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The intensification c~ convective heat t r ans fe r  in anomalously viscous media with local swirl ing 
of the flowby axial-flow bladed swirling units is investigated experimental ly.  

Axial-flow bladed swirling units (ABS units) are  used ra ther  extensively in p resen t -day  engineering as a 
device for  the intensification of heat and mass  t ransfer .  Resea rche r s  have accumulated a wealth of exper i -  
mental mater ia l  to date on the intensification of convective heat t r ans fe r  in ducts by means of such swirl ing 
units. However, all the data available in the l i tera ture  [1, 2] r e fe r  to the case of turbulent flow of viscous 
fluids. In this connection it is evident f rom an analysis  of the experimental  data that ABS units (Fig. 1) in 
viscous media intensity heat t r ans fe r  as much as twofold, the maximum effects being observed in the initial 
section of the pipe ( l / D <  40). The reason for  the enhancement of heat t r ans fe r  in viscous fluids is the onset 
and development o~ secondary flows (or flows of the second kind) af ter  the intensifier  under the action of cen-  
tr ifugal forces  [1]. 

Unfortunately, experimental  data are totally lacking at the present  t ime for  anomalously viscous fluids, 
which find extremely widespread applications in modern technology. 

The objective of the present  study is to determine the thermohydrodynamic efficiency and optimal range 
of application of ABS units in long pipes f rom the Reynolds number  and the effective viscosi ty  of a non-Newtonian 
fluid. 

The experiments  were ca r r i ed  out on the experimental  a r rangement  shown schemat ical ly  in Fig. 1. The 
model fluid is pumped f rom the pre l iminary  thermostat t ing tank 1 by the pump 2 through a closed loop c o m -  
prising the final thermostat t ing heat exchanger 4 (with thermosta t  3), the attenuating chamber  5, the swirl ing 
unit 6, the working section 7, and the mixing chamber  11. The fluid flow is regulated by varying the rpm of the 
pump 2 and by means of the valve 14. The experiments  were ca r r i ed  out under the conditions of heating of the 
fluid. The working section 7 is heated by the cascaded sectional  Nichrome e lec t r ic  heaters  9. Various thermal  
boundary conditions at the wall of the working section can be created by approrpr ia te  switching of the sections 
and regulation of the current  in each of them. The heat losses  to the surrounding medium are  compensated by 
means of an auxil iary e lec t r ic  heater  on top of the main sections.  The wall t empera ture  is measured  with a 
sys tem of C h r o m e l - C o p e l  thermocouples  12 having a wire d iameter  of 0.12 mm and by means of the potent iom- 
e ter  13. The tempera ture  of the fluid at the entrance and exit of the working section is measured  with the 
s tandard the rmomete r s  10. The working sect ion of the a r rangement  is a pipe made of 1Khl8N10T stainless  
steel l / D  = 52. The inner surface of the pipe is finished to e ighth-class  purity.  The ABS units installed at the 
entrance to the working sect ion are made of sheet  brass  with a thickness of 0.3 mm. The diameter  of the cen-  
t ra l  s tem of the units is d = 4 ram, and the outside d iameter  of the blades is D = 19 ram. The flow swir l  angle 

is varied f rom 15 to 75 ~ . The p r e s s u r e  drop is measured  between the flow c ross  sect ion at the mixing cham-  
ber  and a c ross  section beyond the l imits of the ABS unit (Fig. 1). The given a r rangement  makes it possible 
in determining the coefficient of hydraulic fr ict ion to include the losses  at the entrance and when the flow ac -  
quires rotational motion [1]. 

The swirl  angle is understood to meanthe  angle of inclination of the blades relat ive to the tangent drawn 
to the c i rc le  formed any one plane of the c ross  section drawn perpendicular  to the axis of the cylindrical  duct 
between the fore and aft ends of the swirling unit. 

S. M. Kirov Chemical P rocess ing  Institute, Kazan. Translated f rom Inzhenerno-Fiz icheski i  Zhurnal, 
Vol. 45, No. 3, pp. 386-391, September,  1983. Original ar t icle  submitted May 27, 1981. 

984 0022-0841/83/4503-0984507.50 �9 1984 Plenum Publishing Corporat ion 



TABLE i. Thermophysical Characteristics of Model  

A n o m a l o u s l y  V i s c o u s  F l u i d s  

Aqueous Measurement Cp. IO~, J/kg ~ z, W/m~ 
solution temp., ~ p, kg/m 3 

0.65% Na- 
CMC 

1% Na-CMC 

20 
40 
60 
80 

20 
40 
60 
80 

1014 
1011 
1009 
1006 
1022 
1017 
1012 
1008 

359I 
3580 
3572 
3560 
3572 
3510 
3530 
3540 

0,5618 
0,5615 
0,5614 
0,5611 
0,5612 
0,5610 
0,5608 
0,5606 

F i g .  1. S c h e m a t i c  view of the  e x p e r i m e n t a l  a r r a n g e m e n t  
e l o s e u p  of the  a x i a l - f l o w  b l a d e d  s w i r l i n g  uni t .  

and 

For the model anomalously viscous fluids we used 0.65% and 1% aqueous solutions of sodium carboxy- 
methyl cellulose (Na-CMC). The rheological characteristics of the model fluids were determined on a Heppler 
viscometer and a Rheotest rotational (Couette-type) viscometer. The results of the viscometric measurements 
in the temperature range 20-80~ are shown in Fig. 2. The thermophysical characteristics of the model anom- 
alously viscous fluids, determined according to [3], are summarized in Table I. 

Inasmuch as anomalously viscous fluids are characterized by a high viscosity, all of the experimental 
results presented here refer to the laminar flow regime. 

To determine the relative increase of the heat-transfer coefficient in a pipe with an ABS unit in compari- 
son with the values of the coefficients in the smooth pipe and to ascertain the region of Reynolds numbers where 
this increase is a maximum, we have processed the experimental results for the anomalously viscous fluids 

in the form of the function Nu/Nu 0 = f(Re) (Fig. 3). In processing the experimental values we express the aver- 
age heat-transfer coefficients in terms of the log-mean temperature difference: 

FA~log 

The t e m p e r a t u r e  of the  p ipe  wa l l  i s  c a l c u l a t e d  as  the w e i g h t e d  a v e r a g e  o v e r  the  length:  

(1) 

h 

li (h + h+O 
- % =  ~=' ,< (3) 

2 Z li 

By ana logy  wi th  a s m o o t h  p ipe  [1], the  R e y n o l d s  n u m b e r s  a r e  c a l c u l a t e d  in t e r m s  of the f l o w - a v e r a g e  
v e l o c i t y  of t he  f lu id .  The e f fec t ive  v i s c o s i t y  of the  f lu id  i s  d e t e r m i n e d  f o r  the  a v e r a g e  v a l u e s  of the  t e m p e r -  
a t u r e  and s h e a r  s t r e s s e s  o v e r  the  flow c r o s s  s e c t i o n .  It is  e v ide n t  f r o m  F i g .  3 tha t  the  h e a t - t r a n s f e r  r a t e  i n -  
c r e a s e s  wi th  the  R e y n o l d s  n u m b e r .  
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Fig. 2. Results os v i scomet r ic  measurements  (#, Pa �9 sec,  versus  T, 
Pa) of model m~omalously viscous fluids: 0.65% (solid lines) and 1% 
(dashed lines) Na-CMC. 1) 20~ 2) 40; 3) 60; 4) 20. 

Fig. 3. Relative increase  of the heat  t r ans fe r  versus  Reynolds number  
and the flow swirl  angle r e f e r r ed  to the number  ~: 1) ~ = 15~ 2) 30; 3) 
45; 4) 60; 5) 75; 6) Re = 200; 7) 100; 8) 40; 9) 20; 10) 10 (solid carves  
for  0.65% and dashed curves for  1% Na-CMC). 

Another cause of the growth of the heat transfer, mirroring the specific attributes of non-Newtonian 
media, is the actual anomalous dependence of the effective viscosity on the intensity of the shear stresses. 
The majority of anomalously viscous media (like those discussed in the present article) are characterized by 
pseudoplasticiCy, i.e., a decrease in the effective viscosity with increasing shear stress intensity. The cen- 
trifugal forces produced in swirling cause the tangential stress intensity to increase, and this in turn induces 
a reduction of the effective viscosity and an increase in the axial and circumferential components of the flow 
velocity. 

Assessing the influence of the effective viscosity and degree of deviation from Newtonian behavior on the 
heat-transfer rate in the swirled flow of an anomalously viscous fluid, we conclude that an increase in the ef- 
fective viscosity lowers the heat-transfer rate in connection with the abrupt decrease in the length of the swirl 
part of the flow and the decrease in the Reynolds number. On the other hand, anomalously viscous media are 
characterized by an increase, simultaneous with growth of the viscosity, in the degree of deviation from New- 
torlian behavior, including a certain (depending on the degree of anomaly) increase in the flow velocities in com- 
parison with a Newtonian fluid having the same viscosity. 

Experiments have shown that when the effective viscosity of an anomalously viscous fluid attains the order 
of 0.25-0.35 Pa �9 sec, it begins to exert a conservative action on the length of the swirl zone of the flow. Be- 
ginning with this range of the effective viscosity, the application of an ABS unit no longer affords any appreci- 
able practical gain in the heat transfer. 

It is evident from Fig. 3 that the greatest increase in the heat transfer is observed for flow swirl angles 
(~ = 15-45 ~ and the maximum thermal efficiency has been demonstrated by a n ABS unit with ~ = 15 ~ Thus, a 
decrease in the angle ~ causes the heat-transfer rate to increase as a result of the increase in the flow velocity 

in the entrant section of the duct and the flow disturbances in it. 

On the other hand, the onset and growth of a circumferential component of the velocity lead to a growth 
of the hydraulic friction and a loss of power in pumping the fluid through the duct. It is necessary in this con- 
nection to estimate the efficiency of the given intensification method. One index of the efficiency of the method 
is an estimate of the thermohydrodynamic efficiency [4] by means of the relation 

(Nu/Nu0)/(~/~0) = f (Re) (3) 

with the condition that ~ is determined with allowance for the swirling losses in the flow and normalization of 
the values of Nu and Re to the same Reynolds numbers as in a smooth pipe. 

Figure 4 shows the thermohydrodynamic efficiency of using an ABS unit in anomalously viscous media as 
a function of the Reynolds number. 
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TABLE 2. 

Pipe 

Correction Factors Adjusting ~ for the Length of the 

I/D 

~~ 5 10 } 20 40 } 52 

0.65% Na-CMC. 

15 8,35 4,85 1,90 1,10 1 
30 5,I0 3,30 1,75 1,05 1 
45 3,95 2,85 1,40 i t 
60 3,20 2,15 1,30 I i 
75 2,90 1,90 1,20 1 1 

~~ 1% Na-CMC 

15 
30 
45 
60 
75 

I0,20 
7,00 
5,25 
3,80 
3,60 

6,45 
5,10 
3,90 
2,90 
2,60 

2,65 
1 , 8 0  
1 , 2 0  

1 
1 

1 
1 
i 
1 

(~, Uo)/tUgo) 
e5 

! t f  

/ P  7~ 'Am-  m--a~- 
,..,+. 

i o_g).Q, o 

I 
J , I_i 

I 

6" 8 /0 2 4, 6 8/02 2 R e  

F i g .  4. T h e r m o h y d r o d y n a m i c  e f f i c i e n c y  of u s i n g  

a x i a l - f l o w  b l a d e d  s w i r l i n g  un i t s  to  i n t e n s i f y  h e a t  

t r a n s f e r  in a n o m a l o u s l y  v i s c o u s  m e d i a  (the n o m e n -  

c l a t u r e  i s  the  s a m e  a s  in F i g s .  2 and 3). 

An analysis of the curves in Fig. 4 shows that with an increase in the effective viscosity (1% Na-CMC) of 
the fluid the total thermohydrodynamic efficiency of the ABS unit decreases in connection with the drastic at- 
tenuation of swirling after the intensifier. The maximum increment of the heat-transfer rate over the hydro- 
dynamic losses is threefold trader the given experimental conditions and occurs in the range of effective vis- 

cosities below 0.35 [Pa -sec]. For higher values of the viscosity the ABS unit, as mentioned, does not yield a 
significant gain in the heat transfer with a sufficient increase in the hydraulic losses. 

Examining the influence of the swirl angle on the total thermohydrodynamic efficiency of using ABS units 

in anomalously viscous media, we see that for a < 45 ~ tile thermohydrodynamic efficiency decreases in con- 
nection with the predominant growth of the hydraulic friction. It can be assumed on the basis of the experi- 
mental results that the absolute optimum from the point of view os thermohydrodynamic efficiency is a swirl 
angle o~ ~ 45 ~ the efficiency increasing with the Reynolds number. 

With increasing distance of the fluid from the ABS unit the circumferential component of the velocity dim- 
inishes, and so shortening the pipe causes the hydraulic friction coefficients to increase. The hydraulic friction 
coefficient of a short pipe (and, accordingly, the length of the swirl zone) can be estimated as in [I] by means of 
correction factors: 

~z = ~*z, (4) 

w h i c h  a r e  g i v e n  in T a b l e  2. 
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NOTATION 

~, Average heat-transfer coefficient; F, area of heat-transfer surface of duct; Atlog, log-mean temper- 
ature difference; Q, quantity of heat; ~w, average wall temperature; tl, ti+ I, thermocouple readings; I i, ther- 
mocouple spacing; k, number of thermocouples; Nu0, ~ 0, average Nusselt number and coefficient of hydraulic 
f r ic t ion  for  smooth duct; Nu, ~, the s ame  fo r  the duct with intensif ier ;  Re, Reynolds number ;  ~, flow swir l  
angle; p ,  effect ive v iscos i ty  of fluid; Cp, speci f ic  heat  at  constant p r e s s u r e ;  k ,  t he rma l  conductivity; D, in-  
side d i ame te r  of duct; d, d i am e t e r  of centra l  s t e m  of intensif ier ;  p, densi ty of fluid; l, length of duct. 
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C O U P L E D  P R O B L E M  OF S T E A D Y - S T A T E  H E A T  T R A N S F E R  

D U R I N G  T U R B U L E N T  F L O W  OF L I Q U I D  T H R O U G H  A P L A N E  

S L O T  W I T H  D I S S I P A T I O N  OF M E C H A N I C A L  E N E R G Y  

A.  A .  R y a d n o  a n d  N.  V .  F r a n k o  UDC 536.24 

An analyt ical  solution is obtained for  the coupled p rob lem of s t eady- s t a t e  heal  t r a n s f e r  during 
turbulent  flow of a liquid through a plane s lot  with d iss ipat ion of mechanica l  energy.  

The p rob lem of s teady-sLate  heal  t r a n s f e r  during turbulent  flow of the coolant and the need to account for  
d iss ipat ion of mechanica l  energy  in the analys is  of this p rob lem a r i s e  in p rac t ica l  applicat ions [1] such as 
t r a n s p o r t  of crude oil under  conditions of Nor thern  c l imate  [2]. 

We make the following assumpt ions:  1) The flow of the fluid and the heat  t r a n s f e r  a re  both quasis teady;  
2) the fluid is incompress ib le  and its physical  p r o p e r t i e s  r ema in  constant; 3) the change in the t he rma l  flux 
density along the axis caused by heal  conduction and turbulent  heat t r a n s f e r  is smal l  in compar i son  with its 
change in the t r a n s v e r s e  d i rec t ion [1]; 4) the flow through the h e a t - t r a n s f e r  region has been hydrodynamical ly  
s tabi l ized;  5) the t e m p e r a t u r e  of the liquid and the s lot  wall  in the ent rance  sect ion is a known function of the 
t r a n s v e r s e  coordinate y; 6) the t e m p e r a t u r e  of the outside sur face  of the s lot  is given as an a r b i t r a r y  in tegrable  
function of the axial coordinate x. 

The p rob lem will  be fo rmula ted  as a s y s t e m  of equations in d imens ion less  var iab les :  equation of energy 
for  the liquid 

0 ~ X . ~  oo, O ~ Y ~ I ,  

equation of heal  conduction for  the wall  

m 

"Tr icentennia l  of Union between Ukraine and Russ ia"  Dneprope t rovsk  State Univers i ty .  T rans l a t ed  f r o m  
Inzhenerno-F iz ichesk i i  Zhurnal,  Vol. 45, No. 3, pp. 392-398, Sep tember ,  1983. Original a r t ic le  submit ted  April  
13, 1982. 

988 0022-0841/83 /4503-  0988 $07.50 �9 1984 Plenum Publishing Corpora t ion  


