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Using a c l o s e d - c i r c u i t  appa ra tu s ,  in which the working  p a r t  is a channel of  annular  c r o s s  
sec t ion ,  the coeff ic ients  of local  heat  t r a n s f e r  a r e  m e a s u r e d  for  flows of pure  gas and a i r  
containing suspended graphi te  p a r t i c l e s .  

The  h e a t - t r a n s f e r  p r o p e r t i e s  of gaseous  suspens ions  a r e  p a r t i c u l a r l y  in te res t ing  in view of the c o m -  
plexi ty  of the phenomena  taking p lace  and the excel len t  p r o s p e c t s  of the i r  p r ac t i ca l  use .  Despi te  the r e -  
la t ive ly  l a rge  number  of inves t igat ions  r ecen t ly  c a r r i e d  out in va r i ous  coun t r i e s ,  many  of the p r o b l e m s  in-  
volved have st i l l  not been fully examined ,  for  example ,  the effect  of the g e o m e t r y  of the flow on the hea t -  
t r a n s f e r  coeff ic ients  of the suspens ion  in re la t ion  to the bas ic  p a r a m e t e r s  ( t e m p e r a t u r e ,  r a t e  of flow, con-  
cen t ra t ion  of the m a t e r i a l ) .  A l a rge  p ropor t ion  of ex is t ing  data r e l a t e  to tubes (pipes) of c i r c u l a r  c r o s s  
sec t ion ,  and only in a few c a s e s  has  the hea t  t r a n s f e r  a s s o c i a t e d  with the flow of suspens ions  in annular  
channels  been  cons ide red  [1-3]. In view of the impor t ance  of this  configurat ion in connect ion with the p o s -  
s ible  future  use  of suspens ions  in the cooling of nuc lear  r e a c t o r s ,  we shal l  h e r e  cons ider  local  hea t  t r a n s -  
f e r  in a channel of  this kind. I t  was  emphas i zed  in e a r l i e r  p a p e r s  [4, 5, 6, 8] that  a knowledge of  local  heat  
t r a n s f e r  in the s y s t e m  under  cons idera t ion  should p romo te  a be t t e r  unders tanding  of the phenomenon and 
also help in opt izing future cons t ruc t ional  design.  

We accord ingly  m e a s u r e d  the local  h e a t - t r a n s f e r  coeff ic ients  for  a cons tant  hea t  flux in channels  of  
annular  c r o s s  sec t ion  pa s s i ng  a flow of fine a i r - s u s p e n d e d  graphi te  p a r t i c l e s  having a m e a n  d i a m e t e r  of 
3 # .  

E x p e r i m e n t a l  Appara tus .  In  o r d e r  to m e a s u r e  the heat  t r a n s f e r  coeff ic ients  we used  an ins ta l la t ion  
(Fig. 1) based  on a c losed  c i rcu i t ,  the gas  and sol id p a r t i c l e s  being s imul taneous ly  d r iven  around this by 
m e a n s  of a Roots  a i r  b lower .  The expe r imen ta l  appa ra tus  was no d i f ferent  in p r inc ip le  f rom that  used  in 
[7]. The  channel of annula r  c r o s s  sec t ion  was  fo rmed  by a s e a m l e s s  tube 30 m m  in d i a m e t e r  (with a wall  
th ickness  of 1 m m ) ,  and 3000 m m  long; inside this  was a cyl inder  16 m m  in d i a m e t e r  (or a s e a m l e s s  tube 
with an in terna l  d i a m e t e r  of  14 m m  and an ex te rna l  d i a m e t e r  of 16 m m ,  c losed  a t  both ends).  The m a -  
t e r i a l  of both tubes was s t a in less  s tee l  of the 304 type.  

The oute r  wall  of the annular  channel (only)was hea ted  by the d i r ec t  p a s s a g e  of an e l ec t r i c  cu r r en t .  
T h e r m o c o u p l e s  we re  p laced  on two opposi te  g e n e r a t o r s  of  the ou te r  su r f ace  of the ex te rna l  tube,  in s e v e n -  
teen  heated  sec t ions  d i s t r ibu ted  along the channel.  The heated tube was t h e r m a l l y  insulated f rom the s u r -  
rounding med ium by s c a t t e r i n g  s i l l i t  powder  around the tube in a sheath  200 m m  in d i a m e t e r .  

The inner  cy l inder  p ro jec ted  f rom the hea t  sec t ion  by 1400 m m ,  i .e . ,  by 100 equivalent  channel 
d i a m e t e r s  (de = D1--D2), c r ea t ing  a s tab i l ized  sec t ion  which was  r e g a r d e d  as  suff ic ient  to produce  a fu l ly-  
developed ve loc i ty  p rof i le  at  the en t ry  into the work ing  sec t ion  1. The annular  c r o s s  sec t ion  a lso  h a d a n  
adiabat ic  sec t ion  3, 600 m m  long. The inner  cy l inder  was suspended on a c r o s s - p i e c e  in t e r sec t ing  the 
adiabat ic  sec t ion  a long the d i a m e t e r ,  and was  cen te red  by m e a n s  of spec ia l  s c r e w s  located  in the textol i te  
coupling sec t ion  9. The lower  end of  the inner  cy l inder  was  made  in the f o r m  of a cone with an angle of 
15 ~ in o r d e r  to r educe  the p r e s s u r e  l o s s e s  and ensu re  a m o r e  uni form dis t r ibut ion  of the p a r t i c l e s .  
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Fig .  1. Arrangement of the apparatus: 1) Heat- 
t ransfer  tube; 2) flow-stabilization section; 3) 
adiabatic section; 4) Roots air  blower; 5) device 
for measuring the concentration of the suspension; 
6) synchronously-acting valves; 7) Venturi tube 
for measuring the gas flow; 8) Venturi nozzle for 
redistributing the solid phase; 9) textolite cou- 
plings; 10) water-cooled jackets; 11) feed device 
for solid phase; 12) power t ransformer ;  13) rod; 
14) ammeter ;  15) ourrent  t ransformer ;  16) volt-  
meter ;  17) terminals of supply source; 18)-20) 
manometers .  

For  measuring the temperature  of the suspensions at the inlet and outlet, thermocouples T 1 and T s 
were placed along the axis of the tube in the stabilized section, in front of the inlet into the annular channel 
and in the adiabatic section beyond the upper end of the annular channel respectively.  

The concentration of the suspension was measured by the method of [7], using the trapping device 5; 
the concentration was determined from the known volume of the tube 5 and the weight of the trapped par t i -  

cles.  

Experimental Procedure .  The system was calibrated by measuring the local heat - t ransfer  coeffi- 

cients in a flow of pure air .  

The thermal losses through the insulation Of the experimental tube were determined by heating the 
tube, without any circulating flow, to a temperature approximately equal to the average wall temperature  
during the tests ,  and measuring the corresponding electrical  power. 

In order  to set the system in motion, an air  blower was connected, solid par t ic les  were introduced 
into the circulating flow, and the electrical  power was regulated. Readings were taken with the system in 
a steady state of operation. 

The air--graphite suspension was obtained by introducing a specific amount of relatively large graphite 
part icles into the system, the mean diameter  of these fell to 3 # after continuous circulation for some 15 
min (maximum 5 #); the size was determined by means of a microscope.  The par t ic le-s ize  spectrum was 
not specially rechecked - the foregoing dimensions appeared to remain fairly constant after  var ious  pe r -  
iods of circulation. The initial reduction in particle size was probably due to their  passage through the 
Roots a i r  blower, or to collisions with the walls. 
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Fig.  2. Loca l  changes in the h e a t - t r a n s f e r  coeff ic ient  for  a 
flow of pure  a i r :  1) Re = 12.6; 2) 27.8; 3) 29 .0 ;4)  32.0; 5) 32.7; 
cu rve  = a n a l y t i c a I  solution [5]. 

In ca lcula t ing the wall  t e m p e r a t u r e ,  the a r i t hme t i c  m e a n  of the read ings  of opposi te  t he rmocoup les  
was taken,  without al lowing for  the t e m p e r a t u r e  gradient  through the wall  th ickness ,  which in the p r e s e n t  
invest igat ion was  v e r y  sl ight .  The t e m p e r a t u r e  d i f fe rence  between opposi te  t he rmocoup le s  in each sec t ion  
n e v e r  exceeded 1.5~ in the e x p e r i m e n t s  with pure  a i r ,  or  4~ in those with a gaseous  suspension.  

Method of Analyzing the Expe r imen ta l  Data. The expe r imen ta l  r e su l t s  w e r e  e x p r e s s e d  in the fo rm 
of Nusse l t  n u m b e r s ,  o r  the r a t i o s  of Nusse l t  n u m b e r s ,  as  functions of the axial  d is tance  and the c o n c e n t r a -  
t ion of the solid p a r t i c l e s .  The local  coeff ic ients  of  heat  t r a n s f e r  we re  ca lcula ted  f rom the v o l u m e - a v e r a g e  
t e m p e r a t u r e  of the flow Tb: 

h -: q . ( T , , -  T~,). (1) 

The value of the t h e r m a l  flux q was de r ived  f rom the amount  of e l ec t r i ca l  power  d i s s ipa ted  by the 
ou te r  tube (allowing for  t h e r m a l  l o s s e s  through the insulation),  and was  r e g a r d e d  as  uni form along the 
whole working  sect ion.  The t e m p e r a t u r e  dependence of the e l ec t r i c a l  r e s i s t a n c e  was  not taken into a c -  
count, and this  led to c e r t a i n  e r r o r s  in de te rmin ing  the h e a t - t r a n s f e r  coeff ic ient  at  the ends of the tube 
by means  of Eq. (1). 

The local  v o l u m e - a v e r a g e  t e m p e r a t u r e  of the flow was  de t e rmined  by l i nea r  in terpola t ion of the t e m -  
p e r a t u r e  of  the suspens ion  m e a s u r e d  at  the inlet  and outlet  of  the working  sec t ion .  

In the e x p e r i m e n t s  with suspens ions ,  the gas  flow was de t e rmined  by r e f e r e n c e  to the t h e r m a l  ba lance  
of the working sec t ion ,  on the a s sumpt ion  that  no s l ip  ex is ted  between the phases  (r = G p / G g ) :  

G~ :~ Q, [(c:. rc;,)(T~ - -  T~)], (2) 

where  Q is the total  amount  of  heat  t r a n s f e r r e d  f rom the tube to the suspens ion .  The only shor t coming  of 
this method l i es  i n t h e  fact  that  the flows obtained in di f ferent  e x p e r i m e n t s  a s s u m e  random va lues ;  how-  
e v e r ,  in the p r e s e n t  inves t igat ion the Reynolds number s  we re  v a r i e d  as  l i t t le  as poss ib le .  

The Reynolds num ber  was  ca lcu la ted  f rom the r a t e  of flow of the gas phase  and the equivalent  d i a m -  
e t e r  de = D 1-D2:  

Re = 4Gg/adebt. (3) 

The  Russe l l  n u m b e r  was  found f r o m  the t h e r m a l  conductivi ty of  the gas  and the equivalent  d i ame te r :  

N u  = hal,,& (4)  

For  the e x p e r i m e n t s  with pure  a i r ,  in which the r a t e  of  flow was  de t e rmined  by means  of a Ventur i  tube,  
the local  v o l u m e - a v e r a g e  t e m p e r a t u r e  was  found m o r e  p r e c i s e l y ,  by r e f e r e n c e  to the t h e r m a l  balance  of 
the sec t ion  between the inlet  and the c r o s s  sec t ion  X: 

Tbg = T a -}- aD:qX/GgCg. (5) 

The t he rmody nam i c  p r o p e r t i e s  of the two phases  we re  ca lcu la ted  a t  a t e m p e r a t u r e  in t e rmed ia te  b e -  
tween those  ex is t ing  a t  the inlet  and outlet  of the expe r imen ta l  tube.  
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Fig.  3. H e a t - t r a n s f e r  coeff ic ients  in re la t ion  to the mode of 
flow: points r e p r e s e n t  expe r imen ta l  data ,  the b roken  line con-  
s t i tu tes  the graphical  f o rm of [7], the continuous line r e p r e -  
sents  the McAdams cor re la t ion .  

7 

Fig.  4. Effec t  of the solid phase  on heat  t r a n s f e r  as  
of the dis tance f rom the inlet into the heat  exchanger  
ous concent ra t ions  (r) of the solid phase:  1) r = 25.2, 
2) r e s p e c t i v e l y  22.3 and 20.4; 3) 13.6 and 31.5; 4) 2.5 

a function 

for v a r i -  

Re = 15.6 ; 

and 15.0. 

An es t imat ion  of  the a c c u r a c y  of the expe r imen t s  a imed  at  de te rmin ing  the h e a t - t r a n s f e r  coeff icient  
be tween the wall  and the flow of gaseous  suspens ion  gives a m a x i m u m  e r r o r  of =~12% and a mean  e r r o r  of 
~6%. 

Resu l t s  of  the Expe r imen t s .  The r e su l t s  obtained f rom the expe r imen t s  m a y  be divided into two 
groups:  the fundamental  group,  including the exper imen ta l  data  r e l a t ing  to the suspens ions ,  and the auxi -  
l i a r y  group,  including the r e s u l t s  of the ca l ibra t ing  e x p e r i m e n t s  with pure  a i r .  

Hea t  T r a n s f e r  in P u r e  Air .  The ca l ibra t ing  expe r imen t s  with pure  a i r  flows w e r e  c a r r i e d  out for 
Reynolds number  of 10,000 to 60,000. Since the val idi ty  of the r e su l t s  obtained with the expe r imen ta l  a p -  
pa ra tus  employed was  ve r i f i ed  e a r l i e r  [7], the  r e su l t s  of our p r e sen t  expe r imen t s  on heat  t r a n s f e r  in pure  
a i r  m a y  be of independent in te res t .  

The h e a t - t r a n s f e r  coeff ic ient  is  shown as  a function of dis tance along the axis  in Fig.  2, toge ther  with 
S p a r r o w ' s  theore t ica l  curve  [5]. The a g r e e m e n t  between the exper imen ta l  points  and the theore t ica l  curve  
is  excel lent ,  although the cu rve  was ac tual ly  obtained for  a tube of c i r cu l a r  c r o s s  sect ion.  In the t h e r m a l  
inlet  sec t ion ,  the expe r imen ta l  points  l ie  s l ightly h igher  than the theore t ica l  curve ,  while the outlet  sec t ion  
(ending a t  the point in which the h e a t - t r a n s f e r  coeff icient  r e a c h e s  105% of i ts  a sympto t i c  value) ,  roughly 
13 d i a m e t e r s  long, m a y  be ca lcula ted  in the s ame  way as  in [5]. A s i m i l a r  r e s u l t  was  a lso  obtained in [4] 
and [7]. In the asympto t ic  region the m a x i m u m  sca t t e r  of  the expe r imen ta l  points  equals  • 4%. 

In Fig.  3 the exper imen ta l  va lues  of the asympto t i c  h e a t - t r a n s f e r  coeff ic ients  (in the fo rm of Nusse l t  
numbers )  a r e  shown in re la t ion  to the Reynolds number ,  in accordance  with the D i t t u s - B o e l t e r  equation 

Nu = 0.023 Re~ ~ (6) 

which gives the ave r age  va lues  of the h e a t - t r a n s f e r  coeff ic ients .  The expe r imen ta l  value l ie  app rox ima te ly  
6% below the c r i t e r i a l  va lues  owing to the influence of the t h e r m a l  inlet  sect ion.  In  actual  fact ,  if we 
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Fig, 5. Relative influence of  the sol id part ic les  on 
heat transfer in relat ion to the concentration of the 
suspension,  for two distances from the inlet into the heat-  
exchanger: 1) x / D  i = 10; 2) x / D  1 = 30 diameters ,  r = Gp 
/ G g .  

in tegra te  the cu rve  of Fig.  3 graphica l ly ,  we obtain a coeff icient  of  1.056 for  t r a n s f e r r i n g  f r o m  the a s y m p -  
totic to the m e a n  va lues .  Thus in the case  of an armular  c r o s s  sec t ion  Eq. (6) g ives  the c o r r e c t  m e a n  
va lues  for the h e a t - t r a n s f e r  coeff ic ients  in tubes with a length equal to the length of the tubes  used in the 
p r e s e n t  inves t igat ion (100 d i a m e t e r s ) .  F o r  s h o r t e r  tubes Eq. (6) m a y  be re f ined  by us ing  the curve  of 
Fig.  2. 

The expe r imen ta l  a sympto t i c  va lues  of the h e a t - t r a n s f e r  coeff ic ients  m a y  be genera l i zed  by the equa -  
t ion 

Nu = 0.0187 Re ~ (7) 

a f t e r  taking P r  = 0.7. 

Heat  T r a n s f e r  in E x p e r i m e n t s  with an Ai r - -Graph i t e  Suspension.  In the e x p e r i m e n t s  with the gaseous  
suspens ion ,  the concent ra t ion  of the solid phase  was  v a r i e d  f rom 0 to 27 kg of graphi te  pe r  kg of a i r .  The  
Reynolds number  was  v a r i e d  roughly between 18,000 and 25,000, while the co r r e spond ing  ve loc i t i e s  of the 
gas phase  were  19-28 m / s e e .  The t e m p e r a t u r e  of the suspens ion  at  the inlet  into the expe r imen ta l  sec t ion  
(aceord ing to  the read ings  o f t h e r m o c o u p l e  T~, Fig.  1) f luctuated f rom 50 to 70~ while the t e m p e r a t u r e  
d i f fe rence  between the inlet  and the outlet  was  a b o u t  10~ The m a x i m u m  t e m p e r a t u r e  of the tube wall  (at 
the highest  m e a s u r i n g  point ,  90 d i a m e t e r s  f rom the inlet) was  main ta ined  at  150~ by constant ly  regu la t ing  
the heat  flux, which in the p r e s e n t  invest igat ion va r i ed  ove r  the range  4.2 �9 103-8.4 �9 103 W / m  2. 

All the e x p e r i m e n t s  w e r e  c a r r i e d  out with the tube in a ve r t i c a l  posi t ion.  

The expe r imen ta l  data  we re  genera l i zed  a f t e r  s imply  al lowing for the influence of the concent ra t ion  
of  the solid phase  and the longitudinal coordinate  on the h e a t , t r a n s f e r  coeff ic ient ,  but neglect ing the in-  
fluence of the Reynolds n u m b e r  on the N u s / N u g  ra t io ,  s ince ,  for  the na r row  range  of R e y n o l d s - n u m b e r  
m e a s u r e m e n t s  e m b r a c e d ,  this influence was c o m m e n s u r a t e  with expe r imen ta l  e r r o r  [1, 9, 7]. 

The changes  taking place  in the h e a t - t r a n s f e r  coeff ic ients  on pass ing  along the axis  of  the tube a r e  
shown in Fig.  4, in the f o r m  of the ra t io  of the loca l  Nusse l t  numbe r  of the suspens ion  to the local  Nusse l t  
number  of the pure  gas.  A p a r t  f rom the fact  that  the i nc rea se  in the local  Nusse l t  numbe r  is  a s soc i a t ed  
with the i nc r ea se  in the concent ra t ion  r ,  it m a y  also  be  pa r t l y  due (see F igs .  2 and 4) to the elongat ion of 
the inlet  sec t ion ,  which for  the gaseous  suspens ion  extends through a d is tance  of m o r e  than 13 d i a m e t e r s  
(this l a t t e r  f igure  being c h a r a c t e r i s t i c  of a flow of pure  gas).  On analyzing the expe r imen ta l  data r e l a t ing  
to d i s tances  f rom the inlet g r e a t e r  than those i l lu s t r a t ed  in Fig. 4, we found a tendency for  the h e a t - t r a n s -  
fe r  coeff ic ients  to fall continuously with inc reas ing  d is tance ,  so that  (for h igher  concent ra t ions)  we w e r e  
unable to d e t e r m i n e  the init ial  t h e r m a l  sec t ion  p r e c i s e l y .  Th is  continuous fall  in Nus with inc reas ing  d i s -  
tance f r o m  the inlet  (up to the m a x i m u m  value) m a y  be explained by the fact  that ,  in de t e rmin ing  the h e a t -  
t r a n s f e r  coef f ic ien ts ,  any changes  in the e l ec t r i ca l  r e s i s t a n c e  of the hea t -exchange  tube with t e m p e r a t u r e  
w e r e  neglected;  thus in Eq. (1) the value of the t h e r m a l  flux q was  taken as  being s m a l l e r  than the r e a l  
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value.  In actual  fact  the va lues  of  h calcula ted for  the hot ter  end of the tube f r o m  Eq. (1) a r e  s m a l l e r  than 
the r ea l  va lues ,  and the e r r o r  i n c r e a s e s  on inc reas ing  the dis tance f rom the inlet.  In o r d e r  to e l iminate  
this e r r o r  by allowing for  changes  in the e lec t r i ca l  r e s i s t a n c e  with t e m p e r a t u r e  we should have to abandon 
the assumpt ion  that  the hea t  flux in the tube was constant .  This  a s sumpt ion  is r ea sonab ly  just i f iable  for  
the lower  values  of  hea t  flux. In o r d e r  to p r e s e r v e  a unified t r e a t m e n t  of  al l  the r e s u l t s ,  we the re fo re  
made  no co r r ec t ions  to the heat  flux va lues ,  but used an ave rage  value for  the whole tube; this gave a c o r -  
r e c t  r e s u l t  for  at  any r a t e  the middle  sec t ion  of the tube. 

F igure  5 i l lu s t r a t e s  the Nusse l t  number  as  a function of r for  d i s tances  of  30 and 10 d i a m e t e r s .  F o r  
a dis tance of 30 d i a m e t e r s  and over ,  the m i n imum h e a t - t r a n s f e r  coeff ic ients  o c c u r r e d  for  a so l id -phase  
concentra t ion of between 3 and 4 kg of g r a p h i t e / k g  of a i r ;  this  f igure is comparab le  with those of [4, 6, 7]. 
F o r  s m a l l e r  axial  d i s tances  no h e a t - t r a n s f e r  min imum could be dist inguished.  Thus  we see  f rom Fig.  5 
that  for  an axial  dis tance of 10 d i a m e t e r s  there  is no such min imum.  

The exper imen ta l  r e s u l t s  of the p r e s e n t  invest igat ion m a y  be genera l ized  for  concent ra t ions  of ove r  
4 kg of g r a p h i t e / k g  of a i r  and axial  d i s tances  s h o r t e r  than50 d i a m e t e r s  by the following empi r i ca l  equation: 

, . 0  3 6 0  NudNug 1.32 (x/Dx)-~ (1 -~- cv/c~r ) " (8) 

which is  val id  to an accu racy  of ~ 14%. 

Discuss ion  of Resu l t s .  In the expe r imen t s  with pure  a i r ,  the changes  taking place  in the h e a t - t r a n s -  
f e r  coeff icient  with d is tance  along the ax i s ,  a lso  the length of the " f i ve -pe rcen t "  initial  sect ion ( expressed  
in d i a m e t e r s  of the ou te r  tube Il l) ,  a r e  p rac t i ca l ly  ident ical  for  the annular  channel and the tube of c i r c u l a r  
c r o s s  sec t ion  (d iameter  Ill).  This  means  that ,  under  the conditions of our  e x p e r i m e n t s ,  the t h e r m a l  bound- 
a r y  l a y e r  developed in the hea t -exchange  tube independently of the p r e s e n c e  of the concent r ic  inner  c y l -  
inder .  These  obse rva t ions  show that ,  for  the channels  under  cons idera t ion ,  the h e a t - t r a n s f e r  coeff ic ients  
m a y  be genera l ized  (with due al lowance for  the mode of flow) by the D i t t u s - B o e l t e r  equation for  tubes of 
annular  c r o s s  sec t ion ,  where  the Nusse l t  and Reynolds n u m b e r s  a r e  de te rmined  f rom the equivalent  d i a m -  
e t e r  de = I1 l - D  2. 

F o r  the expe r imen t s  with suspens ions ,  the r e s u l t s  have the s a m e  genera l  c h a r a c t e r  as  for  the e x -  
p e r i m e n t s  in the c i r c u l a r  tube,  namely :  an i nc rea se  in the length and s ignif icance of the initial  t he rma l  
sec t ion ,  and an i nc rea se  in the absolute va lues  of the h e a t - t r a n s f e r  coeff ic ients  with inc reas ing  c o n c e n t r a -  
t ion of the m a t e r i a l ,  and a lso  the exis tence  of a m in imum in the wall  h e a t - t r a n s f e r  c h a r a c t e r i s t i c  for  a 

concent ra t ion  of between 3 and 4 kg of g r a p h i t e / k g  of a i r .  However ,  our  r e su l t s  d i f fered  sharp ly  f rom the 
m e a s u r e m e n t s  of [7], which were  c a r r i e d  out in a c i r c u l a r  tube with the s a m e  graphi te  suspension,  in that ,  
in the p r e s e n t  invest igat ion,  Nus/NUg inc reased  much  l e s s  rap id ly  with inc reas ing  concent ra t ion  of the 
m a t e r i a l  r than in the tube of c i r c u l a r  c r o s s  sect ion.  A quali tat ive explanat ion may  be given for  this fact  
if  we examine  the h e a t - t r a n s f e r  coeff ic ients  h ins tead of the Nusse l t  numbe r s .  In fact  the h e a t - t r a n s f e r  
coeff ic ients  for  pure  a i r  in a n a n n u l a r  tube a r e  191/(D 1 -D2) t imes  g r e a t e r  than the coeff ic ients  for a c i r -  
cu la r  tube of the s a m e  d i a m e t e r  D 1 and the s ame  mode  of flow (same Re number)  ; this  m e a n s  that  the p r e -  
sence  of the inner  cyl inder  in the hea t -exchange  tube p roduces  a change in the shape of the t e m p e r a t u r e  
d is t r ibut ion curve  a c r o s s  the c r o s s  sect ion,  the co r respond ing  t e m p e r a t u r e  gradients  becoming  s h a r p e r .  
In this case ,  when a suspens ion  is  used  as  the h e a t - t r a n s f e r  medium ins tead of a i r ,  the influence of the 
solid pa r t i c l e s  is  cons iderab le  for  both the annular  and the c i r c u l a r  c r o s s  sec t ions ;  it c ause s  a smoothing 
of the t e m p e r a t u r e  prof i le  in the cen te r  of the c r o s s  sect ion,  so that  the p r e s e n c e  of the inner  cyl inder  has  
hard ly  any influence on the t e m p e r a t u r e  gradients  around the tube wall .  This  a s s e r t i o n  is suppor ted  by the 
va lues  of the h e a t - t r a n s f e r  coeff ic ients  obtained in the p r e s e n t  invest igat ion and in [7], which a r e  app ro x i -  
ma te ly  equal for  the s a m e  m a t e r i a l  concent ra t ions  and Reynolds number s .  We may  thus conclude that  the 
ra t io  h s / h g  (or NUs/NUg) obtained for  the tube of annular  c r o s s  sec t ion  should be reduced  by D1/(D 1 -D2) 
t imes  by c o m p a r i s o n  with the round tube for  the s ame  concent ra t ion  r ;  this  fo rma l ly  br ings  the r e su l t s  
obtained in the p r e s e n t  invest igat ion and those of [7] into a s ta te  of a g r e e m e n t .  

Another  c h a r a c t e r i s t i c  of  our  p r e s e n t  r e su l t s  l i e s  in the fact  that  the 5% t h e r m a l  inlet  sec t ion  cannot  
be de t e rmined  for  higher  concent ra t ions .  We find that  the loca l  h e a t - t r a n s f e r  coeff ic ients  fall continuously 
on approaching  the end of a tube 90 d i a m e t e r s  long. This  is main ly  due to the t e m p e r a t u r e  coeff icient  of 
e l ec t r i ca l  r e s i s t a n c e  of the tube wall  m a t e r i a l ,  and thus to the change in the heat  flux along the tube. 
Hence the r e a l  s i tuat ion d i f fers  f rom that  r e la t ing  to a constant  heat  flux, e spec ia l ly  for high t h e r m a l  loads .  

T h e r e  is ye t  another  r e a s o n  for  the r e s t r i c t i o n  of the t h e r m a l  flux to low va lues ,  namely ,  the d i f -  
f iculty of cooling the suspens ion  a f t e r  i t  has  p a s s e d  through the hea ted  sec t ion  and the Roots  a i r  b lower .  
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F o r  the s a m e  r e a s o n  the concent ra t ion  of the solid phase  was l imi ted  to r = 27 kg of g r a p h i t e / k g  of a i r ,  
s ince for  l a rge  concent ra t ions  the t e m p e r a t u r e  of the suspens ion  at  the outlet  f rom the a i r  b lower  in-  
c r e a s e d  to va lues  too g r ea t  for  the cooling capaci ty  of the w a t e r  jackets  10 in Fig. 1, and the t e m p e r a t u r e  
T 1 a t  the inlet  becam e  too high. (For  this r e a s o n  the working va lues  of the t e m p e r a t u r e  T l we re  a lso  taken 
quite high, roughly equal to 70-80~ 

In the p r e s e n t  inves t igat ion we d i scove red  ye t  another  ef fec t  a s soc i a t ed  with the cooling of the s u s -  
pens ion under  examinat ion  (graphite pa r t i c l e s  with a m e a n  s ize  of 3 ~), which we a t t empted  to c a r r y  out 
by m e a n s  of a tubular  h e a t - e x c h a n g e r  spec ia l ly  made  for this purpose .  The h e a t - e x c h a n g e r  cons is ted  of 
a pile of copper  tubes with an in ternal  d i a m e t e r  of 8 m m ,  through which the suspens ion  pas sed ,  while coo l -  
ing wa te r  flowed through a jacket  around the tubes .  The number  of tubes (20) was  chosen so as  to make  
the i r  total  c r o s s - s e c t i o n a l  a r e a  equal to the c r o s s  sec t ion  in the o ther  p a r t s  of the c losed c i rcui t ,  and so 
as  to p r e s e r v e  the s a m e  ra te  of flow of the suspension.  Despi te  all  the m e a s u r e s  taken to ensure  f a v o r -  
able conditions for the en t ry  of the suspens ion  into the hea t - exchange r ,  the graphi te  p a r t i c l e s  se t t led  on 
the wal ls  of the cooled tubes and blocked them comple te ly .  The set t l ing of the solid p a r t i c l e s  was  due to 
the negat ive t e m p e r a t u r e  grad ien ts  on the cooled su r face .  Th is  was conf i rmed  in the following way. When 
no wa te r  was  fed into the h e a t - e x c h a n g e r  jacket ,  the suspens ion  c i rcu la ted  (unco01ed) until an equi l ibr ium 
t e m p e r a t u r e  was  r eached  in the hea t - exchange r  (inner tube). In this case  no se t t l ing  was  encountered;  the 
flow p a r a m e t e r s  in the c losed c i rcu i t  r em a i ned  constant .  However ,  if cold wa te r  we re  suddenly p a s s e d  in-  
to the jacket ,  set t l ing commenced ,  and a f te r  a shor t  while the sol id pa r t i c l e s  had comple te ly  blocked the 
tubes .  Th is  set t l ing of pa r t i c l e s  on the cooled su r f ace ,  due to the r a d i o m e t r i e  effect ,  c r e a t e s  g rea t  d i f -  
f icul t ies  in the p rac t i ca l  use  of suspens ions  containing v e r y  fine pa r t i c l e s .  

T 1 is the 
Ts  is the 
T o is the 
T b is the 
G is the 
q is the 
r is the 
h is the 
Cp is the 
Cg is  the 
Re is the 
Nu is the 
D 1 is the 
D 2 is the 
d e is  the 
p is the 
k is  the 
x is the 

N O T A T I O N  

t e m p e r a t u r e  at  the inlet;  
t e m p e r a t u r e  at  the outlet;  
t e m p e r a t u r e  of the tube wal l s ;  
local  volume t e m p e r a t u r e ;  
m a s s  flow r a t e ;  
heat  flow ( thermal  flux); 
concent ra t ion  of solid p a r t i c l e s ;  
local  h e a t - t r a n s f e r  coeff ic ient ;  
speci f ic  hea t  of the solid p a r t i c l e s ;  
spec i f ic  heat  of the gas at  constant  p r e s s u r e ;  
Reynolds number ;  
Nusse l t  number ;  
in ternal  d i a m e t e r  of outer  tube; 
ex te rna l  d i a m e t e r  of inner tube; 
equivalent  d i a m e t e r ;  
v i scos i ty ;  
t he rm a l  conductivi ty;  
d is tance along the tube. 

S u b s c r i p t s  
s denotes  the suspension;  
p denotes  the p a r t i c l e s ;  
g denotes  the gas;  
~o denotes  the asympto t i c  value.  
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