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Results  of investigations and general ized relat ions for  calculating heat  t r ans fe r  of a dense 
layer  with t r ansve r se ly  finned cyl inders  a re  presented .  Thermal  efficiency is de termined 
and recommendat ions  a re  given for  se lect ing the geometr ic  p a r a m e t e r s  of developed s u r -  
faces of this type. 

The presen t  ar t ic le  is a continuation of the set  of investigations of heat t r ans fe r  between a dense un-  
blown layer  of granular  mater ia l  and t r ansve r se ly -c i r cumf luen t  developed surfaces  [1-3, et al.].  The i r  pu r -  
pose is to study the effect of the s ize  and shape of finning on the ra te  of heat  t rans fe r ,  to obtain design r e -  
lationships,  and to find ways of optimizing developed surfaces  applicable to a dense layer .  

Finning should sat isfy the following requ i rements :  a) provide sepa ra t ion - f r ee  c i reumfluence  by the 
layer ,  which makes it possible to achieve a high r a t e  of heat t r ans fe r  with elements  of small  length; b) 
el iminate or reduce  zones of stagnation and separat ion of the layer  ar is ing during t r ansve r se  flow around 
c i rcu la r  cyl inders  and charac te r ized ,  according to [4, 5, 2], by low heat t ransfer ;  c) provide sufficiently 
high efficiency of the fins; d) provide the possibil i ty of obtaining large finning coefficients without noticeable 
loss of heat t r ans fe r .  The fulfi l lment of the last  r equ i remen t  is especial ly des i rable  s ince for a dense layer  
moving under gravitat ional  fo rce  an increase  of the finning coefficient  is not accompanied by an increase  
of energy expenditures for  t ranspor t  as is the case  for other  heat c a r r i e r s .  

The authors investigated single cyl inders  with t r ansve r se  c i r cu la r  finning which to some extent s a t i s -  
fied the aforementioned conditions. In so doing we studied the effect of the ra te  of heat t r ans fe r  on the 
height and spacing of the fins, d iameter  of the cyl inder ,  and velocity of the layer ,  which was var ied  within 
w = 0.32-10.6 m m / s e c .  The geometr ic  pa r am e te r s  of the finned cyl inders  are  given in Table 1. 

The method of the investigations,  its substantiation, descr ipt ion of the exper imental  device,  and mea -  
surement  schemes  a re  presented  in [3]. In accordance  with this method,we es t imated not only the total 
thermal  r e s i s t ance  but also its components due to convective heat t r ans fe r  and thermal  conductivity of the 
fins.  The investigations w e r e  ca r r i ed  out during steady movement  of the mater ia l  by the s teady-s ta te  t he r -  
mal reg ime  method with the heat flux di rec ted  f rom the sur face  to the layer .  We determined:  1) the r e -  
du_ced hea t - t r ans fe r  coefficient O~re d = Q/~bF~; 2) the average  convective hea t - t r ans f e r  coefficient  ~ = Q 
/,~FE; 3) the efficiency of the fins E = ,~f/V~b; 4) the cor rec t ion  for  nonuniformity of the distribution of the 
ra te  of heat t r ans fe r  over  the sur face  of the fins C = E /E t ,  where  E t = th[mh(1 + 0.8log (D/d))]/mh(1 + 0.8 
log (D/d)) is the efficiency when o~f = const [6]. 

The granular  mater ia l  (dry quartz sand) was a mixture  with an average par t ic le  s ize  dp = 0.24 mm 
and the following fract ional  composition: 0-0.24 mm, 0.9%; 0.24-0.42 ram, 44.65%; 0.42-0.85 ram, 35.6%; 
0.85-1.0 mm, 4.86%; more  than 1 mm, 5.0% (particle s ize  was averaged by volume).  The effective heat 
conductivity of the layer ,  de termined at a unit weight ~/vol = 1600 kg /m 3 which corresponds  to steady move-  
ment,  was Xef = 0.32 W/m .g and the effective thermal  diffusivity was a = 0.22 �9 10 -6 m2/sec .  

An analysis  of the p r ima ry  exper imental  data shows that for  all investigated cyl inders  the hea t -  
t r ans fe r  coefficient  drops with an increase  of the height of the fins and d iamete r  of the cyl inder  and de-  
c r e a se  of the spacing of the fins and velocity of the layer .  The effect of the geometr ic  and reg ime  p a r a m -  
e te rs  on heat  t r ans fe r  is explained by their  effect on the cha rac te r  of c i rcumfluence .  We can assume that 
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TABLE 1. Geomet r i c  P a r a m e t e r s  of Finned Surfaces  
Diameter of base d, 

r f l m  
Height offinsh, rnm 
Spacingoffinst, rnm 
F~ning coefficient 

Relative height of 
fins h/d 

Relative spacing of 
fins t/d 

33,5 

30 10 20 30 30 30 
12 22 22 22 32 52 

I1 2,3 4,2 6,6 4,5 3,5 

0,9 0,3 0,6 0,9 0,90,g 

0,36 0,66 0,66 0,66 0,95 
1,55 

42,1 

I0 20 30 
22 22 22 

2,2 3,8 5,7 

0,24 0,48 0,72 

0,52 0,52 0,52 

54,2 

10 2030 
22 22 22 

2,1 3,6 5,5 

0,18 0,37 0,56 

0,4 0,4 0.4 

Note: Fin thickness 6 = 2 ram; material steel St. 3. 

c i r c u l a r  f ins,  while not changing the quali tat ive pa t te rn  of flow pas t  the cyl inder  {stagnant zone in the f rontal  
pa r t ,  flow pas t  the s ide su r face  without separa t ion ,  and separa t ion  of the l ayer  in the s t e rn  zone), do in t ro -  
duce quanti tat ive changes .  These  a re  re f lec ted  mainly  in the s ize  of the stagnant zone, its height and width 
increas ing ,  the higher the f ins ,  and the s m a l l e r  the spac ingbetween  t h e m , b e c o m e .  Similar  phenomena a re  ob-  
s e rved  also on increas ing  the d i ame te r  of the cyl inder .  This leads to a dec rea se  of heat  r e l e a s e d  f r o m  the su r face  
of the fins and base ,  to a d e c r e a s e  i n ~  and a r e  d (the la t te r  quantity also re f lec t s  a change in the t he rma l  
r e s i s t a n c e  of conductivity of the fins as a function of thei r  height and cooling conditions).  Intensif icat ion of 
heat  t r a n s f e r  upon an inc rease  of veloci ty  is due to an improvemen t  of the r e l e a s e  of heat  f r o m  the port ions 
pas t  which flow occurs  without separa t ion  (side su r f ace s  of the cyl inder  and fins) and to a much l e s s e r  ex-  
tent to some  d e c r e a s e  of the s ize  of the s tagnant  zone. We should point out that the cons idera t ions  exp re s sed  
follow f r o m  an ana lys i s  of the genera l  r egu la r i t i e s  of the movement  of the l ayer  and a r e  in need of r e f i n e -  
merit on the bas i s  of data on local heat  t r ans fe r .  The r a t e  of change of ~ and a r e  d as a function of veloci ty  
is p rac t i ca l ly  the s a m e  for  all cy l inders .  

The exper imenta l  data were  genera l ized  on the bas i s  of the r e su l t s  of an analys is  by the method of 
the theory of s i m i l a r i t y  of a s y s t e m  of equations descr ib ing  heat  t r an s f e r  of a l ayer  with finned su r f aces  
(equations of heat  t r ans f e r ,  energy,  motion,  l imit  equi l ibr ium, continuity, and heat conductivity of the fins).  
The components  of this complex p r o c e s s  (purely convect ive heat  t r a n s f e r  and heat  conductivity of the fins) 
we re  examined sepa ra te ly ,  which led to the following d imens ion less  equations: 

N u = f l (  pe' h'd , td ' dpd , ; 1  , (1) 

E = h (mh, C), (2) 

c = f3 ( mh, Pe, h t d I ) 
d '  d '  dp dp (3) 

Equation (1) r e f l ec t s  the effect  on convect ive heat  t r a n s f e r  of the veloci ty  and p r o p e r t i e s  of the g ranu la r  
ma t e r i a l  (Peclet  number) ,  geome t r i c  p a r a m e t e r s  of the su r face  (simplexes h /d ,  t /d) ,  conditions of flow 
around it (simplex d/_dp), c h a r a c t e r  of the movement  of the l ayer  in the spaces  between the fins (simplex 
t /dp) .  Equation (2) talges into account the eff iciency of the fins as a function of their  s ize ,  heat conductivity,  
and cooling condit ions.  

Since the c h a r a c t e r  of flow of the l ayer  around the fins pe rmi t s  expecting cons iderable  nonuniformity 
of the dis tr ibut ion of heat  t r a n s f e r  over  their  su r face ,  its effect  must  be taken into account,  which can be 
done by means  of the co r rec t ion  C. As is known, nonuniformity  causes  red is t r ibu t ion  of the t e m p e r a t u r e s  
in the fin and a change of eff iciency in compar i son  with that calculated for  conditions c(f = const .  C o r r e e -  
tion C is a flmction of the c h a r a c t e r  and degree  of nontmiformity,  which in turn depends on the veloci ty  of 
the l ayer ,  s ize  of the fins,  and conditions of thei r  c i rcumfluence .  Other conditions being equal, the value 
of the co r rec t ion  is also affected by the mh number .  All these fac tors  a r e  taken into account by Eq. (3). 

On the bas i s  of the data obtained f r o m  Eqs.  (1)-(3) we can calcula te  the reduced h e a t - t r a n s f e r  coef -  
fieient and the quantity of heat  for  finned su r f aces  made of any mate r ia l :  

( Ff @ Fb)  (4) 
area =~- E tc  ~ -  ~ ' 

Q = a,~,lFz~ b (5) 

In accordance  with d imens ion less  equation (1) we analyzed in sequence the effect of each of the c h a r -  
ac t e r i s t i c  f ac to r s  on the r a t e  of heat  t r a n s f e r .  F igure  l a ,  b shows the pa r t i cu l a r  dependences ~ = f(h/d) 
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Fig. 1. Nussel t  number  vs s implex  h /d  (for t /d  = 0.66 
= idem) (a) and s implex  t / d  (h/d = 0.9 = idem) (b): 1) Pe 
= 700; 2) Pe = 100. See F ig .2  for  symbo l s .  
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Fig. 2. General ized re la t ion  of heat  t r a n s f e r  of a dense 
l a y e r  with t r a n s v e r s e l y  finned cyl inders :  1) t = 22 m m ,  
d = 3 3 . 5 m m ,  h = 1 0 m m ; 2 )  t = 1 2 m m ; 3 )  t = 3 2  m m ; 4 )  
t = 52 mm;  for  2-3) d = 33.5 m m ,  h = 30 mm;  5) h = 10 
mm;  6) h = 20 mm;  7) h = 30 mm;  for  5-6) d =54.2 m m ,  t 
= 2 2 m m ;  8) h = 1 0  mm;  9) h = 2 0 m m ;  10) h = 3 0 m m ;  
for  8-10) d = 42.1 ram, t = 22 ram.  

and N-u = f(t/d) (the Pec le t  number  is taken as a p a r a m e t e r ) .  The i r  c h a r a c t e r  follows f r o m  the effect  of the 
spacing,  height of the fins,  and d i ame te r  of the cyl inder  descr ibed  above.  We see  f r o m  the graphs  that the 
exponents of the s implexes  h / d  and t /d  a r e  p rac t i ca l ly  independent of the Pec le t  value.  Within the inves t i -  
gated l imi t s  of var ia t ion  of the p a r a m e t e r  d/dp (139-226) its effect on hea t  t r an s f e r  with finned cyl inders  
(unlike unfinned) is not detected.  Nor a r e  the conditions of movement  in the spaces  between fins affected 
in the invest igated range  of t /dp (40-100). This  can be  explained by the fact  that unconst ra ined movement  
occurs  when (t - 6) /dp > 30. 

F igure  2 p r e sen t s  the r e s u l t s  of a genera l iza t ion  of al l  exper imenta l  data.  The dependence in Fig. 2 
can be descr ibed  with a probable  e r r o r  of * 8% by the equation 

- -  ( h ~ - ~  t ~0.~0 
N .  = ' 

which holds in the following l imits :  0.18 -< (h/d) -< 0.9; 0.36 -< (t /d) -< 1.55; 70 -< Pe  -< 1500; 139 -< (d/dp) 
-< 226; 40 -< (t/dp) -< 100; (t - 5/dp) > 30. The d i ame te r  of the cyl inder ,  ave rage  t e m p e r a t u r e  of the ma te r i a l ,  
and its ve loci ty  in the min imal  sect ion a r e  taken as the cha r ac t e r i s t i c  p a r a m e t e r s  in Eq. (6). 

As was indicated above,  the cor rec t ion  C was calculated on the bas i s  of exper imenta l  data on the t e m -  
pe r a tu r e  dis tr ibut ion in the fin. It is shown in [2] that in this method of de terminat ion  the cor rec t ion  is s o m e -  
what conditional and takes into account not only the nonuniformity but also the di f ference between the weighted 
mean  h e a t - t r a n s f e r  coefficient  ~ (with r e s p e c t  to which E t is calculated) and the t rue  coeff icient  of  heat  
t r ans f e r  to the su r face  of the fins themse lves  (~f).  However ,  for  high finning coeff ic ients ,  when  the su r face  
of the fins g rea t ly  exceeds the su r face  of the cyl inder  (Ff >> Fb) , the values  of ~ and ~ f  a re  c lose  and C 
re f l ec t s  mainly  the effect  of nonuniformity.  

The pa t te rn  of c l rcumfluence  descr ibed  above indicates a not iceable change of the r a t e  of heat  t r an s f e r  
over  the su r face  of the fins - over  the radius  and angle of ro ta t ion.  The max imum nonuniformity radia l ly  
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Fig .3 .  Relative specific heat extraction as 
a function of the finning coefficient:  1) t = 52 
ram; 2) 32; 3) 22; 4) 12 (for 1-4,d = 33.5 mm); 
5) t = 8 mm, d = 22 mm; 6) respect ively 6.6 
and 15; 7) 6.6 and 10; 8) h = 30 mm; 9) 20; 
10) 10; 11) 7; 12) 4.5 mm. 

should occur  in the frontal part ,  where the fin lies in the 
stagnant zone whose thickness at the base is considerably 
g rea te r  than near  the apex. In the region of the equator 
and s te rn  the fin is washed by moving mater ia l  and the re -  
fore the change of charac te r  of movement and heat t ransfer  
radial ly cannot be very  substantial.  A maximum nonuni- 
formity  over the angle of rotat ion should also be expected 
between the frontal part  and equator, where the size of the 
stagnant zone changes noticeably. We can assume that the 
hea t - t r ans fe r  coefficient reaches  a maximum near the 
apex in the equatorial region and a minimum near  the base 
in the frontal par t .  An increase of heat t ransfer  f rom the 
base to the apex leads to a decrease  of efficiency in com-  
parison with its value at ~f = const. This difference is 
more  appreciable,  the higher the fin and g rea te r  the veloc-  
ity of the layer .  

The method used did not permi t  reveal ing the effect of all factors  figuring in Eq. (3). Trea tment  of 
the experimental  data led to the following approximate formula  for 0.5 -< mh -< 1.1: 

C = 1- -0 . I  mh. (7) 

When mh < 0.5 we can take C ~ 1.0. Qualitatively, formula  (7) agrees  with the resul ts  obtained in [2] for 
s traight  longitudinal fins. However, it is in need of refinement on the bases of data on local heat t ransfer  
and solution of the problem of heat conductivity of c i rcu la r  fins for a f  = va t .  It should be noted that the 
analytic solution is extremely complicated owing to the two-dimensional field of variat ion of the h e a t - t r a n s -  
fer  coefficient.  

It is of interest  to compare  the hea t - t r ans fe r  charac te r i s t i cs  of finned and smooth cyl inders .  It can 
be per formed on the basis of Eq. (6) and data of [7] for smooth cylinders and leads to the following genera l -  
ized relat ion for the relat ive intensity of heat t ransfer :  

__ h -o.r2 t lo.a~pe_OOa(d ~-o.a9 

Nu 0 

(here Nu 0 is the cr i ter ion of the average rate  of heat t ransfer  for  a smooth cyl inder  when Pe = idem). Equa- 
tion (8) is applicable within the same limits as (6). As we see f rom (8), the effect of c i rcu la r  finning on 
heat t ransfer  is determined by its geometr ic  pa ramete rs ,  re la t ive height of the fins and relat ive spacing. 
The simplex d/dp, which charac te r i zes  the conditions of flow around the smooth cylinder,  also has an effect. 
The role  of the Peelet  number is small .  Calculations show that when h/d  = 0.9 and t /d = 0.36 the rate  of 
heat t ransfer  of a finned cylinder as compared to a smooth one drops 67% and when h/d = 0.18 and t /d = 1.55 
it increases  62% (d/dp = 150 and Pe = 2 00 were  used in the calculations).  Thus, low and widely-spaced fins p r o -  
mote an intensification of convective heat t ransfer  owing to separa t ion- f ree  flow around their side surfaces  
and insignificant deter iorat ion of the conditions of flow around the supporting cylinder.  

This compar ison still does not permi t  making a conclusion concerning the expediency of using finning 
and its optimal cha rac te r i s t i c s .  Such a possibili ty is manifested on comparing finned and smooth surfaces  
with respec t  to specific heat extraction (per unit length of cylinder) at the same thermal heads and velocit ies 
of the layer .  The relat ive specific heat extraction 

E:!h = q_!t _ ~,red F~ .~. ar._ed-- ~ (9) 

qu abFb ab  

takes into account not only the conditions of convective heat t ransfer ,  just as Eq. (8), but also the effect of 
the thermal  res i s t ance  of heat conductivity of the fins and the relationship of the surface  of finned and smooth 
cylinders {finning coefficient ~). Equation (9) serves  as an indicator of the thermal efficiency of developed 
sur faces .  In accordance  with (9), to increase  the relat ive heat extraction it is neces sa ry  to increase  the 
finning coefficient,  which can be done by increasing the height or  decreas ing the spacing of the fins. But 
according to (8) this reduces heat t ransfer .  The question a r i ses ,  to what l imits and how should the com-  
pactness of the surface be increased.  The answer is given by Fig. 3, where thefunctions Ex h = f(r a re  given 
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for  cy l inders  of var ious  d i ame te r s  when h = va r ,  t = idem (solid l ines 1-7) and when h = idem, t = v a r  
(dashed lines 8-12). The range of var ia t ion  of the geomet r i c  p a r a m e t e r s  l ies within the l imits  covered  by 
Eq. (8). An analys is  of curves  1-7 shows that when t = idem and r i nc rea se s  owing to an inc rease  of the 
height of the f ins,  the specif ic  heat  ext rac t ion  at f i r s t  i nc r ea se s  ve ry  noticeably and then slows or  s tops .  
This is due to the fact  that when cer ta in  values  of r a r e  exceeded the dec r ea se  of ~ ,  Et, and C beco me  
commensu rab l e  and even begins to predomina te  over  the inc rease  of su r face .  A dec rea se  of the spacing 
when h = idem produces  much be t t e r  resu l t s ;  in this ease  the specif ic  heat  ext rac t ion inc reases  in the en-  
t i r e  range  of ~0 (curves 8-12). This is explained by the fact  that the s implex  t /d  affects  only the values  of 
a (much m o r e  weakly than h/d),  and E t and C r e m a i n  p rac t i ca l ly  unchanged. 

When (p = idem,  max imum heat extract ion is at tained at min imum d iame te r s  of the cyl inder .  Thus,  
the s m a l l e r  the d i ame te r  of the cyl inder ,  the more  expedient the use  of f ins.  In this case  it is n e c e s s a r y  
to use  low fins,  providing the n e c e s s a r y  finning coeff icient  by reducing the spacing.  We can r e c o m m e n d  
values  h -< 15 ram, t ~ 10 m m .  When se lec t ing the min imum values  of spacing it is n e c e s s a r y  to provide  
unconst ra ined movement  in the spaces  between the fins (t - 6)/dp > 20-30. The working conditions of finning 
when 10 < (t - 6)/dp z 20 r equ i r e  study, s ince in this ease  heat  t r ans f e r  can be adverse ly  affected by con-  
s t ra in t  of movement ,  leading to loosening of the l aye r  and drop of its effect ive hea t  Conductivity, which mus t  
be  taken into account in the genera l ized  re la t ion.  The use  of (t - 6)/dp< 10 is not allowed owing to the p o s -  
sibi l i ty of the j amming  of pa r t i c l e s .  

Thus,  for  a dense l ayer  c i r cu l a r  finning with ra t ional  geomet r i c  p a r a m e t e r s  p e r m i t s  increas ing  specif ic  
heat  ext rac t ion by a fac tor  of 3.5-4.5 and increas ing  cons iderably  the compac tness  of the h e a t - t r a n s f e r  s u r -  
face .  This is all  the m o r e  valuable s ince additional expenditures  a r e  not needed for t ranspor t ing  the g r a n -  
u la r  ma te r i a l .  In addition, st i l l  another  advantage is at tained in this case  - m o r e  uni form heating of the 
ma te r i a l ,  which is important  in a number  of production p r o c e s s e s .  All conclusions a r e  valid for  va r ious  
ma te r i a l s  with good f ree- f lowing p rope r t i e s .  For each specif ic  case  this analys is  of the t he rma l  efficiency 
should be supplemented by a compar i son  on the bas i s  of weight and cost  indexes.  

Q 

ql, q/0 
fz, Ff, F b 

D 

Nu = ad /Xef  
Pe = wd/aef 

N O T A T I O N  

is the total  quantity of heat  t r a n s f e r r e d  f r o m  the finned cyl inder  to the l aye r ,  W; 
a r e  the specif ic  heat  flux per  unit length of finned and smooth  cy l inders ,  r e spec t ive ly ,  W/m;  
a r e  the su r face  of finned cyl inder ,  f ins,  and base ,  r e spec t ive ly ,  m2; 
is the weighted mean excess  t e m p e r a t u r e  of finned cyl inder ,  ~ 
is the ave rage  excess  t e m p e r a t u r e  of ba se  of cyl inder ,  ~ ;  
is the d i ame te r  of f ins ,  m; 
is the d imens ion less  complex;  
is the Nussel t  number ;  
is the Pec le t  number .  
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