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An evaluation is made of the influence of periodic nonuniformity of 
motion of a gas-mixture stream on interphase heat transfer. Optimum 
conditions for this process are derived. 

It is  known that heat t r a n s f e r  between an a scen -  
ding gas s t r e a m  and solid pa r t i c l e s  suspended in it 
over  a s teady sec t ion  is  de t e rmined  by the value of 
the veloci ty  Vre l  = Vcr  ~ const .  T h e r e f o r e  i nc r ea se  
of the gas veloci ty usua l ly  leads not to i nc r ea se  of 
the amount  of heat  t r a n s f e r r e d  (as in the ease of 
fixed par t ic les ) ,  but to a dec rease  (since the value 
of c~ does not change, because  the r e l a t ive  veloci ty 
s tays  constant ,  while the dwei1 t ime of the pa r t i c l e s  
in the equipment  is decreased) .  F igu re  1 shows the 
ma in  fea tu res  of an equipment  which allowed in -  
c r e a s e  of the r e l a t ive  ra te  of mot ion  of gas and 
p a r t i c l e s  and thus enhanced heat  t r a n s f e r .  A mix -  
ture  of gases  moves  along a. channel  whose a r e a  
changes pe r iod ica l ly  along i ts  length.  In o rde r  to 
dec rea se  the lengths of the t r ans i t i on  sec t ions  (dif- 
f u se r s  and convergent  sect ions) ,  the whole channel,  
or, in some cases ,  individual  pa r t s  of it, may  be 
subdivided into a number  of p a r a l l e l  b r anches .  The 
gas veloci ty  a l t e r s  to co r re spond  with changes in 
channel  c r o s s - s e c t i o n a l  area,  i n c r e a s i n g  in the 
nar row,  and d e c r e a s i n g  in the wide sec t ions .  The 
r e s u l t  is that the solid pa r t i c l e s  lag behind the gas 
veloci ty in the na r row sec t ions  and a re  g radua l ly  
acce le ra ted ,  while in the wide sec t ions  they ove r -  
take the gas and a re  slowed down. This  kind of 
mot ion  of a gas mix tu re  s t r e a m  is s i m i l a r  to that 
with a f luc tuat ing  gas s t r e a m  [1, 2, 3], and t h e r e -  
fore  the technique developed in [3] may be used to 
eva lua te  heat  t r a n s f e r  in the sec t ion  examined .  We 
shal l  make  the following s impl i fy ing  assumpt ions :  

1. The pa r t i c l e s ,  of cons tant  mass ,  move v e r t i -  
cal ly  upwards ,  en t r a ined  by the i s o t h e r m a l  gas 
s t r e a m .  

2. The l imi t ing  ease s 2 >> s 1 is examined,  where  
the s t r e a m  veloci ty  is  V in sec t ion  l 1 and zero  in 

sec t ion  12. 
3. No account  is taken of pa r t i c l e  co l l i s ions  with 

the wal ls  of the tube and with o ther  p a r t i c l e s .  
4. The a e r o d y n a m i c  drag and heat t r a n s f e r  of a 

p a r t i c l e  a re  quas i - s t eady ,  i . e . ,  at eve ry  ins t an t  of 
t ime  they obey laws obtained under  s teady condi t ions .  

5. The pa r t i c l e  drag  coeff ic ient  does not depend 
on gas veloci ty  ( s e l f - s i m i l a r  region) and pa r t i c l e  

o r i en t a t i on .  
6. The gas speci f ic  weight is negl ig ib ly  sma l l  

in c o m p a r i s o n  with that of the p a r t i c l e .  

7. The equipment  is made up of ident ical  sect ions,  
and the par t i c le  motion in each sect ion is  ident ical  
( so-ca l led  ns ta t ionary  n reg ime) .  

It was shown in [3] that under  the assumpt ions  
made and With the condit ions 

g(~t + ~..) / v~< 0.2 (1) 

o r  

g(l~ + l~)/uVcr< 0.2 (la) 

the approximate  exp res s ion  for  pa r t i c l e  veloci ty in 

the equipment  

u =  (V - -  g?2rn - - m  2 -t- i ) / ( l  - - m ) ,  m + 1; 
( 2 )  

u = (~2__ 2)/2!/, m ~ 1, 

is valid, where  u-= u / V c r  and V = V/Nor  a re  the 
d i m e n s i o n l e s s  ve loc i t ies  of the pa r t i c l e  and a i r .  
(Since u ~ const,  12/ l  1 ~ ~'2/~'1 = m . )  By le t t ing 
u ~ 0, we may de te rmine ,  f rom (2), the m i n i m u m  
gas veloci ty in sec t ion  l 1 r equ i r ed  to t r a n s p o r t  the 
pa r t i c l e  (the analog of veloci ty Vcr  in equipment  with 

fixed gas velocity): 

g~,n = v~,n / Vcr = V I + m . (3)  

The phys ica l  mean ing  of (3) is  c lear :  dece l e ra t i on  
of a pa r t i c l e  in sec t ion  12 may  be compensa ted  for  
by an i n c r e a s e  of veloci ty V > Vcr  in sec t ion  l l .  

As in [3], f rom the condit ion c~ ~ Vnel we find 
the ra t io  of the mean  heat  t r a n s f e r  coeff ic ients  in 

sec t ions  ll and /2 

am 1 _ _ n ,z 

[(V - -  u) + ;;~7~ 1 (4) 
a0 m -F 1 

of the pa r t i c l e  dwell  t imes  in the equipment  

~dw /~dw. = (i70 - -  1)/u 

and of the amounts  of heat  taken in or  given out by 

the pa r t i c l e  

qiTl CtmTdw__ 

q0 (~0Tll0 

(5) 

F r o m  (6) we may  compare  the eff ic iency of heat  
t r a n s f e r  in the appara tus  examined  and in that with 

l . . . .  " l ? o  - -  1 [(V--u) + m ,  = (6) 
m-F 1 
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Fig. I. a) Main features of the equipment 
[1) l a r g e - a r e a  section; 2) diffuser;  3) smal l -  
a rea  section; 4) convergent channel] and b) 
graph of velocities [1} gas  velocity; 2) pa r -  

ticle velocity]. 
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Fig. 2. Influence of gas velo- 
city on heat t r ans fe r  intensi-  
fication ( 1 2 / l  1 = 1): 1, 2, 3, 4, 
5, and6)  withV0 = ~ ; 2 ; 3 ; 4 ;  
VA/-2 and V, respect ively;  7) 

with V = Vmin. 
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Fig. 3. Influence of the p a r a m -  
e ter  I J l  i = m on heat t r ans fe r  
intensification (V = V0 ~ ) :  
1, 2, 3) wi thV 0=2 ,  3, and 4. 



210 INZH E NE RNO-FIZIC HE SKII ZHURNAL 

constant  sec t ion  a r ea .  To d e t e r m i n e  the mos t  sui table  
value of veloci ty  V, va lues  of qm/q0 = f ~ )  w e r e  
found f r o m  this  formula ,  taking n = 0.8 and var ious  
fixed values  of V0 and m (the r e su l t s  for  m = 1 a r e  
shown in F ig .  2; cu rves  for  m = 2 and m = 3 a r e  
s i m i l a r  in shape).  It may be seen f rom Fig .  2 that, 
for  g iven V0, the ra t io  qm/q0 i n c r e a s e s  as V d e c r e a s e s .  
Lower ing  of V, however ,  as is a l so  t rue  in the con-  
s t a n t - a r e a  equipment,  involves  the poss ib i l i ty  of the 
p a r t i c l e s  se t t l ing  out, and is t h e r e f o r e  r e s t r i c t e d  by 
the need to main ta in  a def ini te  m a r g i n  as r e g a r d s  
the ra t io  to ve loc i ty  Vmi n. F u r t h e r  ca lcu la t ions  
w e r e  t h e r e f o r e  c a r r i e d  out fo r  the condit ion V / V  0 = 
= 1~-~-~ ,  i . e . ,  with the same  c r i t i c a l  ve loc i ty  

safety  f ac to r  in the two ca se s  compared  (Fig.  3). 
The ca lcu la t ions  for  V0 = 2 and V0 = 3 have a l r eady  
been done in [3], while those fo r  V 0 = 4 w e r e  done 
in the p r e sen t  work.  

It may  be seen  f r o m  Fig .  3 that  the quant i ty  qm/q0  
i n c r e a s e s  no t iceab ly  with i n c r e a s e  of the ra t io  m = 
= 12/ l  1 in the range  0 < 12/ l  1 < 1. With fu r t he r  in-  
c r e a s e  of l J l  l, the ra t io  qm/q0 r e m a i n s  p r a c t i c a l l y  
constant .  It is  t h e r e f o r e  expedient  to use  equipment  

with the ra t io  12/ l  1 = 1-1 .5 .  The r e su l t s  of the ,: 
ca lcu la t ions  p r e s e n t e d  in F ig .  3 als0 al low the con-  
c lus ion to be drawn that the use of this method o f  
enhancement of interphase heat transfer is expedient 
when the relative gas velocity V0 > 2. 

The above analysis has explained in principle how 
interphase heat transfer in a uniform gas mixture 
stream may be enhanced. The region of practical 
use of this method will depend on the ratio between 
the gain in q and the additional expenditure of energy 
entailed by the increased flow friction in the system, 
and may be calculated with sufficient accuracy in 
each concrete case. 

The authors have made an approximate compari- 
son of the hydraulic losses in equipment with vari- 
able and constant section area. Using data from [4], 
we find the ratio 

Ap __ ~ll/d'~- ;d--;C ( V 12 
A Pc )~o lo/do Vo ] " (7) 

Let  ll = 12 = l :  Then, f r o m  the above equal i ty  
V / V  0 = ~rl + m, it fol lows that when m = 1, (V/V0) z = 
= 2. We shal l  neg lec t  the length of the convergen t  

and d ive rgen t  s ec t i ons  and put ll + Iz = 1, X = X0. 
When the gas volume fl0w r a t e s  a r e  equal  :in two 

ca se s  compared ,  we mus t  have d0/d = ~ 0  o r  

d0/d--  ~ / ~ .  Hence,  

A p = V~--V-~ + ;d + ;o (8) 
h Pc k l/do 

It fol lows f rom (8) that Ap/Ap0 i n c r e a s e s  with the 
number  k of pa ra l l e l  sec t ions .  If we take k = 1, 

Ap ~ 1 . 2 +  ~d+~c 
Apo )~ I/d, 

As an example ,  le t  Cd = 0.4, r  ~ 0, l =1 m,  do = 
= 0.1 m,  X = 0.03. Then Ap/Ap0 ~ 2.5. 

Thus, unde r  the a s sum ed  ini t ial  conditions,  the 
heat  t r a n s f e r  intensi ty  may i n c r e a s e  (Fig.  3) roughly 
in propor t ion  to the i n c r e a s e  of flow f r ic t ion  in the 
sy s t em .  This  r e su l t  may  be acknowledged as a ve ry  
favorab le  one, s ince with o ther  means  of enhancing 
heat  t r ans fe r ,  the i n c r e a s e  in hydrodynamic  r e s i s -  
ta.nce usual ly  subs tant ia l ly  ou ts t r ips  the i m p r o v e -  
ment  in heat  t r a n s f e r .  It is  c l e a r  that the use  of this 
method p roves  favorab le  main ly  owing to the r e -  

duction in the s ize  of the equipment,  and hence  in 
capi ta l  cos t s .  F r o m  this point of view we should 
a lso  look at  the ques t ion  of opt imum number  of 
channels  in the i n c r e a s e d  ve loc i ty  zone.  Accord ing  
to (8), as  the number  of channels  i n c r e a s e s ,  the 
hydrodynamic  r e s i s t a n c e  of the sys t em i n c r e a s e s ,  
while the s i ze  alnd cost  of the equipment  d e c r e a s e s .  

NOTATION " 

g-acceleration due to gravity; k-number of parallel narrow- 
section channels; I and s--length and cross-sectionaI area of a channet 
section; m-ratio of lengths l z and l 1; n-exponent; Ap-pressure 
drop of gas over channel; q-amount of heat transferred in the equip- 
ment; u-particle velocity; V-gas velocity; Vcr-Critical velocity; 
~-local friction coefficient; ).--flow friction coefficient; r-transit 
time of particles in section of channel; rdw--mean dwell time of 
a particle in the equipment; a-heat transfer coefficient. Subscripts: 
0--in flow through constant-area equipment; 1 and 2--narrow and 
wide sections, respectively; d--diffuser; c-convergent section; rel-- 
retative velocity; m--mean over length 11 + lz ; min--value when 
particle drift is zero; bar over a letter--dimensionless quantity. 
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