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Resul t s  a re  given on the heat  t r an s f e r  between the gas  and the g ranu la r  m a t e r i a l  in a mul t i -  
s tage appara tus ,  and compar i son  is made with calculat ions.  

In the p resen t  work we compare  exper imenta l  m e a s u r e m e n t s  on heat  t r a n s f e r  with calculated values  
obtained f r o m  the fo rmulas  of [2], and de te rmine  the change in the t e m p e r a t u r e  gradients  in va r ious  pa r t s  
of a mul t i s tage  as used in heat  engineer ing and in the p e r f o r m a n c e  of var ious  technical  p r o c e s s e s  [1]. 

The tes ts  w e r e  made on a pa r t i cu la r  type of mul t i s tage  appara tus  consis t ing of a combinat ion of di-  
r ec t - f low pa r t s  with coun te rcur ren t  flow of the heat  c a r r i e r  as a whole over  the appara tus  (Fig. la ) .  In 

t 

Fig. 1. a) The appara tus ;  b) baffle valve:  1), 5) 
nuts;  2) spr ing;  3) rod with valve;  4) body. 

Fig.  l a  four s tages  in the appara tus  a r e  shown; 
each s tage is pa r t  of the pneumatic  tube 3, 7, 11, 
or  15 (height 0.5 m and internal  d i ame te r  0.027 m) 
and a s e p a r a t o r  4, 8, 12, or 16 of iner t ia l  col l is ion 
type [3]. 

The h e a t - c a r r y i n g  gas  comes  f rom the oven 
22, moves  upwards f r o m  the bottom, p a s s e s  in 
sequence through sect ions  15, 11, 7, and 3 of the 
appara tus ,  and is ex t rac ted  by the fan 21. The 
amount of gas  pass ing  through the appara tus  during 
the run was r eco rded  by the RS-100 gas  counter  
20. 

The po lyd i spe rse  ma t e r i a l  is supplied by the 
hopper  1 and inlet 2 to the lower pa r t  of the upper  
stage 3 of the appara tus ,  and it is  c a r r i e d  by the 
gas  to the s e p a r a t o r  4 where  it leaves  the flow and 
p a s s e s  via the outlet 5 to stag e 7, etc.  

The m a t e r i a l  is col lected in bunker 23 when 
it has  pas sed  through all s tages  of the appara tus .  
The smal l  pa r t i c l e s  c a r r i e d  off by the gas flow a re  
deposited in the cyclone 19. A sui table hydro-  
dynamic ceiling is provided to organize  the gas 
flow in the requ i red  di rec t ion in the t r an s f e r  s leeves  
5, 9, 13, and 17 (dtu = 0.008 m), each of which has  
two baff les  6, 10, 14, and 18. The design of the 
baffle is shown in Fig. lb .  This  disposi t ion of the 
baff les  faci l i ta tes  product ion of the moving c lose -  
packed layer  in the couplings, in which the t e m -  
p e r a t u r e  was moni tored .  Of course ,  the height of 
the moving c lose -packed  layer  should be a r r anged  
for  each s tage to avoid gas  leak along the walls,  
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on the basis of the. cha rac te r i s t i c s  of the mater ia l  and the hydraulic res is tance  of the appara-  
tus. 

The two baffle valves in each t ransfer  section provide for continuous t ransfer  of the mater ia l  as a 
whole through the apparatus.  

The t empera tu res  of the gas and the mater ia l  were monitored by nine C h r o m e l - A l u m e l  the rmo-  
couples placed as shown in Fig. 1. These were read by the electronic potent iometer  type EPI)-09 shown 
at 24. The hot junctions recorded  the gas tempera ture  and were protected by thin copper grids to avoid 
contact with par t ic les  of the mater ia l .  

As we have previously  descr ibed [3] detailed measurements  on the separa tor  and the method of cal-  
culating the efficiency of par t ic le  removal ,  we do not consider  these topics here .  

The throughput was determined by weighing the mater ia l  supplied to the hopper.  The measurements  
were made with quartz sand with various mean par t ic le  d iameters :  d M = 0.3 �9 10 -3 M, d M = 0.5 �9 10 -3 M, 
d M = 0 . 7 5 " 1 0  -3 M. 

The mater ia l  flow concentrat ion Pc was var ied within limits 0.2-0.5 k g / k g ;  the initial gas t empera-  
ture was var ied  between 473 and 673~ in steps of 50-100 ~ 

Hydrodynamic calculations are  involved in complete charac ter iza t ion  of such an apparatus;  the r e -  
s is tance of the hea t - t r ans fe r  apparatus is the sum of the res i s tances  of the par t s  consist ing of tubes and 
sepa ra to r s ;  each of these aspects  was examined separa te ly  and had been adequately d iscussed in the l i te ra-  
ture.  

We measured  the hydrodynamic res i s t ance  of the apparatus as a whole for sys tems  with 2, 4, and 6 
stages,  the p re s su re  being monitored by manometer  25. For  initial gas sppeds Varying between 12 and 25 
m / s e c ,  the res i s tance  of the 2-s tage apparatus was 60-65 mm of water,  that of the 4-s tage  apparatus 90- 
100 mm, and that of the 6-stage apparatus 110-120 ram. 

The hea t - t r ans fe r  experiments  were conducted on an apparatus consist ing of 2, 4, or 6 sect ions;  the 
resul ts  were compared  with calculated ones by deriving the latter as follows. The dimensionless  tem- 
pera ture  of the mater ia l  is 

1 1--exp - - - - ( I + R )  . (1) 

The dimensionless  gas t empera tu re  is 

Og-= I - -  R% (2) 

t i - - ~ i  ' t i -- t~ i ' Wg 

where 

The true surface of the hea t - t r ans fe r  mater ia l  in each par t  of the apparatus Ft, was determined via 
the following equation [4]: 

Fi = kFc [1 • exp (-- oh)I, 

where F c = [#VtuTg, avr ~ k = 1.8 + 6TMdM, c = 0 .92-0 .67MdM . 

(3) 
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Fig. 2. Tempera tures ,  ~ of mater ia l  (a) and 
gas (b) in par ts  of the apparatus with initial t em-  
pera tures  ti, ~ 1) 673; 2) 573; 3) 473. The 
broken lines are  f rom experiment,  and the con- 
tinuous lines are  f rom calculation. 
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It follows f rom (1) that 0 M for the conditions R = const, W M = const is dependent on the mean heat-  
t r ans fe r  coefficient Ceav for each par t  of the apparatus and also Ft; F t is the same for all par ts  of the appa- 
ratus [4]. We deduced o~ f rom the relat ion 

(V~el) ~ 
dUu.2 ~r 

As the hydrodynamic conditions were the same in each part  of the apparatus, o~ varied in the different 
par t s  only due to  change in the gas tempera ture .  The speed of the mater ia l  at the s tar t  of each part  was 
close to zero.  Calculations showed that X/v~ deviates f rom the mean by 16.8% with a change in the 
h e a t - c a r r i e r  tempera ture  f rom 1273~ to 570~ This means that we can assume that Ceav = constant with 
an accuracy  sufficient for pract ical  purposes,  and therefore  0 M and0g  are  also identical for all par ts  of 
the apparatus.  

We derived 0 M and R for the initial gas tempera ture  specified in the experiment and calculated the 
final and current  gas tempera tures  and the tempera ture  of the mater ia l  as a whole over  the apparatus by 
means of relat ionships derived in [2] for n = 2, 4, or 6. 

Figure 2 shows the tempera tures  of the gas and the mater ia l  in the various par ts  with n = 4. The 
observed curves  lie somewhat lower than the calculated ones, but the two are of the same form.  

We assumed in the calculations that there was no heat loss [2]; in the rea l  apparatus of comparat ively  
small  size, heat loss to the medium cannot be neglected with ordinary  insulation. In the present  case the 
loss was ~ 20%, so the d iscrepancies  between experiment and calculation increase  with the initial gas tem-  
pera ture  and the number of s tages.  

Figure 3 shows the gas tempera ture  and mater ia l  t empera ture  for var ious values of n. There  is a 
rapid fall in the gas temperature  when the apparatus consists  of two par ts ;  a la rger  number of par ts  leads 
to redistr ibut ion of the tempera ture  differences,  and consequently the curve for the gas tempera ture  var ies  
less rapidly (Fig. 3b). Analogous curves  apply for the values of the mater ia l  t empera ture  (Fig. 3a). The 
choice of the number of stages is influenced by the mater ia l  flow rate  and the initial gas temperature ,  as is 
c lear  f rom the above evidence, which shows that ~(6) increases  only slightly for  apparatus consisting of 6 
stages (Fig. 3). 

J .  

Figure 4 i l lustrates the effects of the countercurrent  flow over the apparatus as a whole as regards  
the tempera ture  curves .  The hot gas is supplied to par t  1 and passes  in sequence through par ts  2-4 (n = 4). 
Point b~ corresponds  to a final gas temperature  at the outlet; the initial tempera ture  in each par t  m equals 
the final temperature  in part  m - 1 ,  i.e., the curve a~b~ is continuous over the points aS, a~, a~. 

The mater ia l  is supplied to par t  4 at the tempera ture  of the surrounding air .  The initial t empera ture  
of the mater ia l  in part  m - 1  is equal to the final tempera ture  in par t  m, i.e., a~ = b~, ~2 = b~, a[ = b~. Ma- 
terial  moves gradually through the apparatus and enters  par ts  of higher temperature ;  although the tem- 
pera ture  difference in each par t  is At = 100-120% we have on the whole the countercurrent  principle, which 
causes  the final tempera ture  Of to r i se  relative to the final tempera ture  of the gas by 40 ~ , while the mean 
tempera ture  difference in this case (Atav = 180) is 14% above that for each section individually (At = 156). 
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Fig. 3. Final t empera tures  of mater ia l  (a) and gas (b) for 
Various numbers  of stages: I) n ='2; II) 4; III) 6 (1-773~ 2) 
673; 3) 572; 4) 473). 
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T r e n d s  in  gas  and m a t e r i a l  t e m p e r a -  
t u r e s  (T, ~ in  each p a r t  (the upper  cu rve  is  
for  the gas) .  

The c u r v e s  show that  i n c r e a s e  in  the n u m b e r  of 
s t ages  f ac i l i t a t e s  m o r e  comple t e  use  of the t e m p e r a -  

t u r e  d i f f e r ence  as a whole;  for i n s t a nc e ,  if t i = 473~ 
the d i f f e r ence  be tween  the in i t i a l  and f ina l  gas  t e m -  

p e r a t u r e s  is  80 ~ for  n = 2 but is  125 ~ for  n = 6; while  

for  t i = 673~ the c o r r e s p o n d i n g  f i gu r e s  a r e  180 and 
290 ~ for  a m a t e r i a l  flow r a t e  of Pc = 0.4 k g / k g .  In 
the f i r s t  case  one u se s  17% of the t e m p e r a t u r e  d i f -  
f e r e n c e  for  n = 2 and 27% for  n = 6 while  in  the second  
case  one u s e s  r e s p e c t i v e l y  27 and 43~c. The g e n e r a l l y  
low use  of the t e m p e r a t u r e  d i f f e r ence  is  h e r e  due to 

the low va lues  of Pc that we re  used .  The p r a c t i c a l  
flow r a t e  may be v a r i e d  widely  in  a ppa r a t u s  of this  
type [5], and the exact  va lue  is  d e t e r m i n e d  f r o m  the 
equa t ions  for  the hea t  ba l a nc e  with a l lowance  for  the 
h y d r o d y n a m i c s  of the p r o c e s s .  

The  f ina l  t e m p e r a t u r e s  of the m a t e r i a l  give the fol lowing p i c tu re :  for  t i = 473~ with n = 2 we have 

~f = 420~ with n = 4 df = 445~ with n = 6 ~f = 450~ if t i = 673~ then  we have  r e s p e c t i v e l y  ~ = 538, 568, 
and 583~ 

T h e s e  r e s u l t s  c o n f i r m  the c o n c l u s i o n s  [2] f r o m  a n a l y t i c a l  s tud ies  that i n c r e a s e  in  the n u m b e r  of 
s t ages  r e s u l t s  in  f u r t h e r  i n c r e a s e  in the hea t ing  of the m a t e r i a l  but a d e c r e a s e  in  the r a t e  of hea t ing .  

P r a c t i c a l  c a l c u l a t i o n s  a r e  s imp l i f i ed  by the use  of the n o m o g r a m  shown in  Fig .  5, which was con-  
s t r u c t e d  by m e a n s  of a n a l y t i c a l  r e l a t i o n s h i p s  g iven  in  [2]: 

n (1-oM) ~-m 

~f=0.t i ~=~ , (4) n 

\ 0 g ] ~=2 Og ] 

I Ig [i* I-.  fI1-oM)] 
n - -  lga [ ' a 0 M ( Q - g f ) j  ' 

whe re  a = 1 -  0 M / l - R 0  M. 
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To use the nomogram one takes  va lues  of the ra t io  of the water  equivalents  as a mean for  the whole 
appara tus  R = WM/Wg , the in i t ia l  gas t e m p e r a t u r e  ti, and the d imens ion l e s s  m a t e r i a l  t e m p e r a t u r e  0 M as 
reckoned f rom (1). F r o m  the se lec ted  number  of p a r t s  one d e t e r m i n e s  the final m a t e r i a l  t e m p e r a t u r e  0f. 
The nomogram also enables  one to de t e rmine  any other  quantity if the o thers  a r e  given.  The accu racy  of 
the r e s u l t s  f rom the nomogram is  about 3%. 
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N O T A T I O N  

h e a t - t r a n s f e r  su r face ;  
d i a m e t e r ;  
height of sect ion;  
t e m p e r a t u r e  of gas  and m a t e r i a l ;  
tube volume;  
water  equivalent;  
h e a t - t r a n s f e r  coeff ic ient ;  
spec i f ic  weight; 
t he rma l  conductivi ty;  
spec i f ic  su r face  of m a t e r i a l ;  
k inemat ic  v i s cos i t y .  

Subscrip 

i, f 
M, g 
av, t, e, rel 

ts 

a r e  the ini t ia l  and final s t a tes ;  
a r e  the m a t e r i a l  and gas;  
a r e  the mean, t rue,  ca lcula ted ,  and r e l a t ive  va lues .  

I. 

2, 

3. 

4. 

5. 

LITERATURE CITED 

I. L. Lyuboshits, V. A. Sheiman, and E. G. Tutova, "IntenSification of heat and mass transfer,, 
in: Heat and Mass Transfer in Drying and Heating Processes [in Russian], Nauka i Tekhnika, Minsk 

(1966). 
E. G. Tutova and V. A. Sheiman, Teploenergetika, No. 4 (1967). 
I. L. Lyuboshits, V. A. Sheiman, and E. G. Tutova, "Particle deposition in an inertial deposition 
system," in: Heat and Mass Transfer in Drying and Heating Processes [in Russian], Nauka i Tekhnika, 

Minsk (1966). 
V. A. Sheiman and V. I. Kasper, Inzh.-Fiz. Zh., 6, No. 3 (1963). 
Z. R. Gorlis, Heat Transfer in Particle Countereu~rent Flows [in Russian], Energiya, Moscow 

- Leningrad (I 964). 

1282 


