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I t  is shown he re  how the heat  t r a n s f e r  intensity d is t r ibutes  ove r  the sur face  of annular  fins 
cooled by a t r a n s v e r s e l y  moving heap of dense loose ma te r i a l .  The heat  conduction through 
the fins is analyzed and the fin eff iciency is co r r ec t ed  to account  for  the radia l  nonuniformity 
of the hea t  t r a n s f e r  dis tr ibut ion.  

According to [1], the use of annular  finning on a tubular  sur face  cooled in a t r a n s v e r s e  s t r e a m  makes  
it poss ib le  to intensify the heat  t r a n s f e r  and to enhance the pe r  unit heat  diss ipat ion.  A genera l  re la t ion is 
given in [1] for  calculat ing the mean heat  t r a n s f e r  intensity.  F o r  the t he rma l  design of finned heat  e x -  
changers ,  however ,  one mus t  know the eff iciency of such fins.  Inasmuch as  a t r a n s v e r s e  cooling of a cyl in-  
dr ica l  sur face  by a dense heap of ma te r i a l  is cha rac t e r i zed  by a cons iderable  nonuniformity,  one should 
expect  some  degree  of nonuniformity a lso  a t  the fin su r faces  and a resul t ing nonuniform heat  t r a n s f e r  along 
a fin. As has been shown in [2, 3, 4] and e l sewhere ,  the l a t t e r  c i r cums tance  must  be taken into cons ide ra -  
t ion when the fin eff iciency E is calculated.  In connection with this ,  the authors  have studied the local  heat  
t r a n s f e r  in an a i r - t i gh t  dense heap of loose  mate r i a l  around a cyl inder  with annular  fins. The method of 
invest igat ion was  based  on s t eady - s t a t e  t he r ma l  conditions and the t e s t  appara tus  was as  shown e a r l i e r  in 
[1, 2]. The e lec t r i ca l  c a l o r i m e t e r  for  the exper iment  (Fig. la) consis ted of a wooden cyl inder  33.5 m m  
in d i ame te r  with a wooden fin 30 m m  high p r e s s e d  around it. The cyl inder  with the :fin was equipped with 
n ichrome hea t e r  e lements  made up of 0.2 • 5 m m  ribbons connected in s e r i e s .  The r ibbons were  mounted 
hor izonta l ly  a c r o s s  (Fig. la ) ,  because  m ax imum nonuniformity of the heat  t r a n s f e r  and the t e m p e r a t u r e  
field could be expected in the di rect ion of the ma te r i a l  flow. The cyl inder  and fin hea te r  e lements  p roduc-  
ing a uniform the rma l  flux densi ty  we re  energized  f rom the ac power  l ine through t r a n s f o r m e r s  and a 
voltage s t ab i l i ze r ,  with a K-50 ins t rument  panel and a control  vo l tme te r  (the e r r o r  in power  m e a s u r e m e n t s  
did not exceed 2-3%). Under the r ibbons,  as  shown in F ig .  la ,  w e r e  placed the hot junctions of c o p p e r -  
constantan thermocouples  connected through a switch with the common cold junction to an R 2/1 potent io-  
me t e r .  The local  heat  t r a n s f e r  coefficients  at the fin and cyl inder  sur face  were  calculated f rom the mean 
the rma l  flux and the local  t e m p e r a t u r e  drops .  In o rde r  to de te rmine  the effect  of fin spacing, also un- 
heated dummy fins w e r e  p r e s s e d  on the cyl inder .  The loose  ma te r i a l  was  an a i r  dr ied mix ture  of quar tz  
sand with the av e r age  gra in  s ize  0.52 mm.  The t es t s  we re  p e r f o r m e d  at sand s t r e a m  veloci t ies  varying 
f rom 1.2 to 11.0 m m / s e c .  At each veloci ty  the m e a s u r e m e n t s  w e r e  made with the cyl inder  in five different  
posi t ions  shown in Fig. lb  and ro ta ted  through 45, 90, 135, and 180 ~ The r e su l t s  yielded a p r ec i s e  d i s -  
t r ibut ion pa t te rn  of heat  t r a n s f e r  intensi ty ove r  the fin and the base  cyl inder  su r faces .  I t  is noteworthy 
that  the resu l t s  for  each fixed point did not depend on the position of the r ibbons (along or  a c r o s s  the flow), 
s ince the heat  over run  along the r ibbons was smal l .  The distr ibution curve  of the heat  t r a n s f e r  coefficient  
along a fin at  different  veloci t ies  of the sand heap (1.2, 4.56, and 11.0 m m / s e c )  has been plotted in Fig. lb  
f rom the thermocouple  readings at the tip and at the base  of a fin. 

Over the en t i re  fin sur face  the heat  t r a n s f e r  intensity is lower  at the base  than at the tip. However,  
the ra te  at which the heat  t r a n s f e r  coefficient  va r i e s  along the radius  is different:  it is high at  the front  
(0 ~ < ~v < 40~ reaching  its m ax i m um  at  q~ ~ 45 ~ then it d e c r e a s e s  to its minimum within the 90 ~ < ~v < 135 ~ 
region and again inc reases .  When the sand heap moves  at  4.56 m m / s e c ,  for  example ,  the rat io  of heat  
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Figs 1. Elec t r ica l  ca lo r ime te r  for  the experiment:  (a) fin (I), 
hea ter  ribbon (iI), thermocouple junctions 1-15 (lID, R 2/1 po ten -  
t iomete r  (IV), Dewar flask (V), switch (VD, K-50 inst rument  
panel (VIII}, SN-500 voltage s tabi l izer  (VIII), and distribution of 
heat t r ans fe r  coefficients along the fin surface.  (b) Vsand = 11.0 
(1), 4.6 (2), and 1.2 (3) m m / s e c .  Solid line is for r = 27 mm, 
dashed line is for  r = 3 ram, a ( W / m  2. ~ 

t r ans fe r  coefficients at points 1 and 5 (all%) is 1.52, 2.7, 1.25, 1.2, and 1.5 respect ively at ~ = 0, 45, 90, 
135, and 180 ~ It  is not possible to fit the relation ~r/ap = f ( r / r  0) into one single equation describing the 
radial variat ion of heat t r ans fe r  intensity: at the front section of the cyl inder  it is a lmost  exponential, while 
at the 45 ~ < ~ < 180 ~ region it follows a power law. 

It can be seen in Fig. lb  that the manner  in which the heat t r ans fe r  intensity var ies  with the deflec-  
tion angle is different for segments  adjoining the fin tip and for those adjoining the fin base. Near  the fin 
tip, the heat t r ans f e r  coefficients increase  with the distance f rom the front section, reaching their  maximum 
and remaining a lmost  constant at that level along the la teral  surfaces  (45 ~ < ~ < 130~ and then decrease  
monotonically down to the wake. Near  the fin base, the heat t r ans fe r  coefficients remain a lmost  unchanged 
at the 0 ~ < q~ < 70 ~ region and begin to increase  only at ~ > 70 ~ 

Thus, the la teral  fin sur faces  are  charac te r ized  by the maximum heat t r ans fe r  intensity, while the 
front and the wake are  less  effective. 

Analogous resul ts  are  obtained at various velocities of the sand heap (Fig. lb). 

The variation of the heat t r ans fe r  coefficients around the c i rcumference  of th~ base cylinder is ana-  
logous to that shown in [2] for the case of a smooth cylinder without fins, but the intensity of heat t r ans fe r  
is here somewhat lower. 

Such a distribution of local heat t r ans fe r  coefficients over  the surface of a finned cylinder is entirely 
determined by the flow pattern of the sand. The presence  of fins does not introduce any qualitative changes: 
maintained are  the stagnation zone at the front and the separat ion zone at the wake, both charac te r i s t ic  of 
a t r ansve r se  flow past  a smooth cylinder.  

The stagnation zone subtends the upper par t  of the fin and the separation zone the lower par t ;  only 
the la teral  surfaces  are  in a continuous s t ream.  The stagnation zone has a shape approaching a pyramid 
whose width and thickness a re  maximum at the fin base and both decrease  toward the fin tips The dimen- 
sions of the stagnation zone depend on the fin and the cylinder dimensions,  on the sand grain size,  on the 
coefficients of internal and external friction, and on the velocity of the sand heap. The maximum height of 
this zone (at ~ = 0 ~ always exceeds the height of the fin, the la t ter  being ent irely submerged in it along 
this section. The presence  of this stagnation zone, where the mater ia l  moves slowly, results  in a worsen-  
ing of the heat t r ans fe r  along the lateral  par t  of the fin. The heat t r ans fe r  coefficient decreases  noticeably 
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Fig. 2. Radial variat ion of mean-ove r - the -c i r cumfe rence  heat 
t r ans fe r  coefficients.  Symbols a re  the same as in Fig. lb. 

Fig. 3. Circumferent ia l  variation of mean-ove r - the - r ad ius  heat 
t r ans fe r  coefficients:  v s = 4.6 m m / s e c  (2) and 7.7 m m / s e c  (4). 

f rom the tip to the base of the fin at ~0 = 0, owing to the increased fin thickness and, therefore ,  to the in- 
c reased  thermal  res is tance of the stagnation zone. A still more dras t ic  reduction of the heat t r ans fe r  in- 
tensi ty  in the 20 ~ < ~ < 70 ~ region is explained by the pyramidal  shape of the stagnation zone, which leaves 
the fin tip a l ready outside this zone in a continuous sand s t ream,  while the base remains  within it. The 
heat t r ans fe r  intensity is high and var ies  insignificantly along the radius at the la tera l  sur faces ,  because the 
la t te r  are  in a continuous sand s t ream.  In this region the maximum heat t r ans fe r  intensity is observed 
also at the fin tip, where the t ime of contact between the sand heap and the heated surface is minimum. 
The heat t r ans fe r  at the fin base in the wake zone is affected adverse ly  by the separation of the heap from 
the cylinder,  while the heat t r ans fe r  intensity at the fin tip is reduced by the longer  contact t ime. The 
variation of heat t r ans fe r  intensity around the c i rcumference  of the base cylinder is due to the same causes 
as in the case of a smooth cylinder [2]. 

An analysis has shown that increasing the velocity of the moving sand makes the heat t r ans fe r  inten- 
si ty increase  about equally over  the entire fin surface.  The only exception here  is the front par t  of the fin 
at the base,  where the presence  of the stagnation zone reduces somewhat the rate of change of the heat 
t r ans fe r  coefficients.  

Narrowing the fin spacing within the range under consideration produces a worsening of the heat 
t r ans fe r  over  the entire fin and cylinder surface,  especial ly in the lateral  and in the wake region, which 
indicates that the stagnation and the separation zone have been thus widened. At the same t ime, the d is -  
tribution of local heat t r ans fe r  coefficients descr ibed ear l ie r  remains  unchanged in charac ter .  

The degree of radial and c i rcumferent ia l  nonuniformity has been determined on the basis of available 
data. 

In Figure 2 we show, in relat ive coordinates,  the radial variat ion of heat t r ans fe r  coefficients around 
the c i rcumference .  The data obtained at various sand velocities fall on a single curve which indicates a 
r is ing heat t r ans fe r  intensity toward the fin tip and which, within a probable e r r o r  of • can be descr ibed 
by the relation: 

a 1.1 (r/ro) ~ (1) 
O~p 

Thus, the radial nonuniformity within the studied range does not depend on the velocity. For  a fin 
whose height is 30 mm the ratio of mean -ove r - the -c i r cumfe rence  heat t r ans fe r  coefficients at the tip and 
at the base (ai/c~5) is equal to 1.5. The maximum deviations f rom the mean heat t r ans fe r  coefficient for  the 
entire fin are  -13% and +30%. 

Reducing the fin height, with all other  conditions unchanged, resul ts  in less  radial nonuniformity. 
The c i rcumferent ia l  nonuniformity is depicted in Figure 3, where the mean-ove r - the - r ad ius  heat t r ans fe r  
coefficient is shown as a function of the deflection angle. The nonmonotonic variation in heat t r ans fe r  
intensity, with a maximum at the la teral  surfaces ,  is due to the pattern of variation of local pa rame te r  
values which has been descr ibed ear l ier .  The maximum deviations from the overall  mean value are  as 
much as -20% and + I5%, while the ratio of maximum (at ~o = 90 ~ to minimum (at ~ = 0 ~ heat t r ans fe r  coef-  
ficient is 1.44 here.  The sand velocity does not seem to affect  the c i rcumferent ia l  nonuniformity in any 
significant way. 
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Fig. 4. Correct ion factor  
as a function of radial  non-  
tmfformity: mh = 0.5 (1), 
1.0 (2), and 1.5 (3). 

In o rder  to evaluate the effect of nonuniformity on the fin efficiency, 
a correc t ion  fac tor  tl was calculated for  various values of the argument  
(mh). Since no analytical solution to the heat conduction problem is avai l-  
able for annular fins in a two-dimensional  field of heat t r ans fe r  coefficient 
variation, and because the law according to which this coefficient varies  
with the deflection angle is ra ther  complex, the analysis  was simplified 
by disregarding the c i rcumferent ia l  nonuniformity. 

The radial variation of heat t r ans fe r  intensity was taken to follow 
Eq. (1). The calSulations were  made using the analytical solution which 
had been obtained for annular fins with a radial variat ion of the heat t r ans -  
fer  coefficient according to a power law. The calculated values of the c o r -  

rection factor  TI are  shown in Figure 4. At mh = idem, the correc t ion  factor  differs f rom unity more  as 
the radial nonuniformity increases .  

With a constant nonuniformity according to Eq. (1), the correc t ion  factor  decreases  as the argument  
(mh) increases .  At a / a  o = 1.5 and mh < 0.5 the correc t ion factor  may be assumed equal to unity, while at 
mh > 0.5 the recommended formula is 

YI -- 0.97 - -  O,1 ( m h - -  0.5). (2) 

As the height of annular fins is decreased ,  the radial nonuniformity will decrease  and the correc t ion 
fac tor  will approach unity. For  fins of optimum height (5-10 ram) the correc t ion  factor  may, within an ac -  
curacy  adequate for pract ical  purposes ,  be taken as unity. 

It  ought to be noted that these conclusions are  valid for the case where the effect of c i rcumferent ia l  
nonuniformity is negligibly small  and that these conclusions a re ,  therefore ,  tentative. 

The resul ts  can be verif ied either by analytically solving the equation of heat conduction, with the 
actual laws of heat t r ans f e r  variation along two coordinates taken into account, or  by experiment (using, 
for  instance, the method of e l ec t ro - the rmal  analogy). In the lat ter  case,  there appears the possibil i ty of 
taking into account the variation of fin base tempera ture  as a function of the deflection angle - a resul t  of 
nonuniform exposure to the sand s t ream.  

The data on local  heat  t r ans fe r  have been useful also in comparing the heat t r ans fe r  intensity at the 
components of a finned cyl inder:  at the base cylinder and at the fin. In all cases  the mean heat t r ans fe r  
intensity at the fin is higher than at  the base cyl inder  and the difference depends on the fin spacing as well 
as on the sand velocity. Reducing the spacing between fins worsens  the heat t r ans fe r  at the fins to a l e s s e r  
degree than at the base cylinder.  Thus, with a 3.2 m m / s e c  sand velocity and a 7 mm fin spacing the heat 
t r ans fe r  intensity at  the fins is 11% higher than at the base cylinder,  while with a 10 mm spacing it is 20% 
higher.  The sand veloci ty affects the heat t r ans fe r  at the fins and at the base cyl inder  much more signifi- 
cantly. When the sane velocity becomes 11.5 m m / s e e ,  accordingly,  the difference between the heat t r ans -  
fer  intensities with the fins spaced as before (7 and 10 ram) increases  to 26% and 33% respect ively.  

It  is worthwhile to compare  a finned cylinder (diameter 33.5 ram, h = 30 ram) with a smooth cylinder 
for  which data have been obtained. The heat t r ans fe r  intensity at  the finned cylinder components and also 
the overal l  mean-weighted heat t r ans fe r  coefficient are  lower than for a smooth cylinder,  which means that 
the given finning geomet ry  does not ensure an actual improvement  of the heat t r ans fe r  and this agrees  with 
the data in [2]. This can be explained, as has been indicated ear l ie r ,  by the less  effective cooling in the 
sand s t ream on account of the t r ansve r se  fins. As has been shown in [1], an increase  in a as compared to 
smooth cylinders is attained by means of fins of small  height. 

a 1 is the 
a r is the 

is the 
_~p is the 
a is the 

is the 
P~ is the 
v s is the 

N O T A T I O N  

heat t r ans fe r  coefficient at a given point, W/m2; 
mean-ove r - the  radius heat t r ans fe r  coefficient, W/m2; 
m e a n - o v e r - t h e - c i r c u m f e r e n c e  heat t r ans fe r  coefficient,  W/m2; 
overal l  mean heat t r ans f e r  coefficient for  a fin, W/m2; 
overal l  mean heat t r ans f e r  coefficient for  the entire finned cylinder,  W/m~; 
deflection angle; 
correc t ion  factor; 
sand velocity, m m / s e c .  

767 



ii  
2. 
3. 
4. 

L I T E R A T U R E  C I T E D  

V. A. Kalender'yan and V. V. Kornaraki, Inzh. Fiz. Zh.,  18, No. 1, (1970). 
V. A.  Kalender'yan, V. V. Kornaraki, and A. P. Markyavi-chus, Teplo6nergetika, No. 11 (1968). 
V. K. Migai, Inzh. Fiz. Zh.,  6, No. 3, (1963). 
G. J. Meles, Nuclear Energy, Pergamon Press  Ltd., London (1957), Vol. 5, pp. 285-300. 

768 


