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Resul ts  a r e  p re sen ted  of an expe r imen ta l  study of heat  t r a n s f e r  in the l amina r  flow of anoma-  
lously viscous  liquids in c i r c u l a r  and e l l ip t ica l  p ipes .  

The study of heat t r a n s f e r  in the flow of anomalous ly  v iscous  liquids in pipes having c r o s s  sect ions  of 
var ious  shapes  is  of g rea t  t heo re t i ca l  and p r a c t i c a l  i n t e r e s t  fo r  a number  of b ranches  of industry .  Unfor tu :  
nately, m o s t  of the work on this p rob l em  has been devoted to a stud:~ of heat  t r a n s f e r  in the flow of anomalously  
v iscous  liquids in c i r c u l a r  and p l a n e - p a r a l l e l  channels  and pipes .  

The purpose  of the p r e s e n t  work  is  to de te rmine  exper imenta l ly  the laws of heat  t r a n s f e r  in the l amina r  
flow of anomalous ly  v iscous  liquids in c i r c u l a r  and e l l ip t ical  p ipes .  The s tudies  were  p e r f o r m e d  on an ex p e r i -  
men ta l  a r r a n g e m e n t  shown schemat ica l ly  in Fig. 1. The working liquid was drawn f rom the p r e l im ina ry  t e m -  
pe r a tu r e  contro l  tank  1 by the pump 2 through a c losed c i rcu i t  consis t ing of the p r e s s u r i z e d  tank 3 with an o v e r -  
flow device ,  the buffer  tank  4, the h e a t - t r a n s f e r  and damping chambe r s  5 and 6, the working e lement  7, and 
the mixing c h a m b e r  11. The flow ra te  of the liquid was control led by adjusting the pump speed and the valve 
12. The pipe wall  of the working por t ion  7 was kept at a constant  t e m p e r a t u r e  by sec t ional  cascade  e lec t r i c  
hea t e r s .  The wall  t e m p e r a t u r e  was m e a s u r e d  with a se t  of Chromel - -Cope l  the rmocouples  8 made of 0.2 m m  
d i a m e t e r  wi re ,  and the po ten t iomete r  10. The r e m o v a b l e  working por t ions  of the a r r a n g e m e n t  were  made of 
copper  and b r a s s  pipes 1500 m m  long with inner  su r face  roughness  cor responding  to the 8th c lass  of sur face  
finish.  The c i r c u l a r  pipes had d i a m e t e r s  of 13.6 and 19.8 m m  and the s emiaxes  of the e l l ipt ical  pipes were  
6.3 x 2.4 and 3 x 1 r am.  The expe r imen t s  were  p e r f o r m e d  under  s teady t h e r m a l  and hydrodynamic conditions.  

P r e l i m i n a r y  work with the expe r imen ta l  setup was p e r f o r m e d  with t r a n s f o r m e r  oil .  The working liquids 
were  5 and 7.5% aqueous solut ions of  sodium carboxymethy lce l lu lose  (CMC) and 3 and 8% aqueous solutions of 
polyvinyl  alcohol (PVA). The rheologica l  c h a r a c t e r i s t i c s  of the solut ions were  de te rmined  on a Rheotes t  ro t a ry  
v i s c o m e t e r .  The r e su l t s  of the v i s c o m e t r i c  m e a s u r e m e n t s  in the 20 to 80~ t e m p e r a t u r e  range a r e  shown in 
Fig .  2. In the range of s h e a r  r a t e s  invest igated the rheologica l  behavior  of the solutions is  well  descr ibed  by 

the equation [1, 2] 
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3 ~ 5 5 7 ~ 9. _ 

Fig. 1. Schematic diagram of experimental arrangement: i) 
preliminary temperature control tank; 2} pump; 3) pressur- 
ized tank; 4) buffer tank; 5) heat exchanger of final thermo- 
static control; 6} damping chamber; 7) removable working 
section; 8)set of thermocouples; 9) switch; 10)potentiometer; 
11) mixing chamber; 12) control valve; 13) thermostat. 
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Fig. 2. Resul ts  of v i s c o m e t r i c  m e a s u r e m e n t s :  a) 7.5% aqueous so -  
lution of Na-CMC; b) 3% aqueous solution of PVA; c) 8% aqueous so -  
lution of PVA; d) 5% aqueous solution of Na-CMC; 1} 20~ 2) 40; 3) 
60; 4) 80~ 

~t~ = 1 -~ c~ n, (1) 

where  the constant  n depends on the concentra t ion and the constant  c ,  on the concentra t ion and the t e m p e r a t u r e .  

The t he rmophys i ca l  c h a r a c t e r i s t i c s  of the solutions were  de te rmined  by well-known methods [3, 4]. The 
r e su l t s  of the t he rmophys i ca l  m e a s u r e m e n t s a r e  l is ted in Table  1. The exper imen ta l  values of the a v e r ag e  
h e a t - t r a n s f e r  coeff ic ients  were  found in t e r m s  of the logar i thmic  mean  t h e r m a l  head 

~ -  Q (2) FA~og 
The t e m p e r a t u r e  of the pipe wall  was calculated as the lengthwise weighted mean  

k 

' ~  l~ (tl 5- ti= ) 

F w = ~=' (3) 
k 

2 ~ l ~  
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TABLE 1. The rmophys i ca l  Cha rac t e r i s t i c s  of 
Solutions of Po lymer s  

Aqueous 
solution 

Na--CMC, 5% 
Na-  CMC, 7,5% 
PVA, 3% 
PVA, 8% 

P, 
kg/m a 

1054 
1070 
1005 
1014 

cp. l o  ~, 
J., kg.deg 

3,45 
3,19 
3,72 
3,5 

W/m.deg 

0,523 
0,453 
0,511 
0,500 
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Fig.  3. Compar i son  of expe r imen ta l  h e a t - t r a n s f e r  
data  in c i r c u l a r  pipes with Eq. (4). 1) 8% PVA; 2) 3% 
PVA; 3) 5% CMC; 4) 7.5% CMC. 
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Fig.  4. Corre la t ion  g raph  of Nu = f 

P e ) ( l / d e ) ( # L / l ~ w ) ]  for  l amina r  flow 
in e l l ip t ical  p ipes .  A = 4.62 (uL//Zw) ~ 
[ ( 1 / P e ) ( l / d e ) ]  - ~  The notation is the 
s a m e  as in Fig.  3. 

F igure  3 shows ' the  r e su l t s  of the expe r imen ta l  study for  c i r c u l a r  p ipes .  It is c l e a r  f rom the f igure 
that  the expe r imen ta l  data a r e  sa t i s fac to r i ly  desc r ibed  by the f ami l i a r  [5] d imens ionless  equation for  a "power"  
liquid: 

! 

= x ,  �9 - 7 - )  ' 
N--u 1 . 5 5  (Pe d Y 

(4) 
I 

�9 m - -  

- -  , m = 0.466 
X =  P e .  - 7 - ,  . v W . 1 + 0.07 1 

/2 

The expe r imen ta l  points fa l l  near ly  on a s t r a igh t  l ine,  showing the validity of Eq. (4) in the range of 
p a r a m e t e r s  inves t igated.  

Figure  4 shows the r e su l t s  of an expe r imen ta l  study for  e l l ipt ical  p ipes .  The expe r imen ta l  data a re  
well  desc r ibed  by the d imens ion less  equation 

- -  1 .l_/~-~ p.L)~ 

In p roces s ing  the expe r imen ta l  data the mean  t e m p e r a t u r e  of the liquid t-L was taken as the control l ing 
t e m p e r a t u r e  and al l  the p a r a m e t e r s  of Eq. (5) were  r e f e r r e d  to this t e m p e r a t u r e .  

The m a x i m u m  deviation of the expe r imen ta l  values of the Nusse l t  number  f rom those calculated with Eq. 
(5) is • 12~o. Equation (5) was der ived for  the following ranges  of p a r a m e t e r s :  
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NOTATION 

P0, largest Newtonian viseosity; p, effective viscosity; ~, shear stress; ~, rate of shear; c, n, constants 
in rheological equation; Q, amount of heat; F, area of inner surface of pipe; Atlog, logarithmic mean thermal 
head; to, tout, temperatures of liquid at pipeinlet and outlet; k, number of thermoeouples; li, distance between 
positions of thermoeouples; ti, ti+f, thermocouple readings; Pe, Peclet number; Nu, average value of Nusselt 
number; de, l, equivalent diameter and length of pipe. Indices: w, parameter of liquid at temperature of pipe 
wall; L, parameter of liquid at mean temperature of liquid. 
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We desc r ibe  the r e su l t s  of the expe r imen ta l  invest igat ions of the flow s t ruc tu re  on the ini t ial  
segment  when weak solutions of a p o l y m e r  flow in a r ec tangu la r  channel.  

As is kfiown, the exis t ing methods and ins t rument s  for  measu r ing  the c h a r a c t e r i s t i c s  of the s t ruc tu re  
of the flow of a liquid (P i to t - -Prandt l  tubes ,  d i s c r e t e  methods ,  t h e r m o a n e m o m e t e r s ,  e tc . )  cause  a dis tor t ion 
of the c h a r a c t e r i s t i c s  and introduce subs tant ia l  unjustified e r r o r s ,  especia l ly  fo r  solutions of p o l y m e r  m a t e -  
r i a l s  [6]. 

One of the new and p romis ing  devices  that  can be used for  invest igat ing the veloci ty s t ruc tu re  of p o ly mer  
solution flows is the l a s e r  Doppler  a n e m o m e t e r  (LDA). Fewer  than 10 studies have thus fa r  been published on 
the invest igat ion of dilute p o l y m e r  solution flow using LDAs [1-5, 7, 8]. 

We a t tempted  to inves t iga te  exper imenta l ly  the veloci ty  s t ruc tu re  of the flow of solut ions of po lyac ry l -  
amide  (PAA) in the ini t ial  segment  of a r ec t angu la r  channel by using a l a s e r  Doppler  a n e m o m e t e r .  A block 
d i ag ram of the expe r imen ta l  appara tus  is shown in Fig.  1. 

The LDA, a pa r t  of the measu r ing  sec t ion ,  was se t  up according  to the s c h e m e  with a support ing beam 
[3] and cons is ted  of a s ing le -mode  l a s e r  of the LG-38 type and a t r ansmi t t ing  unit,  which included a l a s e r  beam 
div ider ,  m i r r o r s ,  and a focusing lens.  The r e c e i v e r  unit included a se t  of d i aph ragms ,  a rece iv ing  object ive,  
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