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Results of an experimental  investigation of heat t ransfer  in boiling of water and Freon-  
113 on cylindrical  shells with longitudinal fins are  presented.  

Finned surfaces  cooled by a boiling liquid are  widely used in technology. A ser ies  of analytical [1, 
2] and experimental  [2-4] works have been devoted to the investigation of heat t ransfer  in water and Freon-  
113 boiling on the surface of a single fin of constant c ross  section. In solving the heat-conductivi ty equa- 
tions for the fin it is assumed that the tempera ture  field in the fin is unidimensional, that there are  no 
internal heat sources ,  that the thermal-conduct ivi ty  coefficient of the fin mater ia l  is constant, and that 
the local hea t - t r ans fe r  coefficients of the fin surface are  equal to the hea t - t r ans fe r  coefficients of an iso-  
thermal  surface for  corresponding temperature  heads. A numerical  solution is presented in [1], while 
in [5] the i sothermal  boiling curve for water and Freon-113 is approximated by success ive  functions and 
the method of fin calculation is descr ibed.  The calculated curves  are  in good agreement  with exper i -  
ment. In the cr i t ical  region of the fin the divergence increases  (more so in the case of water); the authors 
assume that this is connected with a t ransformat ion  in the t ransi t ion region of the boiling curve.  

A significantly smal le r  number of works (mainly experimental) have been devoted to studies of heat 
t ransfer  in liquid boiling on a sys tem of fins. Analysis  of multifin elements becomes complicated; it is 
neces sa ry  to consider  fin interaction, which increases  as the separat ion between fins dec reases  [3]. 

Fig. 1. Schematic d iagram of experimental  apparatus.  
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This present  study will examine heat t ransfer  in water and Freon-113 boiling on cylindrical  finned 
elements .  * Cyl indr ica l  copper shells with outer d iameter  30 mm, working lengths of 59 and 52 ram, and 
8 or  16 longitudinal fins 20 mm high with thickness df 4 mm were used. The eight-fin elements had a 
minimum interfin separation S ~ 8 mm; the 16-f inelements  had S ~ 2 mm; the supporting wall thickness 
was 5 mm.  

The investigation of heat t ransfer  in boiling on multifinned heat -discharging elements puts stringent 
requirements  on the hea t -supply  sys tem.  In our study, electronic heating was used, permitt ing high the r -  
mal loads. The method is based on the convers ion to heat of the kinetic energy of electrons excited by 
an e lectr ic  field between the anode and the cathode when they collide with the anode surface.  In our ex- 
per iments  the anode was the finned element, the cathode being located in the inter ior  thereof.  For  nor-  
mal cathode operation, a vacuum of 1 0 - t 1 0  -Gmm Hg was maintained within the fin. 

Figure 1 shows a schematic  d iagram of the experimental  apparatus.  The copper finned element 
1 is located in a liquid filled chamber  2, provided with windows 3 for visual control and photography. 
To decrease  heat loss to the element a stainless steel col lar  4 was welded, with a layer  of epoxy com-  
pound 5 on its surface.  On the element wall and over the height of the fins C h r o m e l - A l u m e l t h e r m o -  
couples 6 are  mounted, 0.3 mm in d iameter  and located at three different c ross  sect ions.  The tungsten 
cathode 7 was formed of 1 mm diameter  wire, wound in the form of a bifi lar spiral .  The cathode was 
centered with disks 8, made of 22KhS ceramic .  The cathode is located opposite the finned portion of the 
wall. The end of the element is covered by an insulating layer  9. The inter ior  of the element is joined 
to a chamber  10, connected to the vacuum sys tem.  The anode was grounded and high voltage f rom a 
rec t i f ier  (silicon type VK-10}, continuously variable f rom 0 to 4 kV, applied to the cathode, which was 
heated by a fi lament t r ans fo rmer .  Anode current  reached 7 A, filament current ,  50 A. The thermal  
load required was obtained by changing filament cur rent  and anode voltage. The experiments  were con- 
ducted at a tmospher ic  p res su re .  Elec t r ica l  power supplied to the element, supporting wall temperature,  
t empera ture  over fin height, and liquid t empera tu re  were measured .  

The thermal  flux is composed of e lect ron energy and cathode radiation energy.  The fo rmer  is 
the product of anode current  multiplied by anode voltage, while the lat ter  is the e lect r ical  power sup- 
plied to the filament. The anode current  is determined by the voltage drop ac ross  a standard coil, 
as measured  by a R375 (class 0.2) h igh- res i s tance  potentiometer.  Anode voltage was measured  f rom the voltage 
drop ac ross  a standard coil connected in ser ies  with a MSVdiv ide r -h igh  res is tance box. Filament cu r -  
rent  was measured  with a current  t r ans fo rmer .  Filament voltage was calculated from measurement  of 
voltage on the filament t r ans fo rmer  pr imary ,  with considerat ion of the t r ans fo rmer  turns ratio. 

Allowance was made for heat loss by radiation f rom the cathode and electron scat ter ing through 
the lower end of the element, a n d  the thermal  conductivity of the stainless steel col lar  and cathode cur -  
rent leads. These losses did not exceed 5% in total. 

The resul ts  obtained were  processed  in the form of dependences of thermal  flux through the outer 
cylinder surface {diameter 30 mm) q as functions of the difference 00 between tempera ture  at the base of 
the fin and liquid saturation tempera ture .  Tempera ture  at the fin base was determined by interpolation 
f rom tempera ture  values on the wall and over the heigl~t of the fin. 

In Fig. 2a the function q = f(80) is presented,  for water boiling on the surface of a 16-finned (points 
1) and eight-finned (points 2) element.  Analogous data for Freon-113 are  presented in Fig. 2b. 

A s t r ic t  analytical computation of the heat t ransfer  of finned shells conducting heat into a boiling liq- 
uid is quite difficult, since the tempera ture  field in the fin and supporting wall is two-dimensional,  and 
the hea t - t r ans fe r  coefficient is a nonlinear function of the local tempera ture  head. In [7] it was shown 
that the total thermal  flux dissipated into the boiling liquid by high conductivity (for example, copper} fins 
can be calculated with sufficient accuracy  with a one-dimensional  model. The results  of [5] show that cal-  
culation with a one-dimensional  model agrees  sa t isfactor i ly  with experimental  data. 

The experimental  data of our study were compared with resul ts  of computation with the simplif ied 
one-dimensional  model.  It was assumed that the fin temperature  changes only with fin height, and that 
the supporting wall temperature  is constant (the surface is isothermal}. 

The thermal  flux density through the support surface is then determined by the equation of thermal  
balance for the element of surface beneath the fin: 

�9 Engineer  L. A. Titova part icipated in the conduct of the work. 
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Fig .  2. T h e r m a l  f lux d e n s i t y  v e r s u s  t e m p e r a t u r e  head 
at  f in b a s e  fo r  w a t e r ( a )  ( e x p e r i m e n t a l  da t a :  1, n = 16; 
2, n = 8; 3, n = 0; c a l c u l a t e d :  4, f r o m  Eq .  (1), n -- 16; 
5, f r o m  Eq.  (1), n = 8; 6, f r o m  3) and fo r  F r e o n - l l 3  (b) 
( e x p e r i m e n t a l  da t a :  1, n = 16; 2, n = 8; 3, n -- 0; 4, f r o m  
[4], n = 0; c a l c u l a t e d :  5, f r o m  Eq.  (1)~ n = 16; 6, f r o m  
Eq.  (1), n = 8 ;  7, f r o m  3, 4; 8, f r o m  4). q, W / c m 2 ,  
00, ~ 

q _ qf6f + q~ (1) 
6~+s 

w h e r e  qf and q0 a r e  the t h e r m a l  f lux d e n s i t i e s  fo r  a g iven  0 0 t h rough  the f in b a s e  and the nonfirmed s u r f a c e  
of the s u p p o r t  s u r f a c e .  The  v a l u e  of qf i s  c a l c u l a t e d  with the u se  of c u r v e s  f o r  bo i l ing  on an i s o t h e r m a l  
s u r f a c e ,  by the me thod  d e s c r i b e d  in [5]. The  t h e r m a l  f lux d e n s i t y  q0 is  t aken  at  the  t e m p e r a t u r e  head  at  

the fin b a s e  00~ 

C u r v e s  of bo i l i ng  on an i s o t h e r m a l  s u r f a c e  ob ta ined  by v a r i o u s  i n v e s t i g a t o r s  d i f f e r  w ide ly  due to both 
c o n f i g u r a t i o n  and s m o o t h n e s s  of the s u r f a c e .  T h e r e f o r e  in ou r  s tudy,  e x p e r i m e n t s  w e r e  a l s o  conduc ted  
wi th  i s o t h e r m a l  s u r f a c e s :  a v e r t i c a l  c y l i n d r i c a l  s h e l l  wi th  no f ins ,  28 mrn in d i a m e t e r ,  52 m m  in length,  
p r e p a r e d  and h e a t e d  in a m a n n e r  ana logous  to the  f inned e l e m e n t s .  The  d a t a  ob ta ined  fo r  the bubble  r e g i o n  
a r e  p r e s e n t e d  in F ig .  2a, b.  F o r  w a t e r ,  they  a g r e e  we l l  with the  r e s u l t s  of [6], fo r  F r e o n - 1 1 3 ,  wi th  the 
r e s u l t s  of [4]. C u r v e  6 of F ig .  2a is  an a p p r o x i m a t i o n  of e x p e r i m e n t a l  d a t a  for  w a t e r  q0 = 12.9 �9 10-30~, 
c u r v e  7 of F ig .  2b i s  an  a p p r o x i m a t i o n  q0 = 2.89 �9 10-303 fo r  F r e o n - 1 1 3 .  The  t r a n s i t i o n  bo i l i ng  c u r v e  fo r  
w a t e r  ( f r o m  d a t a  of [3]) i s  e x p r e s s e d  by the func t ion  q0 = 125 W / c m 2 ;  f o r  F r e o n - 1 1 3  ( f rom d a t a  of [4]), b y t h e  
func t ion  q0 -- 9.2 �9 103002 (curve  8, F ig .  2b), T h e s e  r e l a t i o n s h i p s  w e r e  used  in c a l c u l a t i n g  q. 

In o r d e r  to e v a l u a t e  the e f fec t  of the n o n i s o t h e r m a l  s t a t e  of the s u p p o r t  s u r f a c e ,  a t h e r m a l  c a l c u l a -  
t i o n w a s  p e r f o r m e d  fo r  the f inned s h e l l  wi th  a o n e - d i m e n s i o n a l  mode l ,  in which t e m p e r a t u r e  change  in  the 
fin was  c o n s i d e r e d  only  with r e s p e c t  to he igh t ,  and fo r  the s u p p o r t  s u r f a c e ,  only o v e r  an  ax i s  d i r e c t e d  a long  
the s u r f a c e .  

A n a l y s i s  showed that  c a l c u l a t i o n  of the e l e m e n t s  s tud i ed  by Eq.  (1) l e a d s  to a r e d u c t i o n  in q v a l u e s  
(in c o m p a r i s o n  with  the s e c o n d  me thod  of ca l cu l a t i on )  no g r e a t e r  than  5% for  F r e o n - l l 3  and 8% for  w a t e r .  
In F ig .  2 the e x p e r i m e n t a l  da t a  a r e  c o m p a r e d  with  r e s u l t s  of c a l c u l a t i o n  by Eq .  (1). In F ig .  2a c u r v e s  4 
and 5, in F ig .  2b c u r v e s  5 and 6 c o r r e s p o n d  to the e x p e r i m e n t a l  po in t s  1 and 2. 

The  e x p e r i m e n t a l  d a t a  fo r  the  8 - f inned  e l e m e n t  wi th  m i n i m u m  f in  s e p a r a t i o n  s ~ 8 ram,  coo led  by  
both w a t e r  and F r e o n - 1 1 3 ,  w e r e  found to be in good a g r e e m e n t  with the r e s u l t s  of c a l c u l a t i o n  by Eq.  (1). 
In the r e g i o n  of d e v e l o p e d  boi l ing  the  d e v i a t i o n  of the d a t a  i s  no g r e a t e r  than 30~ .  In the r e g i o n  s u b c r i t i -  
ca l  fo r  an i s o t h e r m a l  s u r f a c e  (00 < 20~ the t h e r m a l  f lux d e n s i t y  q th rough  the s u p p o r t  s u r f a c e  e x c e e d s  
q0 i n s i g n i f i c a n t l y .  At  a t e m p e r a t u r e  head  of 00 = 30~ the w a t e r  bo i l ing  c u r v e  a p p r o a c h e s  200 W / c m  2. 
F o r  f u r t h e r  i n c r e a s e  in t e m p e r a t u r e  head  the t h e r m a l  load  u n d e r g o e s  p r a c t i c a l l y  no change .  The  bo i l ing  
c r i s i s  was o b s e r v e d  at  00 ~ 50~ F o r  F r e o n - 1 1 3  the c r i t i c a l  load  of 54 W / c m  2 was  a t t a i n e d  at  6~ = 45~ 



For  the 16-finned cylinder with min imum fin separa t ion  of 2 mm, the exper imenta l  data exceeded the 
calculated values ,  more  so in the case  of water .  The F r e o n - l l 3 b o i l i n g  curve coincided with, and the wa-  
t e r  boiling curve  exceeded the calculated curve qf = f(S0) for a single fin. 

A t e m p e r a t u r e  head of 80 = 30~ cor responded to a load of 280 W / c m  2 fo r  water ;  a c r i s i s  was not 
reached.  The c r i t i ca l  load for  F r e o n - l l 3 b o i l i n g  was 90 W / c m  2 at 80 ~ 41~ The motion of the vapor  
- l i q u i d  mix tu re  in the na r row t rapezoidal  separa t ions  between the fins is evidently the cause of h e a t - t r a n s -  
fer  intensif icat ion on the fin sur face  and support  wall, and of the deviation observed  in the data for  this 
e lement .  In . the  t empe ra tu r e  head range studied, developed boiling of water  (in cont ras t  to Freon-1135 
was obse rved  only on a sma l l  por t ion of the fin adjacent  to the base,  where the magnitude of the separa t ion  
is min imum.  There fo re ,  the effect  of separa t ion  is exp re s sed  m o r e  c lea r ly  for  water .  

q, qf, q0 
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NOTATION 

are  the t he rma l  flux densi ty  a c ro s s  shell  surface ,  fin base ,  and unfinned sur face  of sup-  
port ing wall; 
is the di f ference in t e m p e r a t u r e  between base  of fin and liquid sa tura t ion  t e m p e r a t u r e ;  
is the fin thickness;  
is the min imum fin separa t ion;  
is the number  of f ins.  
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