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INTENSIFICATION OF CONVECTIVE HEAT EXCHANGE BY 

RIBBON SWIRLERS IN THE FLOW OF ANOMALOUSLY 

V I S C O U S  L I Q U I D S  IN P I P E S  

Y u .  G.  N a z m e e v  UDC536.242.001.5 

The resul ts  are  given on an experimental  investigation of the intensification of convective heat 
exchange in anomalously viscous media  through the use of inser ts  of twisted ribbon. 

The intensification of convective heat exchange in pipes and channels of heat-exchange apparatus is a 
mos t  important  problem for  many branches  of industry.  Solving this problem enables one to reduce the size 
of heat-exchange apparatus and to increase  their  output. 

A well-known means of intensifying convective heat exchange in pipes is the use of helical inser t s  of 
twisted ribbon. By now extensive experimental  mater ia l  has been accumulated on heat exchange in pipes con- 
taining helical intensif iers  [1-5]. All the available tes t  data pertain to the case of the flow of viscous liquids, 
however.  In this case it is seen f rom an analysis  of the well-known repor t s  [1, 5-7] that the use of ribbon 
swi r le r s  intensifies heat exchange in viscous liquids by up to 2.5 t imes ,  with the larges t  increase  in the coef-  
ficients of heat t r ans f e r  being observed in the region of Reynolds numbers  f rom 3000 to 6500. The cause of 
the increase  in heat t r a n s f e r  in viscous liquids is the formation and development of secondary flows of the 
f i r s t  and par t ly  of the second kind under the action of centrifugal fo rces .  In addition, the use of an inser t  of 
twisted ribbon inc reases  the heat-exchange surface and an increase  in heat t r ans fe r  also occurs  due to the 
ribbing effect.  With an increase  in the Reynolds number  above 6500 turbulence has the prevai l ing effect on 
the intensity of heat t r ans fe r ,  while the role of secondary flows dec reases .  

Unfortunately, up to now test  data are  ent i re ly absent on the intensification of heat exchange by the indi- 
cated means  in the flow of anomalously viscous liquids, which find very  wide application in modern technology. 

On the bas is  of the fact that the use of ribbon swir le rs  provides a considerable gain in heat t r ans fe r  in 
the flow of viscous liquids, in the presen t  repor t  an attempt was  made to experimental ly  determine the poss i -  
bili t ies for  the intensification of heat exchange in anomalously viscous media using the given swi r le r s ,  as well 
as to es t imate  the efficiency of their  use. 

The tests  were conducted on the experimental  installation descr ibed in [8]. A pipe of 1Khl8N10T stain- 
less  steel with an inner  d iameter  of 12 mm and a length of 1200 mm was used as the working section. The 
t rea tment  of the inner surface of the pipe cor responded to the eighth c lass  of puri ty.  The tests  were conducted 
with helical inser t s  of twisted b ra s s  ribbon 0.5 mm thick. The pitch of the ribbon swir le rs  (in a rotation of the 
ribbon by 180 ~ lay in the range f rom 38 to 600 mm.  All the tests  were conducted under steady thermal  and 
hydrodynamic conditions. 

Tests  with water  and t r a n s f o r m e r  oil, which showed good convergence with the well-known generalizing 
cr i te r ia l  equation of [6] were made pre l iminar i ly  on the experimental  installation. Aqueous solutions of 
sodium carboxymethylcel lulose (Na-CMC) of different concentrat ions were used as the model anomalously 
viscous liquids. The rheological  cha rac te r i s t i c s  of the model liquids were determined on a Rheotest ro tary  
v i scos ime te r  and on a H6ppler v i scos ime te r .  The resul ts  of the v i scos imet r i c  measurements  of two model 
liquids in the tempera ture  range f rom 20 to 80~ are presented  in Fig.  1. The thermophysical  charac te r i s t i c s  
of the anomalously viscous liquids were determined in accordance with [9, 10]. The resul ts  of the t h e r m o -  
physical  measuremen t s  are  given in Table 1. 
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Fig .  1: Resu l t s  of v i s c o s i m e t r i c  m e a s u r e m e n t s  of 
the model  anomalous ly  v i scous  l iquids:  a) 3.8% 
Na-CMC; b) 7%; 1) 20~ 2) 40; 3) 60; 4) 80~ 
�9 , Pa;  Y, sec  -1. 

The e x p e r i m e n t a l  va lues  of the average  coeff ic ients  of heat  t r a n s f e r  were  de t e r m i ne d  through the loga-  
r i t h m i c - m e a n  t e m p e r a t u r e  head 

= Q/F~J log (1) 

without allowance for  the ribbing of the hea t - t r ans fe r  surface,  

The tempera tu re  of the pipe wall was calculated as the weighted mean over the length: 

= + t +,)12 (2) 
i=1 r 

To e s t i m a t e  the s ize  of the r e l a t ive  i n c r e a s e  in the coeff ic ients  of heat  t r a n s f e r  in a pipe containing a 
he l i ca l  i n s e r t  r e l a t ive  to the coeff ic ients  of heat  t r a n s f e r  in a smooth pipe and to de te rmine  that region of 
Reynolds number s  where this  i n c r e a s e  is  l a r g e s t ,  we ana lyzed  the e xpe r i m e n t a l  r e s u l t s  for  anomalous ly  
v i scous  l iquids  (Fig.  2) in the fo rm of the dependence Nu/Nu 0 = f(Re). The r e s u l t s  of [5], a l so  p r e s e n t e d  in 
F ig .  2, were  ana lyzed  s i m i l a r l y .  The inne r  d i a m e t e r  of the pipe was taken as the c h a r a c t e r i s t i c  g e o m e t r i c a l  
s ize  in the ana ly s i s ,  i . e . ,  the va lues  of Nu and Re were  n o r m a l i z e d  to the same Reynolds number s  with a 
smooth pipe .  The average  flow ve loc i ty  was ca lcu la ted  with al lowance for  the c r o s s - s e c t i o n a l  a r e a  of the 
s w i r l e r .  

It is  seen f rom F ig .  2 that when he l i ca l  i n s e r t s  a re  used to in tensi fy  heat  exchange in anomalously  
v i scous  m e d i a  the ef fec ts  which develop exceed  the analogous ef fec ts  in v iscous  l iquids by s e v e r a l  t i m e s .  A 
12-fold growth in the effect  of an i n c r e a s e  in heat  t r a n s f e r  i s  obse rved  under the condit ions of these t e s t s .  In 
compar ing  the r e s u l t s  of the t e s t s  with 3.8 and 7% solut ions of Na-CMC one can conclude that the effect  of a 
r e l a t i ve  i n c r e a s e  in the coeff ic ients  of heat  t r a n s f e r  grows sha rp ly  with an i n c r e a s e  in the effect ive v i scos i ty  
of the l iquid.  Although the range of effect ive v i scos i ty  of the anomalous ly  v iscous  l iquids s tudied is  ve ry  wide,  
an absolute  max imum in the growth of heat  t r a n s f e r  was not r eached  in the t e s t s ,  and the tendency of an in-  
c r e a s e  in the coeff ic ients  of heat  t r a n s f e r  with an i n c r e a s e  in the effect ive v i s cos i t y  was t r a c e d  very  e t e a r l y .  
In this  case  with an i n c r e a s e  in the effect ive v i scos i ty  the max imum values  of the r a t i o s  of Nussel t  numbers  
a re  shif ted toward  a d e c r e a s e  in the Reynolds n u m b e r s .  

When he l ica l  i n s e r t s  a re  used the ro ta t iona l  - t r a n s l a t i o n a l  motion of an anomalously  v iscous  l iquid i s  
accompanied  by the development  of cen t r i fuga l  fo rces  leading to pe r tu rba t ion  of the flow over  the en t i r e  c r o s s  

TABLE 1. The rmophys ica l  C h a r a c t e r i s t i c s  of P o l y m e r  Solutions 

Aqueous Temperature of 
solution measurement p, kg/m 3 Cp, J/kg -deg X, W/m.deg 

Na-CMC, 
3.8% 

Na-CMG, 
7qo 

20 
40 
60 
80 

20 
40 
60 
80 

1040 
1034 
1029 
1025 
1071 
1060 
1052 
1043 

3370 
3315 
3236 
3310 

3051 
2986 
2910 
2940 

0,5537 
0,5535 
0,5532 
0,5529 

0,4930 
0,4927 
0,4922 
0,4917 

911 



fO # 2 , 5  
Nu l , a 

NU o 

7 ~e 

o / 
-- ----b 

I ~162 ~ n 2 

1ol A 3 

2 o 5 

I jo a ~  ~I v'" I _..~ 

"/:-7..<> - +  /.y o ..:+-- i 

..+.+-< :, 
/0 ~ 2 ,5 7 Re 

Fig.  2. Dependence of re la t ive  inc rease  in 
heat  t r a n s f e r  on Reynolds number  fo r  the 
anomalously  v iscous  liquids invest igated:  
a) 3.8% Na-CMC; b) 7%; 1) S/D = 3.1; 
2) 4.17; 3) 9,6; 4) 12.5; 5) 18.75; 6) 28.3; 

d a s h e d  line) ana lys i s  of r e su l t s  of [5] With 
S/D = 3.16. 

sect ion of the channel f o rm ed  by the pipe wall  and the sur face  of the inse r t .  Since heat  exchange during the 
flow of anomalous ly  viscous  liquids having a high t h e r m a l  r e s i s t a n c e  and high values  of the Prandt l  number s  
(Pr  >> 1) is  dis t inguished by low values  of the coeff icients  of heat  t r a n s f e r ,  the pe r tu rba t ions  of the flow 
caused  by the action of centr i fugal  fo rces  lead to a sha rp  re la t ive  i nc rea se  in the coeff icients  of heat  t r a n s f e r .  
And while the intensi ty  of heat  t r a n s f e r  in smooth pipes  d e c r e a s e s  with an inc rease  in the Prandt l  number ,  
under  the conditions of r o t a t i o n a l -  t r ans la t iona l  motion of an anomalously  v iscous  liquid the opposite p ic ture  
is  obse rved :  "an i nc rea se  in the intensi ty of heat  t r a n s f e r .  

In examining  the influence of the pitch of the hel ical  i n se r t  on the re la t ive  inc rease  in the coeff icients  of 
heat  t r a n s f e r  it  is seen that the ra t io  Nu/Nu 0 i n c r e a s e s  with a dec r ea se  in the re la t ive  pitch S/D.  With an in- 
c r e a s e  in the Reynolds n u m b e r  the m a x i m u m  of the re la t ive  i nc r ea se  in heat t r a n s f e r  is shifted toward a de-  
c r e a s e  in the pi tch of the r ibbon swi r l e r .  

Since the use of hea t -exchange  in tens i f i e r s  is  accompanied  by an inc rease  in hydraulic  r e s i s t a n c e ,  it is  
x~ery impor tan t  to e s t ima te  the eff ic iency of a hel ical  i n se r t  by de termining  i ts  p re fe rab le  geomet r i ca l  d imen-  
s ions  and regions  of applicat ion.  

F o r  the e s t ima te  of the overa l l  t he rmohydrodynamic  eff ic iency of a r ibbon s w i r l e r  the r e su l t s  of the 
t e s t s  with anomalous ly  v iscous  liquids were  analyzed in the f o r m  of the dependence 

(Nu[Nuo)](~j~o) = f (Re). (3) 

Equation (3) c h a r a c t e r i z e s  the re la t ive  i nc rea se  in the intensi ty of heat  exchange in a pipe containing a swi r l e r  
p e r  unit additional e n e r g y e x p e n d e d  on pumping the liquid. The eff ic iency e s t ima te  using (3) is a development  
of the well-known method of Kalinin [1i] fo r  compar ing  objec ts  with the same de te rmin ing  s i ze s ,  which he used 
for  e s t ima t ing  rough channels .  The dependence (3) makes  it poss ib le  to de te rmine  the mos t  p re fe rab le  region 
of application of an in tens i f ie r  with r e s pec t  to Reynolds n u m b e r ,  to de te rmine  the opt imum geomet r i ca l  c h a r a c -  
t e r i s t i c s ,  and to e s t ima te  the eff ic iency at different  average  t e m p e r a t u r e s  of the working medium.  The resu l t s  
of the t e s t s  with model  anomalous  liquids t r ea t ed  in the f o r m  of (3) are  p re sen ted  in Fig.  3. Here  the values  of 
Nu and Re were  a lso  reduced  to the s ame  Reynolds number s  for  a smooth  pipe.  

An analys is  of the dependences  of Fig.  3 shows that the the rmohydrodynamie  eff ic iency of the use of r i b -  
bon s w i r l e r s  to intensify convective heat  exchange in anomalously  viscous  media  i nc rea se s  sharp ly  with an in-  
c r e a s e  in the effect ive v i scos i ty  of the liquid, and under  these  exper imen ta l  conditions the excess  of the hea t -  
t r a n s f e r  intensi ty over  the hydraul ic  l o s ses  r eaches  6.5 t imes .  And, as follows f rom these t e s t s ,  with a 
f u r t he r  i nc rea se  in the effect ive  v i scos i ty  the re la t ive  inc rease  in heat  t r a n s f e r  and the rmohydrodynamic  
eff ic iency will continue. 

In examining the inf luence of the pi tch of a r ibbon s w i r l e r  on the overa l l  the rmohydrodynamic  eff iciency 
of i ts  applicat ion to anomalously  v iscous  med ia  it is  seen that  the the rmohydrodynamic  eff iciency i n c r e a s e s  
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Fig.  3. Dependence of the rmohydrodynamic  eff iciency of r ibbon 
s w i r l e r s  on the Reynolds n u m b e r  and the re la t ive  pitch of the swi r -  
l e r :  7) Re = 10; 8} 20; 9) 40; 10) 50; 11) 180; 12) 500; 13) 700; 
14) 1000. Remaining notation analogous to that of Fig.  2. 

with a dec r ea se  in the pitch.  With an inc rease  in the re la t ive  pitch of a twisted ribbon the influence of cen t r i -  
fugal fo rces  d e c r e a s e s  and the intensi ty of the re la t ive  i nc rea se  in heat  t r a n s f e r  becomes  less  than the in- 
c r e a s e  in hydraul ic  l o s s e s .  In this case  the ove ra l l  the rmohydrodynamic  eff iciency d e c r e a s e s ,  even for  the 
case  of (Nu/Nu0)/(~/~ 0) < 1. On the ba s i s  of the p resen ta t ion  it follows that the range of re la t ive  pitch of a 
twisted ribbon of S/D < 6-7 can be cons idered  as opt imum.  A s table ,  pos i t ive ,  the rmohydrodynamic  eff ic iency 
was obtained in this range of in tens i f ie r  g e o m e t r y ,  r e g a r d l e s s  of the Reynolds n u m b e r  or  the value of the e f fec -  
t ive v i scos i ty  of the model  l iquids.  

By making a combined analys is  of the influence of the geome t ry  of the in tens i f ie rs  and the Reynolds num-  
b e r  in the flow of the two model  anomalous ly  v iscous  liquids (3.8 and 7% Na-CMC) on the thermohydrodynamic  
ef f ic iency,  one can conclude that  the influence of the pitch weakens with an inc rease  in the Reynolds number .  
In this case  the hydrodynamic  conditions of flow s t a r t  to have the preva i l ing  effect  on the intensity of heat t r a n s -  
f e r  and the rmohydrodynamic  ef f ic iency,  and the influence of the geomet ry  d e c r e a s e s .  

NOTATION 

Nu and ~, Nussel t  n u m b e r  and coeff icient  of hydraul ic  r e s i s t ance  in a pipe containing a sw i r t e r ;  Nu 0 and 
0, Nussel t  n u m b e r  and coeff icient  of hydraul ic  r e s i s t ance  in a smooth pipe;  Re,  Reynolds number ;  P r ,  

l>randtl numbe r ;  ~ ,  average  h e a t - t r a n s f e r  coefficient;  Q, amount of heat;  F ,  a r ea  of h e a t - t r a n s f e r  sur face ;  
A~log , l o g a r i t h m i c - m e a n  t e m p e r a t u r e  head; li, dis tance between points of a t tachment  of the rmocouples ;  k, 
n u m b e r  of t he rmocoup les ;  t i ,  t i+ t ,  readings  of t he rmocoup les ;  /~, effect ive v i scos i ty ;  T, shea r  s t r e s s ;  ~, 
shea r  veloci ty  gradient ;  D, inner  d i a m e t e r  of pipe;  S, pitch of twis ted ribbon in a rota t ion by 180 ~ 
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