i t s  (10-80) �9 10 ~. The value of P r  r ema ined  
v i r tua l ly  constant  (~ 0.7). The a r i t hme t i c  mean a i r  t e m p e r a t u r e  was taken as the de t e rmin ing  t e m p e r a t u r e .  
The t e m p e r a t u r e  fac tor  was T w / T  f ~ 1.3. 

We can see that  the in tens i ty  of heat  t r a n s f e r  and the hydrodynamic  r e s i s t a n c e  of the channel wil l  be 
functions of the r e l a t ive  extent  of the d iverg ing  and converging  por t ions  of the channel,  as well as of the 
r e l a t ionsh ip  between the inlet  and outlet  c r o s s  sec t ions  of the d i f fuse r s ,  and of the shape of the edge. 

To de t e rmine  the effect  of the r e l a t ionsh ip  between the lengths of the d ive rg ing  and converging  p o r -  
t ions,  we s tudied the following channels  (made up of the d ive rg ing  and converging  sec t ions  of d i f fusers ) :  
5:1 0a =40  ram, c = 8 . 0  ram), 2:1 ( b = 4 0  ram, c = 2 0  m m ) ; 1 : l ( b = c = 4 0  mm),  1:2 ( b = 4 0  ram, c = 8 0  ram), 
1:3 (b = 40 ram, c=120 ram). 

The change in the r e l a t ionsh ip  between the lengths of the d ive rg ing  and converging por t ions  of the 
channel  indica tes  a change in the r e l a t i ve  effect ive dura t ion of the pos i t ive  and negative p r e s s u r e  gradient ,  
as  well  as a change in the re la t ionsh ip  between the i r  absolute  values .  When the ra t io  of the d iverg ing  s e c -  
tion of the d i f fuse r  to the converging sect ion of the d i f fuse r  is reduced  (from 5:1 to 1:3) the posi t ive  p r e s -  
su re  g rad ien t s  do not change, and the negative g rad ien t s  g radua l ly  d imin ish  in absolute  magnitude (i. e. ,  
in in tens i ty  of effect) with a s imul taneous  i nc rea se  in the i r  effect ive durat ion.  This makes  ana lys i s  of the 
effect  of the p r e s s u r e  grad ien t  of d i f ferent  s igns more  difficult .  

To de t e rmine  the effect  of the r e l a t ionsh ip  between the a r e a s  of the inlet  and outlet  c r o s s  sec t ions  of 
the d i f fuse r s ,  we va r i ed  the d i s tance  between the flat  and shaped p la tes .  In a uniform di f fuser ,  depending 
on the r e l a t ionsh ip  between the a r e a s  of the inlet  and outlet  c r o s s  sec t ions ,  var ious  types of flow may a r i s e :  
flow without sepa ra t ion ,  flow p r i o r  to sepa ra t ion ,  and s epa ra t i on  flew [7J. When a = 47.7 mm in a uniform 
d i f fuse r  with T = 12~ we have flow without separa t ion ;  when a = 33.3 mm we find flow p r i o r  to separa t ion ;  
when a = 16.8 mm the flow involves sepa ra t ion ,  with a s tab le  s epa ra t ion  zone at the outlet ,  i ts  th ickness  of 
the o r d e r  of 4 ram. We can a s sume  that  the nature  of the flow in the d iverg ing  por t ions  of the channel,  in 
bas ic  outl ine,  wil l  co r r e spond  to the nature  of the flow in the uniform di f fuser .  In this  connection, the flows 
which a r i s e  in a ehanne 1 made of d iverg ing  and converging  d i f fuser  sec t ions ,  fo r  var ious  d i s tances  a, will  be 
r e f e r r e d  to a r b i t r a r i l y  as free of sepa ra t ion ,  p r i o r  to sepa ra t ion ,  and with separa t ion ,  r e spec t i ve ly .  Thus 
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Fig. 4. Curves showing Nu and ~ as functions of Re for 
a = 16.8 ram for channels with sharp leading edges (a, c) 
and with rounded edges {b, d) (curves identified as in 
Fig. 2). 

TABLE 1. Values of the Coefficient A i 

a ,  m m  47,7 33,3 16,8 

diffusion section s:t  2:1 1:1 5:l ~:1 1:1 5:1 2:1 1:1 

A~ 0,038 0,038 0,038 0,038 0,034 0,031 0,031 o,o3o  o,o26 

a change in a is associa ted  with a change in the nature of the flow. Moreover,  a reduction in a leads to an 
increase  in the absolute magnitude of the gradients.  

To determine the effect of edge shape, we initially investigated channels exhibiting d i v e r g i n g - c o n -  
verging rat ios  of 5: 1, 2:1, 1:1 with sharp  leading edges,  and then we looked at channels with rat ios of 5:1, 
2:1, 1:1, 1:2,  and 1:3 in which the leading edges were rounded off. We note that with a reduction in the 
d ive r g ing - conve rg ing  ratio and with an increase  in the distance a the effect of the leading edges is reduced. 

Let us examine the resul ts  f rom hea t - t r ans fe r  experiments .  

For  flow of a gas through channels with sharp  leading edges (Figs. 2a, 3a, and 4a) we find an approxi-  
mate proport ional i ty  between Nu and Re ~ The intensity of heat t r ans fe r  is considerably higher {by a fac- 
tor  of approximately  2.1-1.4) than in the case of flow through a rec t i l inear  channel with a constant c ross  
section along the length (Nu = 0.018 Re~ For  all forms of flow we note a somewhat grea ter  hea t - t r ans fe r  
intensity in a channel with a d iverging-converging ratio of 5:1. The greates t  hea t - t r ans fe r  intensity c o r r e -  
sponds to flow without separat ion.  

The experimental  hea t - t r ans fe r  data can be approximated by a relationship of the form 

Nu = A t Re ~ 

The values of the coefficient A 1 are given in Table 1. 

A slight change in hea t - t r ans fe r  intensity, found with a reduction in the d ive rg ing -  converging ratio 
and in the distance a, is apparently explained by the degeneration of the turbulence as a consequence of the 
negative p re s su re  gradient (they are  g rea te r  in t e rms  of effective duration and absolute magnitude). More- 
over,  we can assume that the at tachment of the converging diffuser section weakens the turbulent effect of 
the diffuser as a resul t  of penetration into the la t ter  by an expansion wave. 



T A B L E  2. V a l u e s  of the C o e f f i c i e n t s  A and n 
a,  FI2 ITI 

Diverging- converging 
diffuser sections 

47,7 

5: I 2:1 I : I  1:2 1:3 

- 33,3 

5:1 2:1 

A 0,049 0,026 0 , 0 4 9  0 , 0 7 2  0 , 0 9 4  0 , 0 3 9  0,039 
n 0,76 0,83 0,76 0,715 0,68 0,79 0,79 

a, m m  16,8 

Diverging- converging 
diffuser sections 

2:1 

O, 027 
0,81 

5:1 I:I  

0 , 0 4 0  
0.76 

33,3 

i:1 1 1:2 1:3 1:2 

0,069 
0,72 

0,069 I 0,041 0,067 0.016 
0,77 0,705 0,705 0,87 

1:3 

O, 041 
O, 735 

T A B L E  3. Va lues  of the C o e f f i c i e n t s  

B 1 and m t 

a, m m  47,7 33,3 16,8 

B1 
i7/1 

0,36 
0,20 

0,65 0,74 
0,26 0,30 

In a l l  c a s e s ,  the  r e l a t i o n s h i p  be tween  the a v e r a g e  v a l u e s  
of Nu fo r  the s h a p e d  and f l a t  p l a t e s  was  a p p r o x i m a t e l y  equa l  to 
1 .5 .  Such a p r o n o u n c e d  d i f f e r e n c e  be tween  the h e a t - t r a n s f e r  
i n t e n s i t y  fo r  t h e s h a p e d  and f la t  p l a t e  i n d i c a t e s  a s t r o n g  e f f ec t  
on the p a r t  of flow n o n s y m m e t r y .  

F o r  a gas  f lowing th rough  channe l s  with rounded  l e a d i n g  
e d g e s  the e x p e r i m e n t a l  da ta  (F igs .  2b, 3b, and 4b) can be p r e -  
s e n t e d  in the f o r m  of the r e l a t i o n s h i p  

Nu = A Re". 

The v a l u e s  of the c o e f f i c i e n t s  A and n a r e  given in Tab le  2. 

In a l l  c a s e s  the h e a t - t r a n s f e r  i n t e n s i t y  for  a channe l  wi th  a d i v e r g i n g - c o n v e r g i n g  r a t i o  of  5:1 (with 
the e x c e p t i o n  of s e p a r a t i o n - f r e e  flow th rough  a 2:1 channel)  is  g r e a t e r  than in o t h e r  channe l s .  With a r e d a c -  
t ion in the d i v e r g i n g - c o n v e r g i n g  r a t i o ,  the  r e l a t i o n s h i p  be tw e e n  Nu and Re is s l i g h t l y  weakened ,  which  is  
e x p l a i n e d  by the g r a d u a l  d e g e n e r a t i o n  of the  t u r b u l e n c e  with  an i n c r e a s e  in the  length  of the  c o n v e r g i n g  p o r -  
t ions .  The i n t e n s i t y  of h e a t  t r a n s f e r  in c h a n n e l s  with rounde d  l e a d i n g  e d g e s  i s  s o m e w h a t  l o w e r  than in chan -  
ne l s  with s h a r p  l e a d i n g  e d g e s ,  but  s u b s t a n t i a l l y  g r e a t e r  (by a f a c t o r  of a p p r o x i m a t e l y  2-1 .1)  than in the c a s e  
of flow a long  a r e c t i l i n e a r  channe l  with a c r o s s  s e c t i o n  tha t  i s  cons t an t  o v e r  the length .  A change  in the d i -  
v e r g i n g - c o n v e r g i n g  r a t i o  and in the d i s t a n c e  a,  q u a l i t a t i v e l y  speak ing ,  e x e r t s  the  s a m e  in f luence  on the h e a t -  
t r a n s f e r  i n t e n s i t y  a s  in the c a s e  of c h a n n e l s  wi th  s h a r p  l e a d i n g  e d g e s .  

The r e l a t i o n s h i p  be tween  the a v e r a g e  v a l u e s  of Nu for  the s h a p e d  and f la t  p l a t e s  in channe l s  e x h i b i t i n g  
a d i v e r g i n g - c o n v e r g i n g  r a t i o  of 5:1, 2:1, 1:1, 1:2, and 1:3 i s  g iven,  r e s p e c t i v e l y ,  by 1 .7 ,  1 .55 ,  1 .4 ,  1 .25,  
1 .15 .  The e f f ec t  of i n t e n s i f y i n g  t r a n s f e r  on the s h a p e d  p l a t e  can  be e x p l a i n e d  by  the d i s p l a c e m e n t  of t u r b u -  
l en t  v o r t i c e s  t o w a r d  tha t  p la t e  a s  a r e s u l t  of the c e n t r i f u g a l  f o r c e s .  

Le t  us e x a m i n e  the e x p e r i m e n t a l  r e s u l t s  with r e s p e c t  to h y d r o d y n a m i c  r e s i s t a n c e .  

With  a r e d u c t i o n  in the  d i v e r g i n g - c o n v e r g i n g  r a t i o  (for a f ixed  va lue  of a )  the s t a t i c - p r e s s u r e  d i f -  
f e r e n c e  &p d i m i n i s h e s .  In tu rn ,  a r e d u c t i o n  in the  d i s t a n c e ,  a ,  fo r  e ach  of the  c h a n n e l s ,  l e a d s  to a p r o -  
nounced  i n c r e a s e  in A p. 

When a gas  f lows th rough  a channe l  with s h a r p  l e a d i n g  e d g e s  (F igs .  2c,  3c,  and 4c) the  funct ion 
= ~ (Re) i s  r a t h e r  c o m p l e x  in fo rm.  Thus,  in a channe l  whose  d i f f u s i n g - c o n v e r g i n g  r a t i o  is  5:1 we f ind 
s e l f - s i m i l a r i t y  for  a l l  f o r m s  of flow (~ = cons t ) .  In a channe l  with a d i v e r g i n g - c o n v e r g i n g  r a t i o  of 2:1 
f o r  Re = (10-25) �9 10 ~ we f ind tha t  ~ is a func t ion  of Re, whi le  when Re > 25 �9 10-3, ~ = c o n s t .  F i n a l l y ,  in a 
channe l  wi th  a d i v e r g i n g - c o n v e r g i n g  r a t i o  of 1:1 the  va lue  of ~ is  a r a t h e r  s t r o n g  func t ion  of Re .  

In a l l  c a s e s  ~ i s  s u b s t a n t i a l l y  l a r g e r  than in the  c a s e  of flow th rough  a r e c t i l i n e a r  channe l  with a c r o s s  
s e c t i o n  c o n s t a n t  o v e r  the  length  (~ = 0.3164 Re -~ 

An e x p l a n a t i o n  of t h e s e  unique f e a t u r e s  of the funct ion ~ = ~(Re) should  be sought  in the  cond i t ions  of 
flow. 

Flow th rough  a d i f f u s e r  l e a d s  to a r t i f i c i a l  t u r b u l i z a t i o n  of the  f low, and the l e v e l  of th i s  t u r b u l i z a t i o n  
does  not c o r r e s p o n d  to the  va lue  of Re [3, 4]. We have not  y e t  f ina l ly  c l a r i f i e d  the m e c h a n i s m  behind  th i s  
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TABLE 4. Values of the Coefficients B and m 

a. m m 47,7 . 33,3 

Diverging- converging 
d i f f u s e r  s e c t i o n s  .5:1 2:1 1:1 I;2 1;3 5'.1 2;1 1;1 

B 0,20 0 ,37  0,46 0,32 0,27 0,23 0,58 0,62 
m 0,105 0,19 0,235 0,22 0,265 0,12 0,24 0,27 

a-1' mm I 33,3 I 16,8 
Diverging- converging J d i f f u s e r  s e c t i o n s  1:2 1:3 5:1 2:1 h l  1:2 h3 

B 0,30 
m 0,22 

0,32 0,49 
0,24 0,20 

0,74 
0,29 

0,68 0,78 0,57 
0,30 0,32 0,31 

TABLE 5. Value of the Coefficient k 
a ,  1~ 122 [ 

Diverging- converging [ 
diffuser sections ] 1:I 

Re=10.1O z 7,00 
Re=80.1O 3 6,86 

47,7 3 3 , 3 . .  16,8 

1:2 1:3 h i  1:2 [ h3 h l  1:2 1:3 

6,05 ] 5,75. 7,70 6,25 5,60 I 7,00 7,00 6,50 
6,85 6,60 6,90 6,75 6,10 6,35 6,3 5,25 

TABLE 6. Resul ts  f r o m  a C o m p a r i s o n  of the Degree  of Ef fec t ive -  
ness  for  Channels with Dive rg ing~Converg ing  Sections with Rounded 
Leading Edges  

a,  m m  47,7 33,3 16,8 

Diverging-converging I ] [ 
d i f fu se r  s e c t i o n s  5:1 2:1 1:1 1:2 h3 5:1 2:1 h i  1:9 h3 5:1 2:1 1:1 1:2 1:3 

i 

Re= 10.103 
Re=80.10 a 

Re= 10.103 
Re=80.103 

Re= 10.103 
Re=80. IO ~ 

KN 

0,27 O, 1910,19 0,18 0,20 0,24 0,2010,26 0,26 0, 2610,30 0,28 0,3010,3910,5 
0,47 0,21 0, 26 0,36 0,48 0,45 0,23 0,30 0,37 0,46 0,46 0,28 0,37 0,47 0,6 

KF 

0,53 0,51 0,4910,50 0,5010,5410,51 0,5710,5710,55 0,60 0,5810,60 0,67 0,78 
10,72 0,5210,58 0,66 0, 7810,78t0,5410,62 0,69 0,76 0,7110,58t0,69 0,8110,89 

KQ 
1,52 1,62 1,60 1,60]1,62[1,5511,58]1,49 1,50 1,49[1,48[1,46[1,4411,3311,20 

,55 1,44 1 ,60 1,52 1,36 1,22 1,29 1 1,25 1 ,34 1,21 1,30 1,46 1,34 1,21 1,12 

phenomenon [8]. However ,  it can be a s s umed  with some validi ty that  the explanation of this effect  should 
be sought in the a l t e rna t ing  m i c r o s e p a r a t i o n s  and a t tachments  of the boundary layer ,  which occur  in the 
c o u n t e r p r e s s u r e  field. There  is no doubt that  the ar t i f ic ia l  turbul izat ion of the flow is accompanied  by in- 
tensi f ied diss ipat ion of energy.  In engineer ing  prac t ice ,  this loss  of ene rgy  is ocass iona l ly  r e f e r r e d  to as 
a loss  of expansion p r e s s u r e .  

The p r e s s u r e  lo s ses  in the case  of flow through a uniform di f fuser  a r e  genera l ly  composed of the 
lo s ses  resu l t ing  f rom fr ict ion,  expansion,  and separa t ion  of the flow f rom the sur face .  F r o m  among these 
l o s se s ,  it is only the fr ict ion loss  that is a function of He. Given suff icient ly high di f fuser  d ivergence angles 
(7 > 6~ the p r e s s u r e  lo s ses  a r e  de te rmined  by the lo s ses  for expansion,  for which we can a s sume  a quad- 
ra t ic  law of var ia t ion  with r e s p e c t  to veloci ty  [9]. As r e g a r d s  the case  in which we have flow only through 
the converging port ion of the diffuser ,  the p r e s s u r e  losses  in this case  a re  d e t e r m i n e d -  p rac t i ca l ly  speaking 
- by the losses  resu l t ing  f rom frict ion.  

The exis tence  of sha rp  leading edges in the case  of flow through a channel formed by diverging and 
converging sec t ions  doubt less ly  br ings  the p r e s s u r e  lo s ses  c l o se r  to the quadrat ic  law. However,  as a r e -  
sult  of the effect  exer ted  by the flow through the converging sect ion on the flow in the diverging sect ion,  
this law mus t  be violated,  and all the m o r e  marked ly ,  the s m a l l e r  the d i v e r g i n g - c o n v e r g i n g  ra t io  and the 
dis tance a. 
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In a channel with a d i v e r g i n g - c o n v e r g i n g  ra t io  of 5:1 we na tu ra l ly  find that  d i f fuser  flow p r e d o m i -  
nates .  The ro le  of the leading edges  is  great .  The p r e s s u r e  l o s s e s  a re  de t e rmined  by the quadra t ic  law. 
In a channel with a d i v e r g i n g - c o n v e r g i n g  ra t io  of 2:1 the ro ie  of the flow through the converging port ion in- 
c r e a s e s ,  while the influence of the leading  edges is reduced.  The quadra t ic  law is found only for  Re > 25 
�9 103. in a channel with a d i v e r g i n g - c o n v e r g i n g  ra t io  of 1:1 the flow through the d iverg ing  por t ion  c e a s e s  
to be dec i s ive .  The effect  of the leading  edges  is reduced  even fu r the r  and ~ depends s t rong ly  on Re. 

The e x p e r i m e n t a l  data on the d r a g  in a channel with a d i v e r g i n g - c o n v e r g i n g  ra t io  of 1:1 a r e  approx i -  
mated  by a r e l a t ionsh ip  of the form 

= B~ Re -~ '  . 

The values  of the coeff ic ients  B 1 and m s a r e  shown in Table 3. 

When a gas flows through channels  with rounded leading edges (Figs.  2d, 3d, and 4d) the value of g 
in a l l  c a s e s  is  a function of Re. As the d i v e r g i n g - c o n v e r g i n g  ra t io  d imin i shes ,  g becomes  an even s t r o n g e r  
function of Re. Let  us s t r e s s  that  the g for  a channel with rounded leading edges is cons ide rab ly  s m a l l e r  
than in the case  of a channel with sha rp  leading  edges.  F o r  most  flows g is g r e a t e r  than in the case  of flow 
through a r e c t i l i n e a r  channel with a c r o s s  sect ion that  is constant  over  the length. In the ease  of p r e s e p a r a -  
tion flow and in the ease  of s epa ra t i on  flow through a channel with a d i v e r g i n g - c o n v e r g i n g  ra t io  of 1:3 
(Figs.  3d and 4d) the value of ~ is lower  than that  ca lcula ted ,  which is a consequence of the reduct ion in the 
in tens i ty  of momentum t r a n s f e r  in a channel in which flow through the converging por t ion of the d i f fuser  p r e -  
dominates .  

The e x p e r i m e n t a l  data on r e s i s t a n c e ,  in this  case  as well ,  can be approx imated  by the r e l a t ionsh ip  

: BP.e TM. 

The values  of the coeff ic ients  B and in a r e  given in Table 4. 

It should be borne in mind that  a reduct ion in the d i s tance  a leads  to an i n c r e a s e  in the ra t io  l / d e q :  
for  s epa ra t i on  flow we have / / d e q  = 30.2; for  p r e s e p a r a t i o n  flow we have l / d e q  = 16; for  s e p a r a t i o n - f r e e  
flow we have l / d e q  = 11.6. The re fo re ,  for  channels  made up of d iverg ing  and converging  sec t ions ,  a r e -  
duction in the d is tance  a is a s s o c i a t e d  with a subs tan t ia l  r i s e  in the p r e s s u r e  l o s se s .  

It was noted in these  expe r imen t s  that  heat  t r a n s f e r  g r e a t l y  influences r e s i s t a n c e .  Thus, the value 
of ~ i n c r e a s e s  by a f ac to r  of 1.2-1.35 as the gas is heated,  in c o m p a r i s o n  with the case of i s o t he r m a l  flow, 
where this  effect  is in tensi f ied  as  the d i v e r g i n g - c o n v e r g i n g  ra t io  is  reduced .  

F r o m  the quant i ta t ive standpoint ,  the inves t iga ted  flows can ha rd ly  be reduced to the case  of flow 
through a s ingle  d i f fuser ,  and even l e s s  can they be p r e sen t ed  as the r e su l t  of a s imple  addit ion of the 
p r o p e r t i e s  of flows through a s ingle d iverg ing  sect ion and a s ingle  converging  sect ion of a di f fuser .  

When we a re  deal ing with the d iverg ing  sect ion alone, the behav ior  of the flow as r e g a r d s  s epa ra t i on  
(and the co r r e spond ing  p r e s s u r e  loss)  depends on the ful lness  of the ve loc i ty  prof i le  [10, 11] and on the 
degree  of turbulence  at  the channel inlet  [12]. Here ,  the more  comple te  the ve loc i ty  prof i le ,  the s m a l l e r  
the p r e s s u r e  l o s s e s .  

At f i r s t  glance,  it  s e e m s  that  g r e a t e r  prof i le  ful lness  can be achieved by i nc r e a s i ng  the length of the 
converging  por t ions .  However,  this  leads  to a reduct ion in flow turbulence  and it is  imposs ib le  d i r e c t l y  to 
p r ed i c t  which of the two t rends  will  p redomina te  and, consequent ly ,  it  is unc lear  what consequences  will  
ac tua l ly  r e su l t ,  in this  sense ,  f rom an i n c r e a s e  in the length of the flow through the converging sect ion.  

The dr i f t  of the f l ow-sepa ra t i on  points  in the d i f fuser ,  as a function of Re [7], l eaves  i ts m a r k  on the 
flow pa t t e rn  in a f ield of a longitudinal  p r e s s u r e  gradient  of va r i ab l e  sign. 

P a r t i c u l a r  i n t e r e s t  is shown in the p ro b l e m  of the app l i cab i l i t y  of the Reynolds analogy to the flow in 
the field of a longitudinal  p r e s s u r e  grad ien t  of va r i ab le  sign. 

The e x p e r i m e n t  shows that the Reynolds analogy is r e t a ined  app rox ima te ly  for a l l  forms of flow through 
a channel with a d i v e r g i n g - c o n v e r g i n g  ra t io  of 1:1, where  the leading edges a re  sharp ,  and for  flow through 
a channel with a ra t io  of 2:1, where the leading  edges  a r e  rounded.  

F o r  a l l  o ther  c a se s ,  the analogy b reaks  down. Thus, for  a l l  fo rms  of flow through a channel  with a 
d i v e r g i n g - c o n v e r g i n g  ra t io  of 5:1, where  the leading edges a r e  both sha rp  and rounded,  and for  flow through 
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a channel with a rat io of 2:1, with sharp leading edges, the analogy breaks  down with respec t  to the momen-  
tum t ransfer .  Conversely,  for all forms of flow through channels with rat ios of 1:1, 1:2, and 1:3, with 
rounded leading edges, we find pronounced breakdown of the analogy in favor of the t ransfer  of heat, and 
this effect  is intensified as the d ive rg ing -conve rg ing  ratio is reduced. Table 5 shows the values of the 
proport ional i ty  factor  k for this case in the relationship 

St = ----~. 
k 

Let us recal l  that for the gradient - f ree  flow of an ideal gas (Pr = 1) we have k = 8. As we can see, 
the greatest  breakdown of the analogy occurs  in a channel with a d ive rg ing -conve rg ing  ratio of 1:3. 

The breakdown of the analogy in favor of momentum t ransfer ,  which is found in channels with sharp 
leading edges and predominant  diffuser flow, is explained by the increase  in the relative role of those forms 
of energy dissipation which are  not associa ted with the t r ans fe r  of momentum between the flow and the su r -  
face. 

The breakdown of the analogy in favor of heat exchange t rans fe r  in channels with rounded edges and 
in which flow through the converging section of the diffuser predominates  is explained, apparently,  by the 
specific features of the hydrodynamic situation which a r i ses  in the case of flow through such channels. 
The turbulent vor t ices  which are  generated in the diverging portions of the diffuser enter  the converging 
sections as a consequence of the negative p res su re  gradients (small in absolute magnitude, but ra ther  large 
in t e rms  of effective duration). Here, the relat ionship between the forces accelera t ing the flow and the 
frictional forces ,  apparently,  is such that the turbulent vor t ices ,  as they degenerate,  behave as vort ices  
of free turbulence, and thus the effect of the walls is weakened. 

When we compare  the experimental  data on heat t r ans fe r  and res is tance  for channels made up of di- 
verging and converging sections with the theoret ical  data for a channel with a c ross  section that is constant 
over  the l e n g t h -  this compar ison ca r r i ed  out in accordance with [13] -  we find that the channels investi-  
gated here are  highly effective. 

In the case of channels made up of the diverging and converging section the power consumption needed 
to move the heat c a r r i e r  (for a fixed heat flow and surface),  and the surface (for a fixed flow and a fixed 
consumption of power), are  substantially sma l l e r  than in the case of channels with a la teral  c ross  section 
that is constant over  the length, while the heat flow (in the case of fixed power consumption and surface),  
conversely,  is greater .  Table 6 shows the resul ts  f rom a compar ison undertaken for channels made up of 
d ive rg ing -conve rg ing  sections with rounded edges, and these proved to be substantially more  effective than 
channels with sharp leading edges. 

It can thus be stated that the investigated channels made up of diverging and converging diffuser s ec -  
tions are  more  effective and can be used successful ly  in the design of heat-exchange equipment. 
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NOTATION 

Reynolds number; 
divergence angle for the diverging portion of the diffuser; 
plate height; 
plate length; 
length of the diverging portion of the diffuser;  
length of the converging portion of the diffuser; 
distance between the flat and shaped plates; 
coefficient of hydrodynamic res is tance;  
Nusselt  number;  
average a i r  flow rate in the inlet section of the diffuser; 
equivalent d iameter  of the inlet section of the diffuser; 
kinematic coefficient of viscosi ty  for the air;  
static p ressu re  difference ac ross  the channel length; 
a ir  density; 
hea t - t r ans fe r  coefficient (average value) for the wall and the air ;  
thermal  conductivity of the air ;  
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P r  

T w and Tf 
St 

K N, K F, and 
KQ 

is the Prandt l  number;  
r e spec t i ve ly ,  a re  the the rmodynamic  t e m p e r a t u r e s  of the su r face  and the a i r ;  

is  the Stanton number;  

a re ,  r e spec t i ve ly ,  the p o w e r - c o n s u m p t i o n r a t i o  (for a fixed heat  flow and sur face) ,  
the su r face  ra t io  (for a fixed heat  flow and power  consumption),  and the heat - f low ra t io  
(for fixed power  consumption and su r faces )  for  a channel made up of d ive rg ing  and 
converg ing  d i f fuser  sec t ions  and a channel with a c r o s s  sect ion that is constant  over  
the length. 
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