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Theore t ica l  and experimental  studies have been made on the effects of mass  forces on heat t r a n s -  
fer and hydraulic res i s t ance  in pipes with local turbulence induced by sp i ra l  blade sys tems having 
shapes defined by u F / ( m -  r-)= oonst. 

Heat t r ans fe r  may be accelera ted  on employing a sp i ra l  flow; in such a flow, the mode of motion and 
the interactions with the walls a re  substantially affected by centrifugal fo rces ,  which can perturb the flow 
and produce circulat ion or else may stabil ize it and suppress  random radial  perturbations produced by p re s -  
sure  forces .  In the f i rs t  case,  the mass  forces tend to increase  the turbulence,  while in the second case  they 
have a cons ervat ive effect. 

This distinction between the two types of effect in a flow is a par t icular  case  of the general  problem of 
stabil i ty of motion, for which Rayleigh's  method can be applied. In such motion, these forces  will amplify 
radial  perturbations if the following condition is met [1]: 

1 d ( u r )  2 1 dp  (1) 
< 0 .  

(ur) ~ dr  p d r  

We see  f rom (1) that the effects a re  determined by the distr ibution of the c i rcumferent ia l  velocities and 
of the t empera tures  (densities) in the cross  sect ion.  If the sp i ra l  motion is local, one can obtain any required 
var iat ion in the c i rcumferent ia l  component by suitable blade design. 

Studies have been made [3, 8] of the effects of uneven force  distr ibution over the c ross  sect ion on the 
heat t r ans fe r  and hydraulic res i s t ance  for blade sys tems having shapes defined by ur n = const; in that case,  
the heat t r ans fe r  is accelera ted on account of the increased speed of the liquid with respec t  to the wall, in 
addition to effects f rom secondary  flows. 

Consider a sy s t em whose blades l-rove the form defined by 

dr_ _ const. (2) 
m - - r  

If the axial velocity has a uniform distr ibution ahead of the device,  the variat ion in the angle of attack of 
the blade is given by 

m - - r  
tg~0 = r(2m--1) tg%v' (3) 

We see f rom (3) that such a device has the distinctive feature that the angle q~ is zero for m = 1, and 
hence the same  applies for the c i rcumferent ia l  component of the velocity, in which case the extent of improve-  
ment in the heat t r ans fe r  will be determined by the magnitude and direct ion of the excess mass force .  

F r o m  (2) we see that the f irst  t e r m  in (1) is 

1 .  d ( u r ) ~  _ 2 (4) 
(ur) ~ dr r - -  m R  

The second t e r m  in (1) is governed by the distr ibution of the density over the radius,  which is related to the 
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Fig. I.  Hcr as a function of ~ and m for blades with~he shapes of (2): 
i) m=0 ;  2)0.2; 3)0.5; 4 ) i ;  5)2; 6)--2; 7)--1; 8)--0.5. 

Fig. 2. Comparison of measurements on heat transfer with calculations 
from (11): 1 ) ~ = i ;  2) 2; 3) 3; 4) 4; 5) 5; 6) 10; 7) 20; 8) 30; 9) 40; 
10) 50; 11) 60. The solid line is derived from (11) and the dashed one, 
from the formula of [8]. 

t e m p e r a t u r e  v ia  t he  bu lk  t h e r m a l - e x p a n s i o n  coe f f i c i en t  ~ a s  fo l lows : 

Po 
P 1 § 13 (0o - -  O) (5) 

A f t e r  t h e  t h e r m a l - s t a b i l i z a t i o n  s e c t i o n ,  t h e  r a d i a l  t e m p e r a t u r e  d i s t r i b u t i o n  can  be  r e p r e s e n t e d  by m e a n s  
of a p o l y n o m i a l  of t h i r d  d e g r e e  [2]: 

[ 6 ( 1 _ ~ _  3_~_(1_r)2 4 (1_7)8  ] (6) 
o = 0 o  - g -  o . 

T h e n  (5) and (6) a l low one to  de f ine  the  s e c o n d  t e r m  in (1): 
H 

- - A  
1 do R 

- -  (7) 
p dr I + H B  

6 

H e r e  A = 2 - -  ~ - -  2(1 - -  5) 2 and B = 1 - -  6~ + 3(1 - -  ~')2 _ 4(1 - -  ~ - ) 3 ;  t h e n  t h e  a c t i v i t y  cond i t i on  fo r  t h e  m a s s  
f o r c e s  is put a s  fo l lows o n t h e  b a s i s  of (4 )and  (7): 

2 AH 
- -  --'~ < o .  (s) 

7--rn  1 ~- H--H-B 
6 

T h e n  (8) a l lows  us to  f ind the  c r i t i c a l  v a l u e  of H, which  de f ines  the  b o u n d a r y  b e t w e e n  t h e  a c t i v e  and c o n -  
s e r v a t i v e  r e g i o n s  : 

Hcr ~ 2 . (9) 
A (m - - r )  B 

3 

T h e  only s u c h  s y s t e m s  tha t  a r e  p h y s i c a l l y  p o s s i b l e  a r e  .ones in which  the  s igns  of t he  hea t  f lux and the  
d e n s i t y  g r a d i e n t  a r e  t he  s a m e ,  wh ich  is s o  if  [1 + HB/6  > 0], in which  c a s e  (8) and (9) i m p l y  tha t  fo r  H < Her  
t h e  m a s s  f o r c e s  have  the  f i r s t  t y p e  of a c t i on ,  w h e r e a s  for  H > Her  they  have  a c o n s e r v a t i v e  e f f ec t .  

F i g u r e  1 shows  Her  = f ( r ,  m) fo r  d e v i c e s  having b l a d e s  fo l lowing the  law of (2); t he  l ine  c o r r e s p o n d i n g  
t o  t h e  d i v i s i o n  b e t w e e n  t h e  r e a l i s t i c  and u n r e a l i s t i c  c a s e s  has b e e n  d e r i v e d  f r o m  the  cond i t i on  [1 + HB/6  = 0]. 
T h e  ha tch ing  deno te s  t he  r e g i o n  of u n r e a l i s t i c  c o n d i t i o n s ,  and i t  is c l e a r  tha t  on hea t ing  the  l iquid (H < 0) t he  
m a s s  f o r c e s  wi l l  have a t e n d e n c y  to  a c e e n t u a t e  p e r t u r b a t i o n s  th roughou t  t he  flow for  m >- 1. If  m is n e g a t i v e ,  
t h e  n u m e r i c a l  v a l u e s  d e t e r m i n e  w h e t h e r  t h e  a m p l i f i c a t i o n  o c c u r s  n e a r  t h e w a l l  o r  s o m e  d i s t a n c e  away  f r o m  i t .  
U n d e r  coo l ing  c o n d i t i o n s ,  n a m e l y ,  H > 0, the  m a s s  f o r c e s  a c c e n t u a t e  e f fec ts  if  m -> 1. 
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Fig.  3. Comparison of measurements  on hydraulic r e s i s t ance  with 
calculations f rom {13) (symbols as i n  Fig.  2), 

Fig.  4. {Stm= l/Stn=z)/(~m=l/l~n= 3) = f{x). 

If the device is installed at the s ta r t  of the tube,  with no the rma l  stabil ization sect ion preceding it, then 
the second t e r m  in (1) becomes zero,  and the mass  forces always accentuate the effect for  m >- 1. 

The economic desirabi l i ty  of such a device with this style of blade in accelerat ing heat t r ans fe r  has been 
evaluated by means of measurements  on heat t r ans fe r  and hydraulic res i s t ance  tn the initial part  of a tube with 
a device having blades in accordance  with (2) and m = 1; the device  was a bronze r ing of c lear  d iameter  32.5 
m m  whose inner sur face  bore  blades.  The radial  s ize  b of a blade was equal to half the radius of the tube. 
The blades w e r e  placed around the a rc  of a c i rc le .  I n t h e  sec t ion  of radius r b = R -- b, the liquid flowed 
through axially without induced spi ra l  motion. 

The tes ts  were  performed with the equipment descr ibed in [3]. 

The  experiments on the local hea t - t r ans fe r  coefficient were processed with a Ura l -2  computer  to give 
St = f(Re**) curves ,  which r ep resen t  the heat t r ans fe r  in the initial sect ion under these conditions. The meth-  
od of process ing the data has previously been descr ibed [8]. The following form applies to ~6% for the c o r r e -  
lation in the heat t r ans fe r  for Ret** = 10z-4 �9 103: 

St = 0,0269 (10) 
Re~*0-25 pr 0.r5 

Local simulation [4-7] was used to draw the general  eurve f rom the measurements ;  the known heat-  
t r a n s f e r  law of fl0) was used with the solution to the integral equation for the thermal  boundary layer [4] with 
qw = constant to der ive  the genera l  formula  for the local hea t - t r ans fe r  coefficient at the s ta r t  in the presence  
of this device:  

0.0554 
S t =  R e ~ . ~ p r ~ . 6 ~ o . 4  x ~ (11 )  

In (11), we have incorporated the increase  in the speed at the eore of the subsonic flow in aecordance  
with the following equation [4]: 

Re /=  Rexy q- 5.2 ~ Re~*. (12) 

Figure  2 shows calculations f rom (11) together  with measurement  data; the maximum deviation of the 
measurements  f rom the line does not exeeed 8% throughout the range ~ = 1-60; the dashed line here  e o r r e -  
spends to the formula f rom [8] for local heat t r ans fe r  with a blade having the form ur n = eonst for n = 3 and 
~r =rb  = idem; it is c lear  that the c i rcumferent ia l  velocity at the sur face  af ter  the device fails ult imately to 
zero, whieh in the presence  of identieal c i rcumferent ia l  velocities at radius rb resul ts  in a slight fall in the 
local hea t - t rans fe r  coefficient (not more  than 3-4%) throughout the ranges in Reynolds number and in the r e l a -  
t ive tube length. 

The spira l  flow increases  the hydraulic res i s tance ,  and the genera l  formula for this for tubes of re lat ive 
length ~ = 2 '60  with Ref = 104-9 �9 104 for  the ease m= 1 takes the form 

208  (13) 
= Re0i l~  x0.~ ~ �9 
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The solid line in Fig.  3 corresponds  to (13); most  of the measurements  fall close to this line, the devia-  
tions not exceeding 10%. 

Figure  4 shows the ra t io  of the mean hea t - t ransfer  coefficients for devices whose blades a re  in a c c o r -  
dance with (2) with m = 1 and ur n = eonst with n = 3, the rat ios  being to the hydraulic res i s t ance  for a plain 
~ube under the same  conditions. It is c lear  that for G = idem, the increase  in the hydraulic res i s t ance  with 
length for m = i is more  marked than the change in the hea t - t rans fe r  coefficient for the device with n = 3. 

We examined the per formance  of this device and found that the mean hea t - t rans fe r  coefficients for ~ = 60 
were  higher than the corresponding ones for plain tubes by 35% for a given pumping power.  This improvement 
by compar ison  with an axial flow is obtained with much lower speeds for the fluid. 

N O T A T I O N  

Cp, specific heat at constant p res su re ,  J /kg odeg; d, tube d iameter ,  m; H =dRq,/k;  q, heat load on 
hea t - t rans fe r  surface ,  W/m2; l>r, Prandtl  number;  r ,  radius,  m; R, internal radius of tube, m; ~ = r / R ;  
et = (P0W06t /gw), Reynolds number based on energy loss thickness; Ref = w0dP0/~0, Reynolds number; 

St = [qw/P0W0Cp0(T 0 -- Tw)], Stanton number; T, temperature, ~ u, peripheral speed, m/sec; w, axial 
speed, m/sec; x = x/d, relative distance from inlet; fl, volumetric expansion coefficient, i/deg; 6t** , energy 
loss thickness, m; 0 = Tw -- T; 00 =T w -- To; 2,, thermal conductivity, W/m.deg; ~, hydraulic resistance 
coefficient; p, density, kg/m3; ~o, angle between velocity vector and axis, deg; 6, temperature factor. In- 
dices :  0, axis;  1, outlet; f, heating agent; w, wall; t ,  thermal .  
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