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Results are shown of an experimental study concerning the thermal efficiency of a pipe sur- 
face, when a local whirl is produced by paddle wheels with different twist angles and different 
radial variations of the twist angle. 

The excellence of power apparatus will depend on further improvements in the thermotechnieal char- 
acteristics of straight tubular heat exchangers simple in design and easy to manufacture. One method of 
solving this important problem is to increase the heat transfer rate by means of whirling the stream. 

The effect of a local whirl produced by a paddle wheel on the heat transfer and on the hydraulic drag 
in a pipe under turbulent flow conditions has been studied experimentally in [I]. The paddle wheels were 
made in the form of bronze rims with an inside diameter 32.5 mm and eight blades of 0.5 mm thick sheet 
brass welded to the inside surface of each. The radial and the axial dimensions of these blades were equal 
to half the pipe radius. The blades were profiled along a circular arc. The variation of the blade twist 
angle was designed according to the power relation 

ur ~-- const. (1) 

T e s t s  w e r e  p e r f o r m e d  in a w a t e r  s t r e a m  with  a R e y n o l d s  n u m b e r  Re f  = 10 ,000-90 ,000 .  The r e s u l t s  in [1] 
w e r e  u s e d  a s  a b a s i s  f o r  c a l c u l a t i n g  the  t h e r m a l  e f f i c i e n c y  of c y l i n d r i c a l  s u r f a c e s  wi th  the  s t r e a m  w h i r l e d  
i n s ide  at  a v a r i a b l e  a x i a l  p i tchy  

The  t h e r m a l  e f f i c i e n c y  of the  hea t ing  s u r f a c e  was  de f ined  in t e r m s  of the  e n e r g y  coe f f i c i en t  E [2], a s  
the  r a t i o  of t r a n s m i t t e d  hea t  to  e n e r g y  l o s s e s  due to  h y d r a u l i c  d r a g  d u r i n g  the  f low of the  hea t  c a r r i e r  
t h r o u g h  the  p i p e .  
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F i g .  1. C o m p a r i s o n  be tw e e n  t h e t h e r m a l  e f f i c i e n c i e s  of a s u r -  
f a c e  wi th  a l o c a l  w h i r l i n g  of the  s t r e a m  by m e a n s  of a padd l e  
whee l ,  in t e r m s  of the  e n e r g y  c oe f f i c i e n t ,  f o r  l / d  = 5 (a), 20 
(b), 60 ( c ) : ~  = 15 ~ (1), 30 ~ (2), 45 ~ (3), 60 ~ (4), 75 ~ (5). 
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F i g .  2. R e l a t i o n  a / ~  0 = f(}/~0) f o r  
p a d d l e  w h e e l s  wi th  v a r i o u s  b l a d e  
t w i s t  a n g l e s  (1-5 a s  in F i g .  1). 

If the thermal efficiency of a surface is referred to AT = I~ and the power lost on moving the heat 

carrier is referred to a unit area of heat transfer surface, then the heat transfer coefficient ~ [3] can 

serve as the criterion for estimating and comparing thermal efficiences. In this case the energy coeffi- 
cient is defined as the ratio 

E= ~ F (2) 
9.81Eup w~ f 

A higher value of the energy coefficient, at N = idem, means a more efficient surface in terms of en- 
ergy losses. 

The ratio of respective heat transfer coefficients in a whirled and in a straight stream, as a function 
of the power loss on moving the heat carrier, is shown in Fig. 1 for five different whirling paddle wheels 
with different blade twist angles (n = 0, go = 15 ~ 30 ~ 45 ~ 60 ~ 75 ~ and for three different relative pipe 
lengths (I/d = 5, 20, 60). 

For I/d = 60 (Fig. lc) the heat transfer coefficients in a whirled stream are 10-34% higher than the 
respective coefficients in a pipe without whirling but with the same power lost on moving the heat carrier. 
A larger twist angle corresponds to a higher ratio ~/~ 0. In comparison with an axial stream, this advan- 
tage is gained at much lower velocities of the heat carrier. Thus, at go = 75 ~ the ratio of heat carrier fl0w 
rates in a whirled and in a straight stream, with N = idem, is 0.837, when Ref = 10,000 and 0.77 when Ref 
= 90,000. 

A s  the  r e l a t i v e  p i p e  l eng th  is  d e c r e a s e d ,  the  t h e r m a l  e f f i c i e n c y  of the  hea t  t r a n s f e r  s u r f a c e  c h a n g e s .  
F o r  l/d = 5 (F ig .  l a )  m o s t  e f f ec t i ve  a r e  p a d d l e  w h e e l s  wi th  the  b l a d e  t w i s t  ang le  go = 45 ~ When  p a d d l e  
w h e e l s  wi th  go = 60 ~ o r  75 ~ a r e  u s e d  fo r  e n s u r i n g  the  s a m e  amoun t  of hea t  e x t r a c t i o n  a s  at  go = 45 ~ m o r e  
p o w e r  is  r e q u i r e d  fo r  p u m p i n g  the  hea t  c a r r i e r .  

A c o m p a r i s o n  b e t w e e n  t h e  g r a p h s  in F i g .  1 shows  t ha t  p a d d l e  w h e e l s  wi th  go = 75 ~ a r e  m o s t  e f f ec t i ve  
when l / d >- 20, whi le  p a d d l e  w h e e l s  wi th  go = 45 ~ a r e  m o s t  e f f ec t i ve  when l/d < 20. 

F o r  G = i d e m ,  t he  e f f e c t i v e n e s s  of w h i r l e d  s t r e a m s  in i m p r o v i n g  the  hea t  t r a n s f e r  can  be  e v a l u a t e d  
f r o m  the  ~ / ~  0 = s g r a p h  c h a r a c t e r i z i n g  the  i n c r e a s e  in the  h e a t  t r a n s f e r  c o e f f i c i e n t  a s  a funct ion  of 
the  r e l a t i v e  i n c r e a s e  in the  h y d r a u l i c  d r a g  c o e f f i c i e n t .  At  a g iven  v a l u e  of ~/~0 m o s t  e f f ec t ive  i s  t he  p a d -  
d l e  whee l  which  y i e l d s  a h i g h e r  ~ / ~  0 r a t i o .  
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Fig. 3. Variation of the ratio- relative heat transfer coefficient 
to relative hydraulic drag coefficient along the pipe, for Ref 
= I0,000 (a), Ref = 90,000 (b)(1-5 same as in Fig. I). 
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NOTATION 

pipe diameter, m; 
Euler number; 
energy coefficient for the heating surface, 1/deg; 
area of the heating surface, m2; 
cross section area of pipe, m2; 
flow rate of liquid, kg/sec; 
pipe length, m; 
power lost on overcoming the hydraulic drag, W/m2; 
power-law exponent; 
Reynolds number; 
radius, m; 
temperature,  ~ 
circular velocity, m/sec  ; 
heat t ransfer  coefficient, W/m 2. ~ 
density, kg/m3; 
mean axial flow velocity, m/see;  
hydraulic drag coefficient; 
angle between velocity vector and pipe axis, ang. deg. 

c r i p t  

denotes axial flow. 
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Fig. 4. Relation a / ~  0 = f(~/~o) for  paddle wheels with different 
twist  angles and different radial  var ia t ions  of the twist angle: 
l / d  = 5 (a), l / d  = 60 (b), Ref = 10,000 (I), Ref = 90,000 (TI'), go 
=45  ~ a n d n = 0  (1), ~a =60  ~ a n d u = 0  (2), go =75  ~ a n d n = 0  (3), 
go =45  ~ a n d n = l ( 4 ) ,  cfl =45  ~ a n d n = 2  (5), go =45  ~ a n d n = 3  
(6). 

The re la t ion a / a  0 = f(~/~0) is shown in Fig. 2 for paddle wheels wi th~  = 15-75 ~ and for pipes with 
l / d  = 60, Ref = 10,000 and Ref  = 90,000. The s t ra ight  line cor responds  to a / s  0 = ~/$0. According to the 
graphs,  as the Reynolds number  becomes higher,  the region where whirling has a positive effect on im- 
proving the heat t r ans f e r  shifts toward smal le r  ra t ios  of the hydraul ic  drag coefficient in a whirled and in 
a s t ra ight  s t r eam respect ively ,  i . e . ,  toward smal le r  twist angles of the s t ream.  Thus, a paddle wheel 
with go < 60 ~ improves  the heat t r a n s f e r  at Ref = 10,000 and a paddle wheel with go < 30 ~ improves the heat  
t r ans f e r  at Ref = 90,000. 

The re la t ions  which charac te r i ze  changes in the ra t io  of heat t r ans f e r  coefficient to hydraulic drag 
coefficient in a whirled and in a s t ra ight  s t r eam respec t ive ly  along the pipe, under the same conditions, a re  
shown in Fig.  3 for Ref = 10,000. According to the graphs,  at G = idem, a dec rease  in the relat ive pipe 
length is accompanied,  at all twist  angles,  by a fas te r  increase  in the hydraul ic  drag than in the heat t r a n s -  
fer .  

In a whirled stream there appear inertia forces which can change the character of the liquid flow. 
As the c i rcu la r  veloci ty  va r i es  along the radius in accordance  with relat ion (1), the distr ibution of inert ia  
fo rces  in the sys tem depends on the exponent n. A stabil i ty analysis  of a whirled s t r eam by the Rayleigh 
method [4] shows that in an isothermal  s t r eam with n = 1 there  prevai ls  a radial  equilibrium in the liquid, 
which may  be disturbed when n > 1: the liquid is displaced radia l ly  and this br ings about an additional in- 
c rease  in the heat t r ans fe r  ra te .  When n < 1, the inert ia  forces  stabilize the s t r eam.  In an anisothermal  s t r eam 
the radial  distr ibution of inert ia  forces  changes somewhat,  because of a change in the radial  distribution of 
densi ty  (the inert ia force  pe r  unit volume is equal to the product  of density and centrifugal accelerat ion),  
but the possibi l i ty  that secondary  cur ren t  will be produced remains .  

Thus, whirling of a s t r eam increases  the heat t r ans f e r  ra te  on two counts: because the veloci ty of the 
liquid re la t ive  to the pipe wall inc reases  and because secondary  cur ren t s  are  produced.  Evidently, the 
amounts of energy  required  to achieve these effects may be different.  

The relat ion ~ / ~ 0  = f(~/~0) for  paddle wheels with ~ = 45 ~ n = 0-3 and with go = 45-75 ~ n = 0 is 
shown in Fig.  4 for  two re la t ive  pipe lengths with Ref = 10,000 and Ref = 90,000 respect ively .  A compar i -  
son between the tes t  values in Fig.  4 shows that,  at smal l  values of the Reynolds number (Ref = 10,000), the 
~ / ~ 0  = f(~/~0) curves  for paddle wheels with n = 0 (solid line) and n > 0 (dashed line) almost  coincide over 
t h e  entire range of re lat ive pipe length f rom 5 to 60. At large values of the Reynolds number (Ref = 90,000) 
and equal heat t r ans f e r  ra tes ,  paddle wheels with profi led blades (n > 0) are  charac te r ized  by a lower hy-  
draul ic  drag than in the case of paddle wheels with n = 0. Thus, whirling the s t r eam by means of paddle 
wheels with go = 45 ~ n = 3, and go = 75 ~ n = 0 at Ref  = 90,000 produces  the same increase  in the heat t r a n s -  
fer  ra te ,  but in the la t ter  case the hydraulic drag is higher by 7% w h e n / / d  = 60 and by 25% when l / d  = 5 .  

814 


