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Calculated motioils and heat transfer of particles suspended in a 
gas stream pulsating at large amplitude (resonance) show that the 
heat transfer and the amount of heat transferred to a particle in- 
creases, while the mean flow velocity required to transport par- 
ticles decreases in comparision With the corresponding values in 
flow without pulsation. The use of resonance oscillations is claimed 
to intensify interphase heat and mass transfer in a gas suspension. 

The employmen t  of a pulsa t ing  flow to intensify hea t  
and m a s s  t r a n s f e r  in gas suspens ions ,  h a s  a l ready  
been proposed  [2, 1, 9]. The m a t t e r  was inves t iga ted  
e x p e r i m e n t a l l y  in [2]. In [31 an analys is  was made 
of the t es t s  r epor t ed  in [2], and ca lcu la t ions  w e r e  

p e r f o r m e d  showing that in many ca se s  of p r a c t i c a l  
impor tance ,  no not iceable  in tens i f ica t ion  of heat  
t r a n s f e r  in the p r e s e n c e  of pulsat ions  is fo r thcoming .  * 
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Fig. 1. Mimmum mean veloci ty of 
pulsa t ing  re sonan t  s t r e a m  requ i r ed  
to t r anspor t  p a r t i c l e s  in the v e r t i -  
cal d i rec t ion  (a), and a graph of the 
veloci ty  of the pulsa t ing  s t r e a m  (b): 

1) g T / V  s ~ 0.2; 2) g T / V  s ~- 0. 

The s i tuat ion is d i f fe ren t  if the f requency  of the 
gas ve loc i ty  osc i l l a t ions  imposed  by the pu l sa to r  

*As shown in [3], the min imum mean flow veloci ty  
r equ i r ed  to t r a n s p o r t  l a rge  p a r t i c l e s  pneumat ica l ly  in 
a pulsat ing flow is l e s s  than the ve loc i ty  V c in a flow 
without pulsa t ions .  This  p e r m i t s  a d e c r e a s e  of mean 
ve loc i ty  in the p r e s e n c e  of pulsa t ions  and the use of 

the r e g i m e  V m ~ V c o r  even V m < V c, In these  r e -  
g i m e s  the gain in r e s i d e n c e  t ime  of a p a r t i c l e  in the 
appara tus  -r r may p rove  to be g r e a t e r  than the loss  
in heat  t r a n s f e r  coef f ic ien t  a .  Then the quanti ty 
NumTr, i . e . ,  the amount  of heat  t r a n s f e r r e d ,  in-  
c r e a s e s  in the p r e s e n c e  of pulsa t ions  [2, 3]. Owing 

to the danger  of fa l lout  of pa r t i c l e s ,  however ,  the 
p r a c t i c a l  use  of these  r e g i m e s  is inexpedient  in many 

c a s e s .  

coincide with the natura l  f requency  of the gas in the 
sys tem (dr ie r  tube, etc) .  The t es t s  r epor t ed  in 
[4 t Showed that i n t h e  pulsa t ing  gas flow along the 
tube, r e s o n a n c e  ve loc i ty  osc i l l a t ion  ampl i tudes  a r i s e  
which may be s e v e r a l  t imes  g r e a t e r  than the ampl i tude  
values r e m o t e  f r o m  re sonance  and of the mean  s t r e a m  
veloci ty .  At the ant inodes of the co r r e spond ing  s tand-  
ing w~ives the ins tantaneous  s t r e a m  veloci ty  vec to r  
at  ce r t a in  t imes  is  not  only d i r ec ted  opposi te  the mean 

d i scha rge  ve loc i ty  vector ,  but also is apprec iab ly  
g r e a t e r  than the l a t t e r  in absolute  value.  Of course ,  
the mean  modulus of the ve loc i ty  of  the r e su l t an t  
r e sonance  pulsat ions  (on which the in tens i ty  of heat  
and m a s s  t r a n s f e r  also main ly  depends) is cons id-  
e rab ly  g r e a t e r  than the mean  d i s cha rge  veloci ty .  

Resonance  leads  to i n c r e a s e d  heat  exchange be-  
tween the gas and the wal ls  of the tube [5-7],  as wel l  

as with c r o s s - f l o w  heat ing su r f ace s  [4]. It may be 
supposed that the r e sonance  flow osc i l l a t ions  have 
no l e s s  pos i t ive  an inf luence on in te rphase  heat  t r a n s -  
f e r  in a ga s - suspens ion  of l a rge  p a r t i c l e s . *  Resul t s  
a r e  given below of ca lcu la t ions  which conf i rm this 
hypothes is .  We shall  use  the approx imate  method of 

ca lcula t ion  adopted in [3]. 
The following s impl i fy ing  assumpt ions  a r e  made: 
1. A pa r t i c l e  of constant  mass  moves  ve r t i ca l l y  

upwards,  en t ra ined  by a gas  s t r e a m  whose veloci ty  

equals V 1 = V m = Vc in one half per iod T of the pul-  
sat ions,  and V 2 = V m = V c in the o ther  (Fig.  lb) .  

2. The spec i f ic  weight  of the medium (gas) is 
negl ig ibly  sma l l  in com pa r i son  with that of a p a r t i c l e .  

3. Col l i s ions  of a pa r t i c l e  with the wal ls  and with 

o ther  p a r t i c l e s  a r e  not cons ide red .  
4. The ae rodynamic  drag  and heat  t r a n s f e r  of a 

pa r t i c l e  a r e  quas i - s t eady ,  i . e . ,  at each instant  of 
t ime they a re  ca lcula ted  f rom re la t ions  obtained under  

s teady conditions~ 
5. The d rag  coef f ic ien t  �9 of a pa r t i c l e  does not 

depend on the gas ve loc i ty  ( s e l f - s i m i l a r  region)  and 

p a r t i c l e  orenta t ion .  
It is  n e c e s s a r y  to d e t e r m i n e  the quant i t ies  Nu m, 

T r and NumT r at va r ious  va lues  of the osc i l l a t ion  
ampl i tude  k = V c / V  m > 1 (the case  k = 1 was e x a m -  
ined in [3]). It is  p r e c i s e l y  the condition k > 1 that  

*Low volume concen t ra t ions  of sol ids  in the appar -  
atus with the gas suspens ion  evident ly  do not lead to 
subs tant ia l  reduct ion  of the effect  obtained in tes ts  
[4] with s ing l e -phase  flow. 
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describes the special features of oscillations at re- 
sonance. 

We shall examine the so-called steady section 
(steady in the sense that the particle motion in each 
successive period does not differ from its motion in 
the preceding period). Then, using (I) and (2) of [3], 
it is not hard to show that when T=gT/V c < 0.2 and 
k > 1, the values of particle velocity at character- 
istic times A and B (Fig. lb) are 

IV, (V, --hA ) - -  Vel f"/2 + ua Vc 
u B 

(V1 - -  u a ) "7/2 + Vc 

V c u B -  [V~(V~--UB) + Vc] :7/2 uA = , (I) 
Vc-- (Vc-- us) 7"/2 

where  

v~ = Vm(l +k),  W.=Vm(~ --~). 

Solving the s y s t e m  of equat ions (1), and se t t ing  
T ~ 0 as a f i r s t  approximat ion,  we obtain 

U--A = UB = U =  (V~n.2 k - -  l)/2Vm k, (2) 

where  

We shal l  d e t e r m i n e  the min imum mean gas ve l -  
oci ty  r equ i r ed  to t r a n s p o r t  the p a r t i c l e s  (the analog 
of ve loc i ty  V c in a flow without pulsa t ions)  by putting 
u-= 0 in (2): 

Vrn .... = 1 / t / 2  k . (3) 

Thus, with i n c r e a s e  of r e l a t i v e  osc i l l a t ion  am-  
plitude, the ve loc i ty  r equ i r ed  for  pneumat ic  t r a n s -  
por t  of the p a r t i c l e s  d e c r e a s e s .  It is appropr ia te  to 
note that this reduct ion  is due to the nonl inear  de-, 
pendence,  a s sumed  in the calcula t ions ,  of d rag  
fo rce  on veloci ty ,  and must  be absent  in the reg ion  
R e g  1. 

Calcula t ions  shows that our  assumpt ion  of T "-'* 0 
does not lead to a l a rge  e r r o r  in condit ion "1 ~ < 0.2. 
This is shown in Fig.  l a ,  which gives  the values  of 

VCmin obtained f rom an accu ra t e  solut ion of (1) at 
Y = 0.2 and accord ing  to (3). 

The subsequent  ca lcu la t ions  a re  s i m i l a r  to those 
made in [3]. The mean value of Nu dur ing the per iod  

is de t e rmined  f r o m  

1 
Num ~ ~--  [(V1 -- U) ~ -I- (u -- Y.)"]. 

2 

Since Nu0 ~ V n in the flow without pulsat ions,  it is  
not diff icul t  to show the val idi ty  of the equation 

Nu,, 2 [, 2 k [/m " . 2 k Vm 

The r e l a t i v e  r e s i d e n c e  t ime  of the p a r t i c l e  in the 
s o - c a l l e d  s teady sec t ion  is found f r o m  the fol lowing 
re la t ions :  Tr ~ l / u ,  e x p r e s s i o n  (2) for  the pulsa t ing  
flow and the equal i ty  u0 = V0 - V c  for  the flow without 

pul s ations: 

�9 r 2 k ~(Vo - -  1) 

�9 r, 2kV2m - 1 

The fu r t he r  ca lcu la t ions  w e r e  c a r r i e d  out for  
two cases :  Vm = V0 and V m = V0/4-2-k-. The l a t t e r  
equal i ty  e x p r e s s e s  the condit ion fo r  the s a m e  m a r g i n  
of flow ve loc i ty  ( f rom the viewpoint  of ensur ing  r e -  
l i ab le  pheumat ic  t ranspor t )  in condit ions of r e s o n -  
ance osc i l l a t i ons  and in flow without pulsa t ions .  
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Fig .  2. Heat  t r a n s f e r  and r e s i d e n c e  

t ime of a p a r t i c l e  in the appara tus  
with pu lsa t ing  r e s o n a n c e  flow of a i r  

in the " s teady"  sec t ion  at V m = Vo 
(a), a n d V m = V 0 / J  2~, k > 1 (b): 

1 ) A = Num/Nu0 ; 2) NUmTr/NU0Tr0 ; 
3) Tr / ' r r0;  the broken l ines  a re  for  
V0/V c = 3, and the continuous l ines  

for  V0/V c = 2. 

It was a s sum ed  that n = 0.8 and the cases  V 0 = 2 and 
V0 = 3 w e r e  examined .  The r e su l t s  a r e  shown in 
Fig .  2, f r o m  which i t  may be seen that when V0 -- V m 
a !a rge  gain is achieved in the value of Nu m, whi le  
the value of ~'r d e c r e a s e s  as the osc i l l a t ion  ampl i tude  
i n c r e a s e s .  At the s a m e  t ime,  for  the condit ion 
~/m = V0/'/gl$, not only is the i n c r e a s e  in the value of 
N u m / N u  0 la rge ,  but the s imul taneous  i n c r e a s e  in the 

value of ~-r leads  to a cons ide rab ly  l a r g e r  i n c r e a s e  
of the product  NumTr than in the f i r s t  case,  this de -  
t e rmin ing  the amount  of heat  t r a n s f e r r e d  to (or given 

up by) the p a r t i c l e .  
In this way, it  is poss ib le ,  with the aid of r e s o n -  

ance osc i l l a t ions ,  to r educe  subs tant ia l ly  the mean 
gas veloci ty,  while s imul t aneous ly  i n c r e a s i n g  the 
quant i t ies  Nu m and Num~- r, even without reducing  the 

r e l i a b i l i t y  of t r anspo r t .  
An examinat ion  has been made above of motion and 

hea t  t r a n s f e r  of a p a r t i c l e  in the " s teady"  sec t ion .  

To comple te  the p ic tu re  we shall  eva lua te  the Nu s 
number  in the s o - c a l l e d  a c c e l e r a t i n g  sec t ion  (in the 

ea r ly  s tages  a f te r  the p a r t i c l e  has en te red  the ap-  
paratus}.  We shall  examine  the l imi t ing  case  u = 0, 
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corresponding to the ini t ia l  motion of a par t i c le  in t ro-  
duced into the apparatus  with no ini t ial  velocity.  Then 
i t  is  not difficult  to show the validity of the formula  

The re su l t s  of calculat ions according to (4) a re  shown 
in Fig .  3, f rom which i t  may be seen that under 
resonance osc i l la t ions  of sufficiently la rge  amplitude, 
the quantity Nu m must  also inc rease  in the a c c e l e r -  
ating section.  

J m  

NU o 

5 

41 
i 

/ 
/ 

2 
i 

] 
o 2 z, 6 

Fig.  3. Heat t r ans fe r  of a pa r t i c l e  
at the s t a r t  of accelerat ion:  1) V m = 

=V0;2)  V m = v 0 / ~  ;k > 1. 

Our calculat ions were made assuming quas i - s teady  
Nu. Therefore ,  on the bas is  of the data of [8], it 
may be assumed that the values of Num/Nu0 obtained 
a re  minimal,  and may be inc reased  at appropr ia te  
values of the p a r a m e t e r s .  

The object  of this paper  is  to explain the poss i -  
bility, in principle,  of intensifying heat t r ans fe r  by 
resonance pulsat ions.  No account has been taken, 
therefore,  of variat ion of osci l lat ion amplitude along 
the channel, the fact that the flow may not be i so-  
thermal ,  e tc .  It may be assumed however, that the 
resu l t s  obtained co r rec t ly  re f lec t  the basic  features  
of the motion and heat t r ans fe r  of the par t ic le  in the 
flow at values k > 1. For  example, it is not difficult 
to show the poss ibi l i ty  of pneumatic t ranspor t  at 
values V m < V c and in conditions when the pulsation 
waveform deviates  from rectangular ,  if, as in the 
case  examined, the dependence of the drag  force 
of the par t i c le  on gas velocity is nonlinear .  

Thus, the prospec t  of producing apparatus  with 
resonance  pulsat ions on the t ranspor t ing  agent de-  
s e rves  careful  study. In o r d e r  to improve the eco- 
nomics of such apparatus,  the additional energy 

expenditure associa ted  with pulsa tor  operat ion should 
be a minimum. This may be attained by using an 
efficient pu lsa tor  design, by tuning the sys tem to the 
optimum osci l la t ion frequency (from the viewpoint 
of hydraul ic  losses) ,  ~nd using twin tubes with a l t e r -  
nating gas supply to each. The l a t t e r  should also 
ensure that the total hydraul ic  r e s i s t ance  of the sys tem 
is constant.  

There is  no doubt that to c rea te  an actual piece of 
equipment it  is neces sa ry  to solve a number of fur ther  
problems,  including c o r r e c t  choice of the point at 
which to introduce the mate r ia l  into the apparatus,  and 
determinat ion of the gas osci l la t ion amplitude in 
sys tems  of various types, etc.  

NOTATION 

d- -pa r t i c l e  d iamete r  ; f  and T--frequency and 
period of pulsa t ions;  k = Vf /Vm--d lmens ion less  
pulsation ampli tude;  V--gas velocity; V 1 and V2-- 
gas velocity at different  sect ions of osci l la t ion per iod 
(Fig. 1); Vs - -c r i t i ca l  velocity;  u - -pa r t i c l e  velocity; 
r - - t i m e ;  Tr - - res idence  t ime of par t i c le  in apparatus 
in the "steady" sect ion;  ~ ' - -drag coefficient.  Sub- 
sc r ip t s  : 0--in flow without pulsat ions;  m--mean over  
per iod;  A and B--values  at  points A and B (Fig. 1); 
min--value for zero mean motion of pa r t i c l e  over  
per iod;  a ba r  over  a l e t t e r  denotes a d imensionless  
quantity. 
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