
p r e s s u r e  d rag  for  the f i r s t  sphere  of s t ra ight - l ine  packing; Cxo, coefficient  of drag  of a sphere  in a f ree  s t r e am;  
U o, voltage of output of t he rm oanem om et e r ;  U~, apparen t  zero voltage at  output of t he rmoanemomete r ;  ]3, f i la-  
ment  cons tan t (propor t iona l i ty  factor) ,  de te rmined  by cal ibrat ing the f i lament  in an a i r s t r e a m ;  U.o ,  voltage a t  
output of t h e r m o a n e m o m e t e r  in the absence of gas motion nea r  the wall; v ' ,  magnitude of longitudinal veloci ty  
pulsation; 51, d i sp lacement  thickness of boundary layer ;  62, thickness of momentum loss;  H 1 2 =51/62, fo rm 
fac tor  of boundary layer ;  Nu, Nusse l tnumber ;  a lo  c, local h e a t - t r a n s f e r  coefficient  of a sph~r ica le lement ;  
qloc, local heat  flux f rom sur face  of a spher ica l  e lement ;  td, de tec tor  t empera tu re ;  tin, tout, a i r  t e m p e r a t u r e s  
a t  inlet and outlet  of channel; Ks ,  hea t - t r an s f e r  coefficient  of nonuniformity over  sur face  ofa  s p h e r i c a l e l e m e n t .  
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I N T E N S I F I C A T I O N  OF C O N V E C T I V E  H E A T  E X C H A N G E  

BY S P I R A L  S W I R L E R S  IN T H E  F L O W  O F  A N O M A L O U S L Y  

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

T .  I .  I g u m e n t s e v  a n d  Y u .  G.  N a z m e e v  UDC 536.242.001.5 

The resu l t s  of an exper imen ta l  investigation of the intensification of convective heat  exchange in 
the flow of anomalously  viscous l iqu idsa re  p resen ted .  A n e s t i m a t e  is made of the thermodynamic  
and energy  eff ic iencies  of the use of longitudinal sp i ra l  s w i r t e r s .  

One of the well-known means  of intensification of heat  exchange in pipes consis ts  inacting onthe boundary 
region of flow using s p i r a l w i r e  sw i r l e r s ,  ve ry  effect ive technological ly in p repa ra t ion  and ut i l izat ion.  Invest i -  
ga tors  havenow accumula tedex tens ive  e x p e r i m e n t a l m a t e r i a [  onhea t  exchange in pipes containing var ious  types 
of intensif iers ,  including s p i r a l w i r e  s w i r l e r s  [1-3]. It should be noted that  al l  the paper s  have been devoted 
to the intensification of heat  exchange during the motion of viscous liquids in pipes .  

Now f rom an analys is  of the known work it is seen that the use of sp i ra l  wire  sw i r l e r s  intens [lies the heat  
exchange in viscous liquids up to 3 t imes  [2], with the g r e a t e s t  increase  in the h e a t - t r a n s f e r  coefficients  being 
obse rved  in the region of Reynolds numbers  f rom 3500 to 8000. This is connectedwith the fo rmat ion  anddeve l -  
opment  of vor t i ces  intensifying the p roces s  of heat  exchange.  With the gradual  development  of turbulence the 
quantity Nu/Nu 0 d e c r e a s e s  somewhat ,  never the less  remain ing  cons iderably  higher than unity, s ince at  Re > 8000 
turbulence begins tohave  the dominant e f fec ton  the heat  exchange in a viscous liquid while the role  of vor t ices  
gradual ly  d e c r e a s e s .  

Unfortunately,  data on the intensification of convective heat  exchange in the flow of anomalous ly  viscous 
liquids, which find the widest  application,  a re  ent i re ly  a b s e n t a t  p re sen t .  

On the bas i s  of the fact  that the use  of sp i ra l  wire  sw i r l e r s  gives a cons iderable  gain in heat  t r a n s f e r  in 
the flow of viscous  liqu ids, we a t tempted  to exper imenta l ly  de te rmine  the poss  ibilities of the intens[fication of 
heat  exchange in anomalous ly  viscous media  using the indicated swi r l e r s  and to e s t ima te  the eff iciency of thei r  
use. 

Trans l a t ed  f rom Inzhenerno-Fiz ichesk i [  Zhurnal,  Vol. 35, No. 2, pp. 205-210, August, 1978. Original  
a r t i c le  submit ted  Ju ly  7, 1977. 
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TABLE 1. Thermophys ical Charac ter i s t ics  of Po lymer  
Solutions 

Aqueou~ solutlo~ 1:, ~ 0, kg/m 3 cp, X, W/ra .deg 
~/kg-deg 

Na -- CMC, 1% 

Na -- CMC, 3?5 

20 
40 
60 
80 
20 
40 
60 
80 

1022 
1017 
1012 
1008 
1034 
t026 
1020 
1015 

3572 
3510 
3530 
3540 
3315 
3235 
3220 
3315 

0,5612 
0,5610 
0,5608 
0,5606 
0,5535 
0,5533 
0,5531 
0,5528 

The tests  were per formed on an experkmental installation for whicha schematic  diagram is presented in 
Fig.  1. The working liquid from the pre l iminary  thermos ta t ic -con t ro l  tank 1 was fed by the pump 2 through the 
following closed loop: a heat exchanger 4 for final thermosta t ic  control (3 is a thermostat) ,  a damping chamber  
5. the working element 7, and a mixing chamber  11. The liquid flow rate was regulated by varying the speed of 
the pump 2 and by the valve 14. The tests  were per formed under conditions of heating of the liquid. The work- 
ing section 7 was heated by success ive  sectional Ntchrome e lec t r ic  heaters  9. Dif ferent thermal  boundary con- 
ditions at the wall of the working section could be achieved by the appropriate switching of the sections and regu-  
lation of the strength of the cur ren t  in each of them. Leakage of heat into the surrounding medium was compen- 
sated for by an additional e lect r ic  heater  laid above the main sect ions.  The wall tempera ture  was measu redby  
the potentiometer  13 using a system of Chromet - -Cope l the rmocoup les  12 with leads 0.12 mm In diameter .  
The l iqu[dtemperature  a t the inletand outlet of the working section was measured  with standard thermometers  
10. A pipe o f lKh l8Nt0T  stainless steel with an Inner diameter  o f l l  remand a length of 1750 m m w a s  usedas  
the working section of the installation. The cleanness of the inner surface of the pipe corresponded to the eighth 
class  of c leanness .  The t e s t swere  per formedwith  spiral  wire inserts  6 made of steel wire with a diameter  
d = 0 . 8 - 1 . 2  mm and a spacing S =5-47.5 mm.  The p ressu re  drop in the working section was measured  with a 
m e r c u r y  differential manometer  8. All the tests  were per formed under steady thermal  and hydrodynamic con- 
ditions. 

Tes ts  with water and t r ans fo rmer  oil, which showed good convergence (within 10% limits for water} with 
the well-known cr i te r ia l  equations of Shukin [1], were per formed prel iminar i ly  on the experimental  installation. 
As the model for anomalously viscous liquids, weused  1 and 3% aqueous solutions of sodium carboxymethyl  
cellulose (Na -- CIVIC). The rheological  charac te r i s t i cs  of the model liquids were determined on a Rheotest 
ro ta ry  v i scos imeter  and on a Keppler rheov iscos imete r .  The resul ts  of the v i scos imet r ic  measurements  in 
the tempera ture  range f rom 20 to 80~ are  presented in logari thmic coordinates in Fig.  2. 

The thermophysical  charac te r i s t i cs  of the solutions were determined by the well-known methods [4, 5]. 
The resul ts  of the thermophysical  measurements  in the investigated tempera ture  range are  presented inTable 1. 

The experimental  values of the average hea t - t r ans fe r  coefficients were determined through the logar i thmic-  
average tempera ture  head: 

Fig.  1. Diagram of experimental  installation. 
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i l 0 2 

4 5 
51 

q! ~ 2 3 4 5 810 T 

Fig. 2. Results o fv i scos imet r i c  
measurements :  a) 1% aqueous solu- 
tion of Na -- CMC;b) 3% aqueous 
solution of N a -  CMC; 15 20~ 25 
30;35 40;4) 50;5) 60;6) 70; 7) 80~ 
tt, N �9 sec/m2; T, N/m 2. 

= Q/F A tlog. (1) 

The wall t empera ture  of the pipe was calculated as the weighted-mean value along the length: 

k k 

4(t, + l,. (2) 
~ I  i ~ l  

To determine the amount of the relative increase in the hea t - t r ans fe r  coefficients in a pipe containing a 
swir le r  in compar ison with the hea t - t r ans fe r  coefficients in a smooth pipe and to bring out tha tReynolds-num- 
be t  region where this increase is greates t ,  the experimental  resul ts  for anomalously viscous liquids, as well 
as the results  of[2], were t reated (Fig. 3) in the form of the dependence Nu/Nu 0 =f(Re). In the t reatment  the 
inner diameter  of the pipe was taken as the charac te r i s t ic  geometr ical  size while the hea t - t r ans fe r  coefficient 
in Eq. (1) was determined wlthoutallowance for the effect of the ribbing of the inner surface;  i . e . ,  the values 
of Nu and Re were reduced to the same values of the Reynolds numbers with a smooth pipe. The average flow 
veloci tywas calculatedwith allowance for the c ross - sec t iona l  area of the swir le r .  

It is seen from Fig.  3 that the effect c l an  increase in the hea t - t r ans fe r  coefficients in the case of the use 
of spiral  wire inserts  to intens ify the heat exchange in anomalously viscous media exceeds the same effect in 
viscous liquids by several  t imes.  By comparing the resul ts  of the tests wl th l  and3% solutions o f N a -  CMC, 
one can conclude that the effect of a relative Increase in the hea t - t rans fe r  coefficients grows sharply with an in- 
c rease  in the effective viscosity of the liquid. In addition, the maximum value of the rat io of Nusselt  numbers  
shifts toward a decrease  in Reynolds numbers  with an increase in the effective viscosi ty.  

The increase in the hea t - t r ans fe r  coefficients in anomalously viscous liquids when spiral  wtre swir le rs  
are  used takes place owing to disturbances of the s t ream in the boundary region.  Since in the flow of anoma-  
lously viscous liquids, which have a large thermal  res is tance  and high Prandtl  numbers  (Pr  >>1), the heat 
exchange is dist inguishedby low values of the hea t - t r ans fe r  coefficients,  the disturbances of the s t ream caused 
by the displacement of e lementary volumes of liquid along complicated three-dimensional  t ra jec tor ies  in the 
boundary region lead to a sharp relat ive increase in the hea t - t r ans fe r  coefficients.  

With a fur ther  increase in the effective viscosi ty of the liquid (above the investigated range, Fig.  2)the 
disturbances c a u s e d b y  the displacement of e lementary volumes of liquid in the boundary region die outand 
axial flow over the wire elements occurs  with the formation of stagnant zones behind them, leading to a decrease  
in the hea t - t ransfer  coefficients.  The construct ion of intensifiers producing a disturbance of the entire s t ream 
e lear lyprove  to be more  effective in this case .  

In examining the influence of the spacing of the swir le r  on the relative increase in the hea t - t r ans fe r  coef- 
ficients (Fig. 3), we see that the larges t  values of Nu/Nu0fall inthe region of S/D =0 .6 -3 .0 ,  depending on the 
Reynolds number .  At values of 0.3< S/D < 0.6 the rat io Nu/Nu 0 decreases  and a pipe containing a spiral  insert  
should be considered as a pipe with art i f icial  periodic roughness . With an increase in the Reynolds number the 
maximum of the relative increase in heat t ransfer  shifts towarda decrease  in the spacing of the swir ler  (dash--  
dot line). 

Inconneetion with the faet that  the use of a heat-exchange intensifier is accompanied by an increase in 
hydraulic res is tance ,  it seems very important toes t lmate ,  onthe basis of a single and sufficiently general  
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Fig. 3. Dependence of relative increase in heat t ransfer  on 
Reynolds number  and relat ive spacing of swir ler :  a) 1~ aqueous 
solution of N a -  CMC; b) 3% aqueous solution of Na --CMC; 1) 
S =47.5 ram; 2) 27 .5mm;  3) 20 mm; 4) 1 3 . 5 m m ;  5) 12.5 mm; 
6) 5 mm; 7) t rea tment  of resul ts  of[2]; 8) Re =1000; 9) 3000; 
10) 5000; 1t) 7000; 12) 100; 13) 300; 14) 500; 15) 1000; dashed 
lines: maxima of relat ive increase in heat t rans fe r .  

cr i ter ion,  the efficiency of the swir le rs  and to determine the preferable geometr ica l  dimensions and the region 
of their  application. 

At the basis of one of the methods lies the determinat  ion of the energy efficiency of different forms of 
convection surfaces  in the form of functions [6-8] 

a = / (No)  (3) 

The energy efficiency charac te r i zes  the degree of utilization of the mechanical  energy needed to pump the liquid 
throughthe channel in order  to provide the assigned hea t - t r ans fe r  intensity. For  the anomalously viscous liquids 
studied the optimum insert  was a spiral  with a relative spacing S/T) = 1.13 which, with res is tance  losses equal 
to those with a smooth pipe, provides the maximum increase in hea t t r ans fe r .  

To est imate the overal l  thermo-  and hydrodynamic efficiency of intensifiers it is most  advisable, in our 
opinion, to use the equation 

3 4 sRed ~ 

/ Z 2 4 ~-Re]o -3 

Fig.  4. The rmo-  and hy- 
drodynamic efficiency of 
the use of spiral  wire 
swi r l e r s .  Notation analo- 
gous tothat  of Fig.  3. 
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(Nu/Nu0)/(~/~0i :: f (Re) (4) 

Equation (4) cha r ac t e r i z e s  the re la t ive  inc rease  in the intensity of heat exchange, in a pipe containing a swi r l e r ,  
pe r  unit  extra  energy  expended. The es t imat ion  of the eff iciency using Eq. (4) is a development  of the weil-  
known method developed by Kalinin [9] for  the compar i son  of objects with the same  determining dimensions and 
used to e s t ima te  rough channels .  Function (4)differs  f rom (3) in that it allows one to es t imate  the eff iciency at 
different  ave rage  t e m p e r a t u r e s  of the working medium,  to e s t ima te  the m o s t v a r i e d  construct ions  of in tensi f iers ,  
and to findthe p re fe rab le  region of their  applicat ion with r e s p e c t t o  the Reynolds number .  The t rea ted  resu l t s  
of the tes ts  with anomalously  viscous liquids and the t es t  r e su l t s  of [2] a re  presented  in Fig.  4 in the fo rm of 
function (4). Here  the values of Nu a n d r e  were  reduced tothe  s ame  Reynolds numbers  with a smooth pipe, in 
accordance  with [9]. An analys is  of the functions in Fig.  4 shows that the t h e r m o -  and hydrodynamic eff iciency 
of the use of sp i ra l  wire  sw i r l e r s  to intensify the heat  exchange in anomalously  viscous media inc reases  sharply  
with an increase  in the effective v iscos i ty  of the liquid and, under the conditions of the tes ts  which were  run, the 
excess  of the intensity of heat  t r an s f e r  over  the hydraulic  losses  reaches  4.5 t imes .  

As the p re l imina ry  studies showed, witha fur ther  increase  inthe effect ive v iscos i ty  the t h e r m o -  and hydro-  
dynamic efficiency of s p i r a l w i r e  s w i r l e r s  will dec rease  and swi r l e r  construct ions which dis turb the ent i re  
s t r e a m  will prove m o r e  efficient,  pa r t i cu la r ly  r ibbonand snake intensi f iers ,  about whichwe will r epo r t  in sub- 
sequent pape r s .  

N O T A  T I O N  

Nu and }, Nussel t  number  and r e s i s t ance  coeff icient  in a pipe containing swi r l e r s ;  Nu 0 and ~ 0, Nussel t  
number  a n d r e s i s t a n c e  coeff icient  in a smooth pipe; Re, Reynolds number;  d, d i ame te r  of sw i r l e r  wire;  S, 
spacing of swi r l e r ;  D, inner d i ame te r  of pipe; r~, ave rage  h e a t - t r a n s f e r  coefficient;  Q, amount  of heat; F, a rea  
of inner sur face  of pipe; Atlog, l oga r i t hmic -ave rage  t e m p e r a t u r e  head; l i ,  4istance between points of a t tachment  
of thermocouples  ; K, number  of thermocouples ;  ti, t i+l ,  readings of thermocouples ;  ~,  h e a t - t r a n s f e r  coeff i-  
c ientunder  the given conditions of bathing of the sur face ;  N 0, energy expended on moving the bathing medium 
per square  m e t e r  of sur face  pe r  second.  
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