
438 INZHENERNO- FIZIC HESKII ZHURNAL 

PARTIC LE MOTION AND HEAT TRANSFER IN A PULSATING GAS STREAM 

L. D. Kapus ta ,  M. I. Rabinovich,  and A. A. S h r a i b e r  

I n z h e n e r n o - F i z i c h e s k i i  Zhurna l ,  Vol.  10, No. 6, pp.  744-749 ,  1966 

UDC 541. 182 

Results are given of an analytical investigation of the motion of 
granular material and interphase heat transfer in an ascending two- 
phase stream with sinusoidal gas velocity fluctuations, 

T h e r e  is  c o n s i d e r a b l e  i n t e r e s t  in s eek ing  ways  of  
in t ens i fy ing  t h e r m a l  p r o c e s s e s  (heating, dry ing ,  r o a s t -  
ing) for  g r a n u l a r  m a t e r i a l s  in s u s p e n s i o n .  One of  t h e s e  
ways  i s  to i m p r e s s  pu l sa t i ons  on the gas  s t r e a m  v e l o c -  
i ty .  The use  of th i s  p r i n c i p l e  has  been  sugges ted  r e -  
p e a t e d l y  [4, 6], but  the  laws  of mot ion  and hea t  t r a n s -  
f e r  of  g r a n u l a r  m a t e r i a l  in a pu l sa t ing  s t r e a m  have 
not  been  su f f i c i en t ly  s tud ied .  

We know of  only two p a p e r s  [2, 3] devoted to the  
s tudy  of the  mot ion  and hea t  t r a n s f e r  of m a t e r i a l  p a r -  
t i c l e s  in a gas  s t r e a m  with r e c t a n g u l a r  v e l o c i t y  p u l s a -  
t i ons .  In addi t ion ,  the inf luence  was  i nves t i ga t e d  in 
[1] of t u rbu l en t  f low pu l sa t i ons  on the  na tu r e  of the  m o -  
t ion  of  w e i g h t l e s s  p a r t i c l e s .  

We sha l l  e x a m i n e  the mot ion  of p a r t i c l e s  of g r a n u -  
l a r  m a t e r i a l  in an a scend ing  t w o - p h a s e  s t r e a m  sub -  
j e c t e d  to s i n u s o i d a l  gas  v e l o c i t y  pu l sa t ions :  

a~ ~- Wm + wa sin ~ .  

F o r  s i m p l i c i t y  we sha l l  make  the fo l lowing a s s u m p -  
t i ons :  

1) the p a r t i c l e s  a r e  s p h e r i c a l ,  and t h e i r  t r a j e c t o r -  
i e s  a r e  p a r a l l e l  to the  channel  ax i s ;  

2) t h e r e  a r e  no c o l l i s i o n s  of  the  p a r t i c l e s  be tween  
t h e m s e l v e s ,  nor  wi th  the  channel  wa l l s ,  nor  i s  t h e r e  
a t t enua t ion  of  the  gas  s t r e a m  pu l s a t i ons  a long the chan -  
nel ;  

3) the a e r o d y n a m i c  r e s i s t a n c e  du r ing  wash ing  of  the  
p a r t i c l e s  by the s t r e a m ,  and the i n t e r p h a s e  hea t  t r a n s -  
fe r ,  a r e  q u a s i - s t a t i o n a r y  [2]; 

4) the  r e s i s t a n c e  coe f f i c i en t  does  not depend on Re 
(the mot ion  o c c u r s  in the  s e l f - s i m i l a r  r eg ion ) .  

The  usua l  equa t ion  of  mot ion  for  p a r t i c l e s  of m a -  
t e r i a l s  [4] in the  c a s e  of  a pu l sa t ing  s t r e a m  m a y  be 
w r i t t e n  in the  f o r m  

du (w~ -t- w,, sin 0 ~ - -  u)e x 
d-~- g = v u 

x sgn (w,~, + w~, sin m, - -  u) - -  g, (1) 

w h e r e  the  f ac to r  sgn (w m + Wa s in  WT -- U) t a k e s  into 
account  the  fact  tha t  the v e l o c i t y  of  so l id  p a r t i c l e s  in 
a p u l s a t i n g  s t r e a m  m a y  exceed  the  gas  v e l o c i t y  at  p a r -  
t i c u l a r  t i m e s  (then the  a e r o d y n a m i c  r e s i s t a n c e  f o r c e  

s lows  the p a r t i c l e s ) .  
N o n l i n e a r  equa t ions  of t h i s  type  do not i n t e g r a t e  in 

q u a d r a t u r e s .  We sha l l  s e e k  an a p p r o x i m a t e  so lu t ion  

of  (1) for  the  q u a s i - s t a b i l i z e d  sec t ion  of  the  flow in 
the  f o r m  [1] 

u = u~ q- u~ sin (o~ - -  a). (2) 

Rep l ac ing  u and du /d~  in (1) by  t h e i r  va lues  f r o m  (2), 
and going ove r  to d i m e n s i o n l e s s  v e l o c i t i e s ,  we obta in  

~'a VUO Sin  ("~T "@ ~/2 - -  a) = 

= g{(w~--urn ) + [ ~ Z a s i n ~ - - U a S i n  (~ ' r--a)]} 2 X (3) 

X sgn {(w~-- urn) + [Wa sin o~ - -  u~ sin (o~ - -  a)]} - -  g. 

The  s l i p  ve loc i t y  i s  ev iden t ly  a l so  a s i nuso ida l  quan-  
t i t y  

v = v m + v asin (o~ + ~), (4) 

where ,  on the  b a s i s  of the  known r e l a t i o n s  [7] 

~2 2 2 -- 
Va = Wa "~ t~a - -  2W a UaCOS 12, ( 5 )  

tg 13 = G sin a/(w. - - G  cos a). (6) 

M o r e o v e r ,  i t  i s  ev ident  tha t  

G = ~ - - ~ m -  (7) 

Tak ing  (4) and (7) into account ,  we obtain,  in p l a c e  of 

(3) 

U, Vu~Sin (o~ + ~ / 2 - - a )  g [Vm + v~ sin ( ~  + 13)1 ~ X 
(8) 

X sgn [vm q- G sin (oT + [~)]--g. 

It i s  ev ident  tha t  (2) m a y  s e r v e  as  an a p p r o x i m a t e  
so lu t ion  of  (1), if  the  lef t  and r i g h t  s ides  of  (8) c o i n -  
c ide:  a) in phase ,  b) in a v e r a g e  va lue  ove r  a pe r iod ,  
c) in a m p l i t u d e .  

Condi t ion  a) i s  s a t i s f i e d  i f  

+ [~ = ~/2. (9) 

Solving the  s y s t e m  of  equa t ions  (6), (9), we obta in  

cos a = ua/~ ~. (10) 

Tak ing  account  of (10), (5) m a y  be put in the  f o r m  

2 _2 2 
Ua = Wa - -  Ua �9 (11) 

In the  q u a s i - s t a b i l i z e d  sec t ion  of  the s t r e a m ,  the  
mean  va lue  of p a r t i c l e  a c c e l e r a t i o n  ove r  one p e r i o d  
i s  z e r o .  The  lef t  s ide  of  (8) s a t i s f i e s  th is  condi t ion  
for  any va lue s  i n s e r t e d  in i t .  

T h e r e f o r e ,  condi t ion  (6) i s  equ iva len t  to equa t ing  
the m e a n  va lue  of the  r i g h t  s ide  of (8) to z e r o .  Then  

two c a s e s  a r e  p o s s i b l e :  v~ :; v~ a n d  G >  if,,,. 
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With G -G~,= the va lue  of sgn [v= 4-%sin (m, q- ~)l:is 
pos i t i ve ;  then,  a f t e r  i n t e g r a t i o n  and s i m p l e  t r a n s f o r -  
ma t ions ,  we obta in  

2 _2 
2 (v,~ - -  1) + v~ = 0. (12) 

If we put  G =Va in (12), we find G = G = V273.-~0.817. 
T h e r e f o r e ,  (12) i s  va l id  for  va lues  0.817 -Gv~ :;_'. 1. When 
v m < 0.817 ( i . e . ,  v, > v m ), we obtain,  in a s i m i l a r  

f ash ion  to the  fo regoing ,  

_9 - 2  Uoz f "  --  "2 

] /  v,,, 0. (13) (2v7,, + v~) arcsi n ~ -k 3vm v~ 1 -2 = = 
~a Va 

It  fo l lows  f r o m  (12) and (13) that  in the  r a n g e  0 < Vm -< 
-< 1, t h e r e  e x i s t s  be tween  V m and Va a unique r e l a t i o n  
which  i s  i n v a r i a n t  wi th  r e s p e c t  to the  upward  v e l o c i t y  
of  the  p a r t i c l e s  and to the  c h a r a c t e r i s t i c s  of  the  gas  
s t r e a m .  

Th i s  r e l a t i o n  i s  shown in F ig .  1. We find, t yp i c a l l y ,  
tha t  in the  q u a s i - s t a b i l i z e d  sec t ion ,  the  mean  s l ip  v e -  
l o c i t y  (Vm = VmV u) m a y  be  c o n s i d e r a b l y  lower  than  the  
upward  v e l o c i t y  of  the  p a r t i c l e s ,  but  then  i t s  amp l i t ude  
m u s t  be l a r g e  enough~ T h e r e f o r e ,  t r a n s p o r t  of l a r g e  
p a r t i c l e s  of  m a t e r i a l  i s  p o s s i b l e  in a pu l s a t i ng  s t r e a m  
with  s m a l l e r  m e a n  v e l o c i t y  and gas  f low r a t e  than  in a 
s t e a d y  s t r e a m .  

A conven ien t  r e s u l t  for  a s t r e a m  with a r e c t a n g u -  
l a r  p u l s a t i o n  was  ob ta ined  p r e v i o u s l y  in [2, 3]. E v i -  
dent ly ,  t h i s  d e r i v a t i o n  m a y  be  ex tended  to p u l s a t i o n s  
of any  shape .  
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Fig .  1. Dependence  of  
s l i p  v e l o c i t y  a m p l i t u d e  
Va ( m / s e c )  on i t s  m e a n  

va lue  V m ( m / s e c ) .  

A n a l y s i s  of  cond i t ion  c) l e a d s  to the fo l lowing r e -  

su l t :  

g (v~ 4-v~,,).- ~VuO~ (Vm < 0.817); (14) 

2gf G v~ "u~,Vum (0.817 -'<v,, C 1). (15) 

The  s y s t e m  of  s ix  equa t ion  s ob ta ined ,  (7), (9)-(15) ,  
wi th  9 v a r i a b l e s  (~vm, w,~, v=, v,, u .... u,, ,,, u, ~ ) a l l o w s  
c a l c u l a t i o n  of  the  r e m a i n d e r  when t h r e e  a r e  known.  

F o r  example ,  f r o m  the given law of v a r i a t i o n  of  gas  
s t r e a m  v e l o c i t y  (~e,~, ~ ,  c,) we m a y  ob ta in  the  laws  of 
p a r t i c l e  mot ion  and of s l ip  ve loc i t y  v a r i a t i o n  in the  
q u a s i - s t a b i l i z e d  s ec t i on .  

06 
0 ~0 2.0 3.0 ~a 

Fig .  2. Dependence  of  i n t e r -  
phase  hea t  t r a n s f e r  i n t e n s i t y  
Nu/Nu  0 in a pu l s a t i ng  s t r e a m  
on the  gas  v e l o c i t y  ampl i tude  
w-- a ( m / s e c ) :  1) for  the  q u a s i -  
s t a b i l i z e d  s e c t i on  of  the s t r e a m ;  
2 and 3) fo r  the  s e c t i on  n e a r  the  

inlet ,  k = 1 .8  and 3. 

Ca lcu l a t i on  shews  tha t  in the  r e g i o n  co > 10 sec  - i ,  
v m > 0 .2  v a ~ ~ a ,  the  d i f f e r e nc e  be tween  the two 
quan t i t i e s  does  not exceed  3-5%,  and d e c r e a s e s  with 
i n c r e a s e  of pu l s a t i on  f r equency .  T h e r e f o r e ,  the  c u r v e  
of  F ig .  1 a l so  r e p r e s e n t s  the  r e l a t i o n  Vm = f (wa)  wi th  
good enough a c c u r a c y .  

I t  fo l lows f r o m  (11)-(15)  tha t  the  s l i p  -velocity does  
not depend on the  m e a n  gas  v e l o c i t y .  

We sha l l  e x a m i n e  the inf luence  of  p u l s a t i o n s  on 
i n t e r p h a s e  hea t  t r a n s f e r  in an a s c e n d i n g  t w o - p h a s e  
s t r e a m .  If the  length  of the  s t r e a m  i s  cons tan t ,  then 
the amount  of  hea t  t r a n s f e r r e d  i s  p r o p o r t i o n a l  to 
Nu rd,  w h e r e  r d i s  the  dwel l  t i m e  of the  p a r t i c l e s  of  
m a t e r i a l  in the  s t r e a m .  The  N u s s e l t  n u m b e r  i s  a func-  
t ion  of  the  Reynolds  n u m b e r  [5]." 

Nu : :  2 + 0 16Re<~. (16) 

Since Re i s  p r o p o r t i o n a l  to Iv[, and the second  t e r m  
on the r i g h t  of (16) i s  c o n s i d e r a b l y  l a r g e r  than the  
f i r s t ,  we m a y  a s s u m e ,  wi th  a known d e g r e e  of  a c c u -  
r a c y ,  tha t  

Nu ~ v~, Nu av/Nuo : :  (v .~)av/Vu 

or ,  t ak ing  account  of  (4), 

T 

Nuav 1 [V-m + G sin ( ~ ~- ~)1 ~:, d r. (17) 
Nuo T . ,  

0 

It  fo l lows  f r o m  (17) tha t  the  r a t i o  Nuav /N% for  the  
q u a s i - s t a b i l i z e d  s e c t i o n  of  a p u l s a t i n g  s t r e a m  i s  d e t e r -  
mined  by  the  s l i p  ve loc i ty ,  and does  ne t  depend on the 
f r e q u e n c y  of  p u l s a t i o n .  However ,  the  p r e s e n t  i n v e s t i -  
ga t ion  does  not  t ake  into account  the  a c o u s t i c  p r o p e r -  
t i e s  of  the  gas  co lumn  in the  channe l ,  and in  r e a l  con-  
d i t ions ,  ev iden t ly ,  we m a y  expec t  the  pu l s a t i on  f r e -  
quency  to have  a de f in i t e  in f luence  on hea t  t r a n s f e r  i n -  

t e n s i t y .  
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Since the indefinite integral corresponding to the 
right side of (17) cannot be expressed either in ele- 
mentary or in elliptic functions, the value of Nuav/Nu 0 
for a series of values of ~ a  has been calculated by 
Simpson's rule.  The results  are given in Fig. 2. When 
W--a < 1.63, the heat t ransfer  intensity in the pulsating 
gas s t r eam proves to be less than in a steady one, 
which is due to the decrease in mean slip velocity in 
the pulsating s t ream in comparison with the upward 
velocity of the part icle.  Appreciable enhancement of 
heat t ransfer  may be obtained only at high values of 
W a �9 

Q I o 

7., / 

o /o 2o ao ~,a 

Fig. 3. Dependence of the 
amount of heat t ransfe r red  
in a pulsating stream, Q/Q0, 
on the gas velocity amplitude 
~a  (m/sec): 1) for the quasi- 
stabilized section of the 
s t ream; 2 and 3) for the sec-  
tion near the inlet, k = 1.8 

and 3. 

The safety factor for pneumatic transportat ion of 
large part icles of mater ia l  is usually chosen in the 
range k = w0/v u = 1 . 8 - 3 . 0 .  We shall therefore  con- 
sider that in the stabilized section of a steady s t ream 
the particle velocity is u 0 = (0.8-2)Vu, or, in dimen- 
sionless quantities, ~0 = 0 . 8 - 2 .  

If, in a pulsating stream, we take the safety factor 
in t e rms  of the mass  flow rate of t ransport ing agent 
k = Wm/V m within the same limits, then, allowing for 
(7), we obtain Hm = (0.8-2)Vm. Then, for identical 
values of k 

T d/"rd~ o ]/v,n, 

and the amounts of heat t ransferred ,  for the pulsating 
and the steady s t reams,  are  related by 

Q Nuav 1 
- -  �9 ( 1 8 )  

It may be seen f rom Fig. 3 that the use of pulsa- 
tions proves effective with Wa > 1, the quantity Q/Q0 
rapidly increasing with increase  of ~a .  From this 
point of view larger  values of gas velocity amplitude 
should be chosen, but with ~a  > ~ m  the gas s t ream 
velocity must  change sign periodically.  Since the 
achievement of s imi lar  reg imes  encounters great  

technical difficulties, we shall res t r ic t  the examina- 
tion only to those regimes for which 

w a -< w~. (19) 

The maximum values of ~ a  satisfying condition (19) 
may evidently be determined with ease f rom Fig. 1 
as the ordinates of points of intersection of the curve 
Wa = f(vm) with the lines ~ m  = kVm. The values of 
W'-a and corresponding values of Q/Q0 are 

k 1,8 2 2 .5  3 
Wa 1.16 1.23 1.39 1,54 

Q/Qo 1.32 1.42 1.66 1.90 

For the accelerating section of a pulsating stream, 
there are considerable difficulties in obtaining even 
an approximate solution of the equation of motion of 
the particles of material,  s imilar  to (2). For a pre-  
l iminary estimate of the hea t - t ransfer  intensity in the 
accelerating section we shall calculate the value Q/Q0 
for a small section AL of the s t ream near the initial 
section (the length of this section must be small com- 
pared to the scale of variation of character is t ics  of 
the stream).  

Assuming that at the section in question the veloc-  
ity of the material  is close to zero, and reasoning in 
a way s imilar  to the foregoing, we obtain 

T 

Nu . _ 1 1 ,~ (w,,~ + w~sincox)~'~ d'c. (20) 
Nuo -2/3 T 

~o 
o 

Relation (20) is shown in Fig. 2 for safety factor 
values of k = 1.8 and k = 3. 

Regarding the motion of part icles in the section AL 
as subject to uniform accelerat ion (with u = 0 at the 
inlet section), we obtain the following expression for 
the particle dwell time in section AL: 

rd'~ V -~-T o -d~-T av" 

For a steady s t ream 

(du/d~)o := g (~20 --  1) ~ (k e --  1) g. 

and for a pulsating one 

T 

=-~-- [(w., + WaSinr 2 sgn (w., +~as in  ~x)-- 11 d~. 

o 

The ratio of the amounts of heat t ransfer red  in the 
section AL of the pulsating and steady s t reams  has 
been calculated in the same way as for the quasi-  
stabilized section. The relation Q/Q0 = f(wa) for the 
section AL is shown in Fig. 3. When w a > 1 the in- 
fluence of the pulsations is considerably stronger for 
the quasi-stabil ized section than for the accelerat ing 
one. For values of W a satisfying condition (19), the 
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u s e  o f  p u l s a t i o n s  g i v e s  p r a c t i c a l l y  no  p e r c e p t i b l e  r e -  

s u l t  f o r  t h e  a c c e l e r a t i n g  s e c t i o n  of  t h e  s t r e a m .  

NOTATION 

g-acceleration due to gravity, m/sgc 2 I-period of the gas 
stream velocity pulsations, sec; u-velocity of particles of disperse 
material, m/see; v-s l ip  velocity in the quasi-stabilized section of 
the stream, m/see; vu-upward velocity of the particles, m/see; 
w-gas velocity, m/see; r - t i m e ,  see; ~ -cyc l i e  frequency, see'l; 
u = U/Vu; 7 =  V/Vu; 7 =  w/v u. Subscripts: a-amplitude of oscilla- 
tions of a variable; m - m e a n  value of a sinusoidal quantity; av-  
mean value of a variable sinusoidal quantity; O-refers to the steady 
gas stream (without pulsations). 
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