
AVERAGE AND LOCAL CHARACTERISTICS OF 

THE HYDRODYNAMICS AND HEAT EXCHANGE IN 

CHANNELS CONTAINING SPHERICAL ELEMENTS 

N.G. Burdanov, L. E. Kostikov, 
V.V. Lozovetskii, V. u Perevezentsev, 
and V.A. Sulin 

UDC 536. 244 

A study is made of the hydraulic r e s i s t ance  andthe a v e r a g e a n d  l o c a l h e a t - t r e a t m e u t  coefficients 
in channels packed with spheres ,  as well  as the hydrodynamics  of the flow over  a spher ica l  e le -  
ment .  

The analys is  of data on the investigation of p r o c e s s e s  of hydrodynamics  and heat  exchange in channels 
packed with spheres  [1-4] has shown the inadequate degree  of study of the hydraulic  r e s i s t ance  and heat  exchange 
as well  as the total absence  of information on the local heat  exchange andhydrodynamics  in such channels .  In 
the p r e sen t  work,, the re fo re ,  we inves t iga ted  the hydraul ic  r e s i s t a n c e  and ave rage  heat  exchange in channels 
is packed with sphe re s  in the range  of va r i a t ion  of coolant ve loc i ty  f r o m  0.5 to 50 m / s e c ,  which co r r e sponds  
to var ia t ion  of the Reynolds  number  in the range  of 5 �9 102-7 �9 104, the local  h e a t - t r a n s f e r  coeff icients  f r o m  
spher i ca l  e l ements  of d i f ferent  packings,  and the s t ruc tu re  of the gas  s t r e a m  in a channel  packed with sphe re s  
to c lar i fy  the m e c h a n i s m s  of the p r o c e s s e s  of hydrodynamics  andhea t  exchange.  

The hydraul ic  r e s i s t ance  of channels containing spheres  was studied in channels of eight s tandard  s izes  
f rom 32 to 150 m m  in d i ame te r  and up to 1800 m m  long. Spheres  of 17 s tandard s izes  with d iamete r s  f rom 12.7 
to 76.2 m m  were  used.  The channels and spheres  were  finished to c l a s se s  6-8.  

The exper imen ta l  data on the hydraul ic  r e s i s t ance  of packings of spheres  in channels were  analyzed with 
r e s p e c t  to the equation 

2 A P d  a v  

= pv z (1) 

The exper imen ta l  investigation of the hydraul ic  r e s i s t ance  was p receded  by a study of the sphere  packings 
which develop in channels .  It was es tabl i shed tha t the re  is a one- to-one  cor respondence  betweenthe  c h a r a c t e r  
of the packing and the ra t io  n =D/d.  The exis tence of four types of packings,  differing in s t ruc tu re ,  was detected 
inthe channels as a function of the ra t io  n: 

1) s t ra igh t - l ine  packing, c rea ted  ar t i f ic ia l ly  with spacing r ib s ,  with n f rom i to ~o, cha r ac t e r i z ed  by the 
a r r a n g e m e n t  of the cen te r s  of the spheres  and the contact  points on the channel axis ;  
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Fig.  1. Veloci ty prof i les  a t  the sur face  
of sphere  No. 7 of s t r a igh t - l ine  packing 
(the angle ~ is m e a s u r e d  f rom the f ront  
point): a) c r o s s  s ec t ionNo .  1, r =60~ 
1) Re~ =1.92.104;  2) 1 .32.104;  3 ) 0 . 9 2 .  
104; b) c r o s s  sect ion No. 4, r =90~ 4) 
Redo =1.92 * 104; 5 ) 1 . 3 2 .  104; 6) 0.92 �9 
10 4 . 
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Fig.  2. Dis t r ibut ion of coefficient  of f r ic t ion over  the 
sur face  of sphere  No. 7 of s t ra igh t - l ine  packing: a) 
Redo =2.08 �9 104; b) Re,o =1.30 �9 104; c) Re~ =0.9  �9 104; 
1) based  on data of hydrodynamic  s tudies;  2) 
based on heat -exchange data .  

2) checkerboard  packing with n f r o m  1 to 1.86 7, cha rac t e r i zed  by the a r r angemen t  of the cen te r s  of the 
sphe re s  and the contact  point  0 in a d i a m e t r a l  plane;  

3) hel ical  packing with n f rom 1. 867 to 2, cha r ac t e r i z ed  by the a r r a n g e m e n t  of the cen te rs  of the spheres  
along a hel ical  line, the pitch of which is de te rmined  by the ra t io  n; 

4) c i r c u l a r  packing with d i f fe ren t  numbers  of sphe re s  ( f rom 2 and5) f o r n  f rom 2 to3 ,  c h a r a e t e r i z e d b y  
the a r r a n g e m e n t  of the cen te rs  of the spheres  of one a r r a y  in one plane perpendicular  to the channel ax is .  

The exper imenta l  studies of the hydraulic r e s i s t ance  were  c a r r i e d  out under  i so thermal  condit ions.  The 
following c r i t e r i a l  equations were  obtainedto calculate  the coeff icient  of hydraul ic  r es i s t ance :  

s t ra ight l ine ,  packing 

= ll.64Re -~ n- l . l l  , 

checke rboa rd  

= 30 Re-~ n-3'gs,  

helical 

= 0,0088Re_0.~I n 11,5, 

(2) 

(3) 

(4) 

c i r cu l a r  

= 0,66 Re -~176 n 3. (5) 

Inal l  the types of packings one obse rves  a monotonic dec rease  in the coeff icient  of hydraul ic  r e s i s t ance  
with an inc rease  in the Reynolds number ,  which is connected with a dec r ea se  in the coeff icient  of fr ict ion at the 
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Fig.  4. Distribution of local hea t - t r ans fe r  coefficient 
over the surface of a sphere in s traight- l ine packing: a) 
sphere No. 1;b) sphere No. 7; 1) Re =1.58 �9 104;2) 2.25 �9 
104; 3) 2.74 �9 104; 4)3 .16.104;  5) 4.0 -104; Nlo c = ~locdaeV/ 
%. 

surfaces  of the wall and the spheres and with a decrease  in the coefficient of induced drag.  This kind of var ia -  
tion in } is evidently explained by a decrease  in the size of the associated vort ices and an increase  in the 
frequency of their separat ion with the coefficient of p ressu re  drag remaining pract ical ly  constant inthe inves- 
tigated range of Reynolds numbers .  The quantity n has differenteffects  on the coefficient of hydraulic r e s i s -  
tance. With its increase in straight- l ine and checkerboard packings, the coefficient of hydraulic res is tance  
decreases  as a resul t  of an increase in the through cross  section and a decrease  in the coefficient of p ressure  
drag, while in helical and c i rcular  packings it increases  because of blocking of the s t ream by the layer of spheres  
and an increase in the p ressu re  coefficient.  

The investigation of the sections of hydrodynamic stabilization in the channels under considerat ion andof 
the aerodynamics  of the flow over individual elements in the packings was ca r r i ed  out with a spherical  probe 
60 mm in d iameter  with inlet openings 0.6 mm in diameter .  The p ressu re  distribution over the surface of a 
sphere was determined withthe aid of this probe. The pressure  P0 in the s t ream was sampledwith a Prandtl  
tube at a distance of 150 mm from the f i rs t  a r r a y  of spheres .  The experimental  results  were t reated in the form 
of the dependences of the dimensionless p res su re  coefficient on the position of the tes tpoint  onthe sphere su r -  
face.  

The s t ream velocity in the unencumbered channelahead of the bed of spheres  was taken as the determin-  
ing velocity in the equation 

= (Pi - -  P0)/0.5 P v~ (6) 

for the p re s su re  coefficient.  

F rom the p res su re  distributions over the surfaces  of spheres  locatedat  different points over  the height of 
the bedwhich we obtained we determined the coefficients of p re s su re  drag of the spherical  elements,  the sec -  
tions of hydrodynamic stabilization, and the velocities at  the l imit of the boundary layer .  Incharmels witha 
straight- l ine a r rangement  of spheres ,  the section of hydrodynamic stabilization is confined to the f i rs t  two 
layers  of spheres .  

The following function can be recommended for calculating the coefficient of p ressu re  drag for the f i rs t  
sphere of a s t ra ight- l ine  packing: 

[ n 2 ~,.4 
Cxp=Cx .  \ n  2 - 1  / ' (7) 

The sections of hydrodynamic stabilization in the other types of packings, which comprise  the f i rs t  three 
a r r ays  for checkerboard  packing, the f i rs t  five a r r ays  for helical packing, and the f i r s t  two a r r ays  of spheres 
for c i rcu lar  packing, were established by analogous investigations. 

The regions of existence of the boundary layer  at the surfaces  of the spheres in the s traight- l ine packing 
were determined by the liquid-film method using a suspensionof  aluminum dioxide in kerosene .  Visualization 
of the flow showed that in the vicinities of the contactpoints  t h e r e a r e  stagnant zones whose size inc reases  with 
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an inc rease  in n. The region of exis tence  of the boundary l a y e r m o v e s  downst ream along the sur face  of a 
sphere  with a dec rease  in n. The movemen t  c o m p r i s e d 6 - 8  ~ in the channels invest igated.  No influence of the 
Reynolds number  on the posit ion of the region of exis tence of a boundary l ayer  on a s p h e r e w a s  detected in 
the invest igated range  of its var ia t ion .  

The study of the boundary layer  at  the sur face  of a sphere  in the region of its exis tence  was c a r r i e d  out 
witha DISA t h e r m o a n e m o m e t r i c  complex by themethod  of a constant  f i lament  t e m p e r a t u r e .  The investigations 
were  made for  s t ra ight - l ine  packing inthe s tabi l ized sect ion of flow in the range  of var ia t ion of the Reynolds num-  
be r  f rom 104 to 4 �9 104with i so thermal  flow. 

With allowance for  the t he rma l  influence of the sphere  sur face  on the magnitude of the f i l aments igna l  of 
the t h e r m o a n e m o m e t e r ,  we obtained the following dependence for  the velocity: 

04tV 
v = (v~ + 0.135 u02 - v~0~/B (8) 

The express ion  for  the pulsation of the longitudinal veloci ty  component  has the fo rm 

/ g  vUodUo 
=4.44 U~o__O.135U62 U2, o. (9) 

The dis tance of the ini t ialpoint  f rom the sur face  of the s p h e r e w a s  ~10 # m .  The de tec tor  f i lament  was 
ca l ib ra ted  before  each s e r i e s  of tes ts  in the cal ibrat ion device of the DISA complex .  

The veloci ty  prof i les  in the boundary layer  obtained as a r e su l t  of the t r e a t m e n t  of the expe r tmen ta lda ta  
a r e  p resen ted  in genera l ized  coordinates  in Fig.  1. An analys is  of the resu l t s  indicates the p resence  of three 
regions in the boundary layer :  a region of l amina r  sub layer  ~ 20 #m thick, a power- law region ~80 #m thick, 
which c o m p r i s e s  ~ 70% of the thickness of the boundary layer ,  and a region of the un iversa l  ve loc i ty -defec t  law, 
The thickness of the boundary layer ,  the d isp lacement  th ickness ,  and the thickness of momentum loss were  
de te rmined  by the method of numer ica l  integrat ion.  

F r o m  the value of the fo rm fac tor  Hi, z =6t/62, which va r i e s  f rom 1.5 to 2, it was concluded, in a c c o r -  
dance with the recommenda t ions  of  Schlinhting, that the boundary l aye r  has a t rans i t ional  c h a r a c t e r  in the given 
case .  At the separa t ion  point the f o r m  fac tor  is It1, 2 = 2, wh icheor responds  to the  data of [5]. 

An analys is  of the r e su l t s  of the investigation of the veloci ty pulsations shows that in the boundary l ayer  
a t a  sphere  one obse rves  a h ighturbulenee  intensity,  extending up to the l amina r  sub layer  at  16% a t a  distance 
of 500 #m f rom the sur face  of the sphere  in the same  c ro s s  sect ion.  The m a x i m u m  of the turbulence intensity 
is noted inthe c r o s s  sect ion located a t  anangle  cp = 80 ~ f rom the front  point of the sphe re .  These  resu l t s  agree  
wlththe data of [5, 6]. 

The fr ic t ional  s t r e s s e s  a t the  sur face  of a sphere  in the r eg ionof  exis tence of the boundary l a y e r w e r e  
de te rmined  by graphic  differentiat ion of the veloci ty prof i les  in the l amina r  sub layer .  The c h a r a c t e r  of the 
var ia t ion inthe d imens ionless  coefficient  of f r ic t ion is p resen ted  inFig .  2. The dec rease  in the f r ic t ional  
s t r e s s  as the separa t ion  point ls approached  is seen f rom the f igure .  

The heat  t r a n s f e r  f rom a bed of spheres  was s tudiedby the method of local  t he rma lmode l ing  inthe steady 
s tate  by c a l o r i m e t e r  probes  60 m m  in d i am e te r  made f rom L-62 brand b r a s s .  The c a l o r i m e t e r  probe was iso-  
lated f r o m t h e  s tee l  spheres  by a layer  of Teflon spheres  of the same d i ame te r .  The sect ions of t he rma l  s tab i -  
l ization were  invest igated by plac Lag the probe  at  different  points over  the height of the bed.  

The resu l t s  a r e  p resen ted  in Fig .  3 and a re  gene ra l l zedby  the following c r t t e r i a l  functions: 

for  s t ra igh t - l ine  packing 

Nu = 0.23Re~ -~ (10) 

for  hel ical  and checkerboard  packings 

Nu = 0.25 Re ~ (11) 

for  c i r cu l a r  packing 

Nu = 0.29 Re 6'7. (12) 
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An analysis  of the experimental  data shows that in al l the types of packings the heat t ransfer  f rom the 
spherical  elements grows monotonically at the same rate with an increase in the Reynolds number .  

An influence of the rat io n on the coefficients of heat t r ans fe r  is detected only inthe straight- l ine packing. 
The intensi tyof heat t r ans fe r  decreases  with an increase in n, which can be explained byan  increase in the size 
of the stagnant zones in the vicinities of the contact points with a simultaneous decrease  in the intens ity of 
circulation of the a t tachedvor t ices  and thickening of the boundary layer  at the heat-exchange sur faces .  

The local hea t - t r ans fe r  coeffieientwas investigated with localheat-f lux detec tors .  The heat-flux detec-  
tors  were set in r ece s se s  made in a spherical  probe every  30 ~ from the front point. The diameter  of a detector 
of the spherical  probe is 5 mm .  A detector  cons ists of a bat tery of c o p p e r -  Constantan thermocouples 0.1 mm 
in diameter ,  connected in se r i e s .  The principle of its operation is based on the summing of the emf of single 
differential thermocouples having an intermediate wall, the role of which is filled by a celluloid film 2.5 mm 
wide and 0.5 mm thick. The thermocouple junctions were located exactly at the faces of the fi lm. The film with 
the bat tery of thermocouples uniformly distributed on it was roiled into a spiral ,  placed in a cap at the center  of 
which the button~of a C h r o m e l -  Alumel thermocouple was welded, andfastened with epoxy res in  in the recess  
under a detector .  A detector is only sensit ive to a heat flux penetrating it perpendicular ly to the ends. A detector  
was ca l tbra tedunder  steady thermal  conditions by the radiation method. The sensitivity of a detector in the 
tempera ture  range from 0 to 150~ was determined as a resul t  of the calibrat ion.  The experimental  data on 
the local hea t - t r ans fe r  coefficient were t reated using the equation 

r176176 ( td t i n - - t ~  " 2  (14) 

The resul ts  of a study of the local hea t - t r ans fe r  coefficient in s t ra ight- l ine  packing are  presented inFig .  
4 as an il lustration of the experiments  per formed.  

An analysis  of the resul ts  shows that the minima of thehea t - t r ans fe r  coefficient are  observed in the zones 
of the points of contact of the spheres  with neighboring spheres  andwith the channel walland inthe zones of 
separation of the boundary layer .  The maxima of the hea t - t r ans fe r  coefficient are  located in the zones of exis-  
tence of the boundary layer .  The values of the hea t - t r ans fe r  coefficient of nonuniformlty over the sphere su r -  
faces are:  

s t ra ight- l ine  packing, K a = 1 .4 -2 .6 ;  

checkerboard  packing, K a = 2 .2 -3 .0 ;  

helical packing, K s =3 .0 -3 .2 ;  

c i rcu lar  packing, K a = 3 . 0 - 4 . 0 .  

The hea t - t r ans fe r  coefficient ofnonuniformity increases  with an increase in the Reynolds number and in 
n for all the packings. A compar ison of the values of the nonuniformity of the hea t - t r ans fe r  coefficients in the 
channel variant  and inthe AVR type of packing [1] indicates a decrease  of nonuniformity by 2-3 t imes inthe chan- 
nel variant .  

The local dimensionless coefficients of f r ie t ionwere  calculated through the Stantonnumbers f rom the 
resul ts  of the study of the local heat t r ans fe r  f rom the surface of a sphere in s traight- l ine packing. 

Good agreement  (within the limits of the experimental  e r ro r s )  was obtained between the calculated values 
of the dimensionless coefficient of f r ic t ionand the resul ts  obtained from experiments  on hydrodynamics (Fig. 2), 
which indicates thatthe Reynolds analogy is satisfied inthe reg ionof  existence of a boundary layer  on a sphere.  

The optimum range of n for channels containing spher ical  elements was chosen on the basis of an est imate 
of the energy efficiency of the investigated channels.  They are  channels with checkerboard packing in the range 
ofn from 1.65 t o l . 8 5 .  

N O T A T I O N  

, coefficient of hydraulic res is tance;  AP, p ressu re  drop in channel; v, velocity ina channelwith a n a v e r -  
age equivalent diameter  daeVequal to the diameter  of a cylindrical  channelwhose volume equals the free volume 
of the channel filled with spheres and whose length equals the length of the channel being studied; p, gas density; 
D, channel diameter;  d, d iameter  of a spherical  element; n =D/d; Re, Reynolds number;  P, p ressu re  coefficient; 
Pi, p ressu re  at a point of a spherical  element; P0, p ressu re  ahead of thebed of spheres;  Cxp, coefficient of 

889 



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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