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The resul t s  of an experimental  investigation of heat t ransfer  in the ver t ical  annular channel 
of a c losed ci rculat ion heat exchanger a re  given. 

The design of c losed ci rculat ion heat exchangers  necess i ta tes  calculation of the mean hea t - t rans fe r  
coefficients for  a v iscous  gravitational s ingle-phase flow of working fluid in channels of different conf igura-  
tions. One of the possible prac t ica l  fo rms  of the compact  hea t - rece iv ing  par t  of a c irculat ion loop is a 
ver t ica l  annular channel. 

There  are  a fair  number  of studies of convective heat t r ans fe r  in annular tubes, but the effect of free 
convection is cons idered  in only a few of them. This case  is most  thoroughly investigated in [1-3]. 

In [1, 2] the heat t r ans fe r  of the inner tube of the annular channel was investigated, and in [3] that of 
the outer  tube was investigated. In [2, 3] there was an at tempt to investigate the effect of the channel geom-  
e t ry  on heat t r ans fe r .  In the present  paper  we investigate the heat t r ans fe r  of the outer heated wall of 
an annular slot to the fluid flowing through it and the effect of the channel geometry on the heat t ransfer .  

The experimental  apparatus ,  shown schemat ica l ly  in Fig. 1, was a closed circulat ion loop consist ing 
of a ver t ica l  annular channel  , cooler ,  and connecting system.  This type of heat-exchanger  loop is s imi lar  
to the f reezing columns used in hydraulic s t ruc tu res ,  where the working medium is a cheap organic fluid 
such as kerosene.  In the experimental  apparatus discussed here  we used distilled water.  The fluid was 
heated in the annular gap, entered the cooler ,  where it was cooled, and then re turned to the heated section. 
At the inlet and outlet of the annular channel there were  gr id- type mixers .  

The investigated channel was formed by two coaxial ver t ical  tubes. The outer was of galvanized steel 
and was 0.1 m in d iameter  and 1.5 m high. The inner tube was a Viniplast cyl inder ,  whose diameter  could 

be var ied  to give different channel geometr ies .  

The outer tube of the annular s lot  was heated f rom outside by four e lectr ic  heaters  made of Nichrome 
wire  uniformly wound onto the tube over  glass and asbes tos  cloth. Heat loss was reduced by enclosing the 
heater  in f ire clay.  Each  of the hea ters  had an independent supply and regulation sys tem,  which allowed 
the obtaining of a heat flux of the requi red  profile.  The supply and regulation sys tem of each of the heaters  
consis ted  of an ac source ,  a voltage regu la tor ,  a regulat ing t r ans fo rmer ,  and a stepdown t rans former .  

The connecting line between the heated region and the cooler was made of 1-in. zinc-plated steel 

tubes and had a window for visualizat ion of the flow. 

The cooler  was a countereur ren t  tube-in- tube 1 -m- long  heat exchanger.  Its inner tube formed par t  
of the connecting ~ sys tem,  and the outer tube was made of steel and was 0.15 m in diameter .  The coolant 
was water  f rom the communal  main supply, which was driven through the heat exchanger by a centrifugal 
pump. Its flow was regulated by a valve and was moni tored by a measur ing  tank. At the inlet and outlet 

of the two cooler  channels there  were  diffusion grids and screw- type  mixers .  

The flow of fluid through the investigated channel was measured  by two methods :  f rom the heat balance 
of the cooler  and by a thermal  f lowmeter  cons t ruc ted  and cal ibra ted in the Lensovet  Leningrad Technologi-  

cal  Institute. 
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Fig. i. Diagram of experimental apparatus: i) annular 
channel; 2) cooler; 3) connecting line; 4) mixers; 5) 
thermal flowmeter ; 6) heaters; 7) heat insulation; 8) 
voltage regulator; 9) autotransformer; I0) stepdown 
transformer; ii) centrifugal pump; 12) reg%tlating 
valve; 13) measuring tank; 14) heat probe. 

The t e m p e r a t u r e  of the fluid in the annular  gap was m e a s u r e d  by a heat  p robe ,  which could be moved 
t r a n s v e r s e l y  and along the channel ax is .  The wall  t e m p e r a t u r e  of the heated outer  tube was m e a s u r e d  by 
20 C h r o m e l - A l u m e l  the rmocoup les  welded on and bu i l t - in  to min imize  heat  t r a n s f e r  f rom the junction and 
s i te  of contac t  with the wall  through the t h e r m o e l e c t r o d e s .  

To m e a s u r e  the loca l  heat  f luxes we used l amina ted  hea t - f lux  s e ns o r s  cons t ruc ted  in the Inst i tute  of 
Technica l  T h e r m o p h y s i c s ,  Academy  of Sciences  of the Ukrainian SSR (ITT). The s e n s o r s  were  ca l i b r a t ed ,  
a f t e r  they w e r e  embedded  in the hea ted  wal l ,  on the ITT ca l i b r a t i on  s tat ion.  The emfs  of a l l  the t h e r m o -  
couples  were  r e c o r d e d  by a n R - 3 0 6  po ten t iomete r  with an M 195/1  ga lvanomete r ,  and the s igna ls  of the 
hea t - f low gauges were  r e c o r d e d  by an R -  307 po ten t iome te r  with an M 195 /3  ga lvanometer .  

The r e s u l t s  of the expe r imen ta l  inves t iga t ion  a r e  given below. We cons ide r  only the ease  of constant  
t e m p e r a t u r e  of the ou te r  wal l  of the annular  channel.  The total  amount  of heat  Q c a r r i e d  by the fluid f rom 
the hea ted  sec t ion  was de t e rmined  f rom the flow of l iquid and f rom the d i f ference  in i ts heat  content a t  the 
inlet  and outlet .  Knowing Q, the a r e a  of the h e a t - t r a n s f e r  su r face  F = zr d2h, and AT = Tu,,-T 0, we d e t e r -  
mine the mean h e a t - t r a n s f e r  coeff ic ient  over  the height  of the channel :  

F A - T - - -  T ~ : - - T  o 

The loca l  h e a t - t r a n s f e r  coef f ic ients  a r e  ca lcu la t ed  in the foUowing way:  

q 
cz = T __To -.  (2) 

He re  q i s  the hea t  f lux in the p a r t i c u l a r  sec t ion  of the channel ,  d e t e r m i n e d  f rom the r e a d i ng  of the h e a t -  
flux gauge. In teg ra t ing  the va lues  of the loca l  h e a t - t r a n s f e r  coef f ic ients  over  the length of the channel ,  we 
obtain the a v e r a g e d  value .  The d i f ference  between the va lues  of the mean h e a t - t r a n s f e r  coef f ic ients  c a l -  
cu la ted  by the two methods  did not exceed  10%. Fo r  concent r ic  annular  channels  the d imens ion l e s s  h e a t -  
t r a n s f e r  coef f ic ient  is  a function of the Reynolds  number ,  Grashof  number ,  P rand t l  number ,  K, and the 
r e d u c e d  tube length.  As  a c h a r a c t e r i s t i c  d imens ion  in the convect ive  h e a t - t r a n s f e r  c r i t e r i a  we use the 
equivalent  s lo t  d i a m e t e r .  The phys ica l  cons tan ts  in them a re  taken for a mean l iquid t e m p e r a t u r e  Tm = 

0.5(T 0 + Th). 

The expe r imen t a l  data  for  the heat  t r a n s f e r  f rom the hea ted  outer  wal l  of the annular  channel to the 

flowing medium w e r e  c o r r e l a t e d  by the equation 

1259 



,c2 

" / 
P ~  

0'~3 ~ 07 K 
F i g .  2. Curves of C t=f(K); 
C 2 = r (C 1 and C 2 are  di-  
mensionless) .  

N~=CrPr , / a  (C r dE 1'/4 
�9 h " (3 )  

Here 01 is a constant  that depends on the slot width. This dependence is shown in Fig. 2. As can be seen 
f rom Fig.  2 and Eq. (3), there  is an optimum gap width at which heat t ransfer  is greatest .  A s imilar  r e -  
sult was obtained in [3]. This effect can be accounted for as follows. Widening of the slot, i.e., reduction 
of K, leads to a reduct ion of res i s t ance  to the ascending flow. In addition, the broader  the slot, the slower 
the s t r eam core  is heated, the grea te r  the tempera ture  gradient at the wall,  and, hence,  the greater  the 
velocity gradient  at the heated wall ,  which determines  the heat t ransfer .  Hence, the heat t ransfer  in- 
c r e a s e s .  When the optimum slot  width is exceeded, this t rend is r e v e r s e d  and the heat t ransfer  decreases  

with increase  in K. 

This change c a n  be at tr ibuted to the onset  of a secondary  circulat ion flow due to the great  a cce l e r a -  
tion of the fluid at  the outer wall. The flow is maintained by a simultaneous r eve r s e  flow of the fluid 
around the unheated inner wall and in the s t r eam core .  As a resul t  of this, the tempera ture  in the s t ream 
core  inc reases ,  while the upthrust  and veloci ty gradient  at the heated wall decrease .  The experimental  

investigations showed that heat t ransfer  was grea tes t  at  K = 0.62. 

In a closed circulat ion loop the flow of fluid is not an independent quantity, but var ies  with the heat 
load and channel geometry .  Hence, the experimental  data for the average dimensionless velocity of the 

fluid in the investigated annular channel were  co r re la t ed  by the equation 

Re = C~ (Gr} 1/2, (4) 

which expresses  the relat ionship between Re and Gr,  and cha rac te r i zes  the hydrodynamics  of the flow. 
Here  C 2 is a constant  whose dependence on the gap width is shown in Fig. 2. Equations (1) and (2) are  valid 

for values 

h ~-~120; 0 , 3 ~ K ~ 0 . 9 ;  10G~Gr~108. 
2 o ~  d - - E -  - ~  

NOTATION 

dl, d2, diameters of inner and outer tubes of annular channel; d E = d i -d  2, equivalent diameter; h, 
height of annular slot; T 0, T h, temperatures of heat-transfer medium at inlet and outlet of channel; T w, 
tempera tu re  of heated wall;  q, q ,  local and mean (over length of channel) heat fluxes; K = d l / d  2, pa rameter  
cha rac te r i z ing  gap width; P r  = v / a ,  Prandt l  number ;  Gr  = [gf l (Tw-T0) /v2]d~,  Grashof number ;  h / d E ,  
reduced tube length; u, mean velocity of hea t - t r ans fe r  medium in investigated gap ;Re  = ud E / v, Reynolds 
number ;  ~ = ~ d E / ~ ,  mean Nussel t  number  over length of channel. 
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FORMATION OF THE DROP-SIZE SPECTRUM iN 

A GAS-LIQUID FLOW 

V. N. Bykov and M. E. Lavrent'ev UDC 532.529.5 

The deformation of the surface waves on a liquid film, the breakaway of liquid f rom the 
film, and the d rop-s ize  spec t rum formed during wave dest ruct ion a re  investigated by using 
a holographic method. 

The mois ture  suspended in the gas core  of a d ispersed  annular  g a s -  liquid flow is formed as a result  
of par t  of the liquid breaking away f rom the fi lm on the channel wall. Up to now it has been established that 
the breakaway of liquid is rea l ized pr incipal ly  f rom the c r e s t s  of the largest ,  so-ca l led  ~perturbing '  waves. 
The liquid str ipped f rom the wave c r e s t  is subsequently taken into the gas core  of the flow. The drop spec-  
t rum in the core  of a d ispersed  annular flow is fo rmed as a resu l t  of breakup and coagulation of the drops 
str ipped f rom the film. 

In this paper ,  the breakaw ay of liquid f rom a film rtmning over  the outer  surface  of a 6 . 0 - m m - d i a m e t e r  
pipe is studied using a holographic method [1, 2]. The liquid is inserted through an annular ~ 5 - m m  gap 
between two coaxial pipes. The tests  were conducted with water ,  ethyl alcohol, and glycerin solutions 
(the viscosities of the aqueous glycerin solutions are 20 �9 I0 -~ and 140-i0 -~ mZ/sec) at air speeds of 35- 
ii0 m/sec. The liquid flow ratesperunit perimeter were 0~176 kg/m-sec for water, 0.2-0.5kg/m. see 

for alcohol, and 0.08-1.0 kg/m. sec for the glycerin solutions. 

Deciphering the holograms showed that the disintegration of the surface waves is analogous to breakup 
of a liquid jet in a gas. The nature of drop formation around the film surface, like breakup of a jet, depends 
essentially on the viscosity of the liquid. In conformity with this, all liquids can be grouped into low-viscosity 
(water, alcohol) and high-viscosity (glycerin) liquids depending on the magnitude of the parameter aa/pl v~. A 
study of the holograms showed the following sequence of wave destruction. The smooth monotonic character 
of the wave surface is spoiled first. Individual perturbations appear which grow with time and eventually de- 
velop a rather complex shape. The presence of one or more projections is characteristic for such a perturbed 
surface. One such projection can evolve into a jet flowing out of the film into the gas flow. The most charac- 
teristic, fully developed jet is shown in Fig. la. Waves and necks appear in the jet, and in the. long run it dis- 

sociates into individual drops (Fig. Ib). 

The formation of not one, but several, individual jets on the surface of one wave is possible at higher 

gas velocities. 

It should be emphasized that in all these cases we speak of perturbations in the scale of the wave it- 
self, when the wave as a whole takes part in the deformation and when we can speak about the internal 
motion of the whole liquid mass  included in the wave. We r e f e r  to this  type of wave surface destruct ion as 
dissociation.  Dissociat ion is the main type of wave dest ruct ion at re la t ively low gas velocit ies.  These ve-  
locit ies reach approximately  50 m / s e c  fo r  water .  
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