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On the basis  of a simple physical model, it is shown that four basic mechanisms a re  possible 
for  the conversion of a granular  bed into the fluidized state in apparatuses  of constant c ross  
section.  Conditions for the pract ical  real izat ion of these mechanisms  are  discussed as func-  
tions of bed p a r a m e t e r s .  

Despite the extensive disseminat ion of fluidtzatton technology in industry and the large number of e m -  
pir ical  studies of the fluidized state under most  diverse conditions (for example, see [1-5]), many funda- 
mental  phenomena and p rocesses  charac te r i s t i c  of fluidized sys t ems  have not yet  received a sa t i s fac tory  
or completely unambiguous explanation. An example is the problem of initial flutdization when the flow of 
a f lu idiz ingagentpass ingthrough a granular  bed reaches  some cr i t ical  value. 

The various phenomenological pat terns in the conversion of a granular  bed into the fluidized state 
a re  qualitatively well known and are  described in numerous journals  and monographs .  However,  there 
are  ext remely  limited and frequently cont radic tory  ideas about the causes leading to the real izat ion of 
one actual pattern or another and about the influence of various fac tors  on the initiation of the fluidtzed 
s tate .  For  example, to explain the maximum in the dependence of the p res su re  drop in the bed on the 
flow rate of the fluidizing agent and the deviation from the curve for  ideal flutdtzation, one takes into a c -  
count flow energy loss in accelera t ion of bed part icles  accompanying r ea r r angemen t  immediately before 
the onset of fluidization [1] or tn overcoming adhesive forces  between par t ic les  or between par t ic les  and 
the wall [2, 4], nonuniformity of bed packing and of the coefficient of hydraulic res i s tance  for par t ic les  
occupying different positions in the bed [3, 5], the existence of "conserved"  horizontal  s t r e s ses  which en-  
sure a thrust  force on the wail even for a reduction of the apparent  weight of a granule to ze ro  [5], e tc .  
It is, therefore ,  n e c e s s a r y t o  const ruct  a clear physical model of initial flutdtzation which would make it 
possible to explain observed phenomena from some single point of view. 

Previous ly ,  the problem of conversion of a granular bed to the fluidized state was considered as a 
problem about the limiting equil ibrium of a bed under conditions where only compress ive  s t r e s ses  could 
be present  in it [6]. In such a model, the onset of fluidization is identified with the time when one of the 
principal s t r e s se s  goes to ze ro  at some point in the bed, i . e . ,  potential conditions are created for local 
breakdown and disruption of the bed. In par t icular ,  it was concluded there was simultaneous flutdizatton 
over the entire volume of a granular  bed in apparatuses  with ver t ical  wai ls .  In fact,  f rom the discussion 
in [7], a state of limiting equilibrium ordinar i ly  does not occur for ~:he beds in actual apparatuses;  the 
l imiting condition for fr ict ional forces  is only reached at the wails of the apparatus but not withinits  volume. 
In addition, because of the existence of wall fr ict ion which hinders motion of the granular  mater ia l ,  the 
appearance of sl ip a reas  in a bed does not in itself denote a conversion to the flutd~zed state.  

A more  rea l is t ic  model of the onset of fluidization was proposed in [8], where three important  facts 
were taken into consideration for the f i rs t  time: the difference between the limiting state and the actual 
s t r e s s  state of a granular  bed, the possible existence of s t r e s ses  [ha [do  not vanish with complete compen-  
sation of gravitat ional  force by hydraulic interaction flow forces ,  and the low frict ion of the granular  ma-  
ter ia l  at  the boundary walls .  The last  item, in part icular ,  made it possible to give a qualitative exptana- 
[ion of the phenomenon of plug formation observed in the fluidtzatton of sufficiently deep beds .  The model 
proposed below is in many ways s imi lar  to the model in [8]. 
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Fig. 1. Fluidization curve in the absence of cohesive fo rces .  
The values Qo and Q. determine the range of flow ra tes  in 
which gradual fluidLzation occurs ,  and the value Qm c o r r e s -  
ponds to the maximum pressu re  drop in the bed. 

Fig. 2. Dependence of fl and f2 on the parameter  G 3. The 
curve for fi has a sharp bend at the point (G H, fH ). The 
curves c ross  at G 3 =G*. 

We charac ter ize  a granular bed by means of three pa rame te r s .  F i r s t  of all, we consider one-dimen-  
sional compress ion of a bed bounded in the lateral  direct ion by smooth walls and we introduce the p ropor -  
tionality factor  ~ between the resul tant  t ransverse  s t r e s ses  and the applied longitudinal s t r ess ,  which is 
assumed uniform [7, 8]. This quantity is a cha rac te r i s t i c  of the s t ructure  of the bed which appears  as the 
resu l t  of its i r revers ib le  pl3 stic deformation during es tabl i shment  of ~ static equilibrium state of the bed 
in the apparatus .  Therefore ,  ~ depends essential ly on the previous h is tory  of the granular  bed, e . g . ,  the 
method used for filling the apparatus with par t ic les ,  the various dynamic effects,  e tc . ,  and can be greater  
than one in 3 number of cases  [8]. Therefore ,  the quantity ~ should be considered as 3 charac te r i s t ic  of 
the initial state of a granular  bed before fluidization. 

If one now supposes that the applied compress ive  s t r e ss  is reduced to zero ,  the t r ansverse  s t r e s se s  
general ly do not vanish and the s tructure of the granular  bed is essential ly unchanged. In other words,  
t r ansverse  compress ion of bed granules is maintained together with a cer tain fract ion of the corresponding 
elast ic  deformations which appeared ear l ie r  during the time of plastic deformation.  In this sense,  the 
lat ter  deformations are " i r r eve r s ib l e . "  The concept of the invariabili ty of granular-bed s t ructure  up until 
the onset of fluidization and its essential  r ea r r angemen t  is discussed in [5] and actually follows from the ex-  
perimental  resu l t s  of A. K. Bondarev for the e lectr ical  res i s tance  of a filling of compressed  steel balls as  
a function of the flow rate of an air s t ream [5]. According to those experimental  resul ts ,  the concep t  men-  
tioned is indeed valid even for beds of smooth par t ic les  with so regular  a geometr ic  shape. The same con- 
clusions can be reached on the basis  of experiments  with e lect r ical ly  conducting par t ic les  of i r regular  shape 
[9, I0]. 

The hypothesis concerning total independence of hydraulic p ressu re  for the t r ansve r se  s t r e s ses  can 
be over- ideal ized,  of course .  In actuality, hydraulic forces  lead to deformation of a bed as a kind of e l a s -  
tic medium character ized by its effective Poisson coefficient Ve and the corresponding value 

~e = ve (I - -  re) -I, (1) 

depending on particle shape, type of packing, and elast ic  constants .  However,  the s t ructure  of a bed is 
unchanged in the f i rs t  approximation under such a deformation and the initial s t r e s se s  are  described as 
before by the coefficient ~. A detailed discussion of such an "elast ic fi l tration" mode is contained in [8]. 

Finally, we introduce the cri t ical  cohesive s t r e ss  ac, which charac te r i zes  the interact ions between 
the bed par t ic les  and is such that the disruption of the bed along some area becomes possible only if the 
normal  s t ress  on it corresponds to tension and is equal to or grea ter  than a c.  The physical  reason for ' the  
appearance of cohesion can be adhesive forces ,  which are  especial ly important  in finely dispersed beds 
[11], e lect ros ta t ic  and maguetic at tractive forces  [12,. 13], and also sticking of the par t ic les  because of 
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the/r  hygroscopic  nature and the formation of liquid menisci  in the contact a reas  [14, 15]. For  simplici ty,  
we neglect  adhesion of par t ic les  to the walls of the apparatus,  which in many cases  is considerably weaker 
than the adhesion between par t i c les .  

The s t r e s s  state of a granular  bed in plane and cylindrical  apparatus  has been investigated [7] under 
the assumption that the limiting relat ion for frictional forces  is only reached at the wails.  As a result ,  
express ions  were obtained for the normal  and shear s t r e s ses  in a bed which are  considerably simplified 
if the depth of the bed sat isf ies  the inequality 

H~( aR I1 --I1 --2(1 + k) xa~'lll 2 !. (2) 

In this case. we have approximately  f rom [7] 

( I x = •  1 - -  z, ~z = YZ, T = • xz2 

(compressive normal  s t r e s se s  are  considered positive). 

The condition (2) is satisfied for beds that are  not too deep if the product  ~ is small  in comparison 
with one; then 

R /-/<< 
(1 + k) • (4) 

Since our main interest  is the construct ion of a physical model and an investigation of the qualitative 
features  of the conversion of a bed into the fluidized state, it is reasonable  to consider  condition (2) or con-  
dition (4) satisfied, which makes it possible to use the express ions  (3) and to simplify the computations con-  
s iderably.  

With an ascending flow of the fluidizing agent, an upwardly directed hydraul ic  force 

F = F (Q), dF /dQ > O, (5) 

acts  on the par t ic les  in a unit volume which depends additionally on the v i scos i ty  of the medium, the size 
of the par t ic les ,  and the porosi ty  of the bed. Specific expressions for the function (5) were studied in 
many papers  (see the review in [3-5]); in par t icular ,  the semiempir ica l  formula  of Ergun [16], which was 
well confirmed by experiment,  yields fair ly good resu l t s .  

Using the method of [7] and assuming condition (2) or (4) is satisfied, we obtain the following expres -  
sions for the s t r e s ses  in a granular  bed having an ascending flow present  by replac ing  nwi th  v e -< x: 

r = (• --  • - -  x2/R ~ z, a~ = (y - -  F) z, 

x = _+ (• - -  • x z / R ' ,  (6) 

which is true to the same approximation as Eqs .  (3) for the initial s t r e s s e s .  Note that the upper sign in 
Eq. (6) should be selected for y> F when  the wall fr ict ion forces  are  directed upward and the lower sign 
for T<F.  

The condition for the potential disruption of the bed at a level z below the free surface obviously 
has the form 

iF (O) - -  2] z > a e. (7) 

It is clear  that this express ion can be satisfied for some z only when Q > Q0, where Q0 is a root of the 
equati on 

F (Oo) = v, (8) 

which is the commonly introduced minimum rate of fluidization. 

If there is no cohesion between the par t ic les  and the initial packing of the filling is sufficiently loose 
so that the t r ansver se  compress ion  of the par t ic les ,  which is maintained when the flow reaches  the cr i t ical  
value Q0, is pract ica l ly  nonexistent  ( i . e . ,  x e =u~), all par ts  of the filling are  fluidized simultaneously when 
Q =Q0 in complete agreement  with ea r l i e r  conclusions [6, 8]. In fact, the condition (7) is satisfied in this 
ease over the entire volume of the fillingl i . e . ,  at all levels z, and the frictional forces  which might p r e -  
vent actual separation of par t ic les  in the ver t ical  direction go to ze ro  when Q =Q0. This is the f i r s t  of the 
mechan isms  for conversion of a granular  bed to the ftuidized state; it should be observed when a c =0 and 
~e =)% In this case,  the fluidtzation curve exhibits an "ideal" behavior (see the curve OAMBC in Fig.  1). 
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Now let ~r c =0 as before  but let vt e <•  i . e . ,  there  [s a t r a n s v e r s e  compres s ion  of the pa r t i c l e s  which 
is not compensated  by the r e su l t an t  hydraul ic  f o r c e s .  It  is e a sy  to see that when Q>Q0, the condition (7) for  
potential  disruption is satisfied over  the ent i re  granular  bed.  However ,  f r ic t ional  f o r c e s  at  the walls  p.re- 
vent separa t ion  of individual horizontal  l aye r s  of p a r t i c l e s .  The condition for fluidization at  a depth z is 
obtained f rom the equation of balance for gravi ty ,  hydraul ic  p r e s s u r e ,  and wall f r ic t ion acting on an e l e -  
m e n t a r y  layer  of thickness  d z  and has  the f o r m  

iF (q) - -  V] R ~ -- (1 + k)[• - -  • F (Q)] z2. (9) 

This condition de te rmines  the position of the "fluidization front" z ,  (Q), which is displaced downward as 
Q inc r ea se s :  

[ 1 F(Q)- -V ] '/2 
z , ( Q )  = ~ 1 +----k • 2 1 5  " (10) 

Thus,  in this case ,  fluidization is achieved layerwise  beginning a t  the upper  boundary of the filling 
in t he r ange  (Q0, Q*) of the flow Q, with Q, being given by the equation 

R ~ +(1 + k) x/-F 
F (Q,) = ~ > ~, (11) 

R 2 + (I + k) ueH 2 

which follows f rom Eq .  (9) for z =H.  I t  is c l ea r  that the quantity z ,  becomes  equal to H when Q = Q , .  The 
hydraul ic  r e s i s t ance  of the granular  filling pe r  unit c r o s s - s e c t i o n a l  a r e a  when Q0 < Q < Q* is 

hp = ?H + [F (Q) -- ?1 [H -- z, (Q)] > ?H (12) 

and goes to TH (bulk density of the bed) when Q =Q0 or Q =Q,. It is easy to note that the quantity (12) has 
a maximum for some Q =Qm, Q0 < Qm < Q*. This is a second possible mechanism for fluidization, which 
is r ea l i zed  in the absence of cohesion between p a r t i c l e s .  The dependence of the p r e s s u r e  drop (12) in the 
fi l l ing on the flow ra te  Q then has  the fo rm of the curve OAM'BC in Fig .  1 with a cha rac t e r i s t i c  max imu m 
and dif fers  f rom the curve for  ideal f luidization.  We point out that if one now reduces  the quantity Q, the 
state of the bed will obviously cor respond  to a point which is shifted in Fig .  1 toward the or igin along the 
curve  for  ideal f luidization.  Thus the well-known h y s t e r e s i s  of fluidization has  a natural  explanation.  

The s imples t  f o rm of the expres s ions  given above is r ea l i zed  when F(Q) =f~Q, i . e . ,  f o r  a l inear  law 
of hydraul ic  r e s i s t a n c e .  In pa r t i cu la r ,  

R 2 + ( l + k )  uH ~ ( 1 
Q . = Q 0  R 2 + ( l + k ) ~ e H  ~ '  z . ( Q ) = R \ I  + k  

ap = vH [1 + (Q/Qo-- I) (H-- z, (Q)IJ, 

Q-- Qo '~'/~, 
] 

Qo = ~/[3. 
(13) 

We now consider  the f ea tu res  of fluidization of a g ranu la r  fil l ing cha rac te r i zed  by a nonzero  c r i t i ca l  
s t r e s s  (r c .  In this case ,  the condition (7) p r i m a r i l y  begins  to be sat isf ied in the lower l a y e r s  of the filling 
adjacent  to the dis tr ibut ional  grid at z =H. This occurs  beginning a t  a flow value QH' where  QH is a root  
of the equation 

F (QH) = V --}- ~r Q u >  Qo. (14) 

S imi la r ly ,  disrupt ion of the fil l ing along the plane z =coas t  becomes  possible  if Q ~ Qz, where 

F (Q~) = v + %/z, qz >~ QM. (i5) 

Fur the r ,  the volume fo rces  act ing on the upper  port ion of the fil l ing with a depth z will exceed the 
corresponding wall f r ic t ional  fo rces  upon the achievement  of a flow with a value Q~ de te rmined  f r o m  

iF (Q'_)-- ~1 R ~ = -~-(I  + k)[u~ - -  z~F (Q'-)] z ~ 
(16) 0 

[Eq. (6) for  T when x =R was used in the calculat ion of the total f r ic t ional  fo rce ] .  It  is obvious that  a t  the 
t ime when the flows Qz and Q~. defined by Eqs .  (15) and (16) become equal, a "plug" of th ickness  Zs, which 
begins  acce le ra ted  motion upwards ,  should be separa ted  f rom the upper  port ion of the fi l l ing.  Rela t ions  

T 

for  the de te rmina t ion  of Zs and of the cr i t ica l  flow Qs =Qz =Qz at  which such separa t ion  occurs  follow 
d i rec t ly  f rom Eqs .  (15) and (16). We have 

(Q.) _ u R~ = I (1 + k) [~r165 - -  r.eF (Q,)] (~, Q, :~ QH, IF 
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z, = % [F (Q~) - -  ?1-1, z~ .~. H 

[it is n e c e s s a r y  to use the s m a l l e s t  of the roo ts  of the f i r s t  equation in (17) which exceeds  QH]" 
t tcular  case  ~<e <<~, we have f r o m  (17) 

(17) 

In the p a r -  

F ( Q s ) = 7 4 -  3 R 2 , z , =  l + k  • 

Thus for  g ranu la r  beds  with cohesion between pa r t i c l e s ,  a third mechan i sm is poss ib le  for  the con-  
vers ion  into a fluidized state -- sequential  separa t ion  of finite por t ions  of the bed which p r e s e r v e  the i r  
s t ruc tu re ,  fo rming  a s y s t e m  of plugs.  The individual plugs a r e  s epa ra t ed  by reg ions  filled with fluid[zing 
agent  through which pa r t i c l e s  fall  that  drop f r o m  the lower su r face  of a plug onto the upper  sur face  of the 
following plug. A s imi l a r  conclusion about the nature  of plug fo rma t ion  was r eached  e a r l i e r  by Cherepanov 
~8]. 

Under the assumpt ion  made about insignificant cohesion between pa r t i c l e s  and appara tus  wai ls ,  p a r -  
t i cuIar ly  the d is t r ibut ional  gr id,  condition (7) is sat isf ied at the boundary  between the bed and grid for  any 
flow ra te  Q >_ Q0. In pr inciple ,  t he re fo re ,  separa t ion  of the ent i re  bed f r o m  the grid is poss ib le  at the t ime 
when the total hydraul ic  fo rce  act ing on all pa r t i c l e s  in the bed b e c o m e s  equal to sum of gravi ta t ional  and 
wall f r ic t ion  f o r c e s .  The la t ter  occurs  when Q =Q~, where Q~ is de te rmined  f r o m  the equation obtained 
f r o m  Eq .  (16) when z =H: 

[F,(Q~) - -  ?I R ~= l (1 @k) [•215 (Q~)I/F. (19) 
3 

if  the quantity Q~ calculated f r o m  Eq.  (19) turns  out to be l ess  than Qs evaluated f r o m  Eq.  (17) or  
Eq.  (18), a fourth type of onset  of fluid[zation is obse rved .  In this case ,  the en t i re  bed is f i r s t  separa ted  
f r o m  the gr id,  and then set t l ing of pa r t i c l e s  f r o m  its lower boundary begins  with subsequent  convers ion  to 
the fluidized s ta te .  Thus, f tu id iza t ionbegins  at  the lower boundary of the bed .  In the opposite si tuation 
(Q~ > Qs), fluidization occurs  by means  of the third m e c h a n i s m .  We emphas i ze  that the root  of Eq.  (17) 
for  Qs has  a physical  meaning only if it is g r e a t e r  than the quantity QH defined in Eq .  (14). If this r e q u i r e -  
ment  is not sat isf ied,  it is n e c e s s a r y  to a s s u m e  Qs =QH, 

As is evident f r o m  an ana lys i s  of E g s .  (14), (17), and (19), r ea l iza t ion  of the third or  fourth mecha ~ 
n i s m s  where  cohes ive  force  is p r e sen t  depends on the specif ic  values  of the th ree  independent d imens ion less  
pa ra  me te r  s 

x ~  x m  % 
GL= ~ R  2 , a 2 = ~ ,  G2= • (20) 

I t  is e a s y  to see that plug fo rmat ion  will occur  if fl < f2, and separa t ion  of the ent i re  bed if fi > f2, with the 
quantity fl being defined as  a roo t  of 

(h - -  1) 2 . . . .  1 -t-~. GI (1 - -  a3h), (21) 
3 

if this equation has a root  g r e a t e r  than 

f H =  1 + - -  - 

and fl =fH otherwise;  the quanti ty f2 is given by 

~H 6 ~ /  ' (22) 

l : !  (l +k)c~ 
' 3 

f~ = 1 (23) 
I -~ --~-(1 q- k) G~G 3 

The dependence of fl and fz on the p a r a m e t e r  G 3 for any fixed values  of G 1 and G 2 is shown qual i ta t ively in 
Fig .  2. The c ross ing  of these cu rves  de t e rmines  a c r i t ica l  value of G 3 which, of course ,  depends on G 1 
and G2; plug fo rmat ion  is observed  for  values  of G 3 l e s s  than the c r i t i ca l  value,  and bed separa t ion  for  
values  of G 3 g r e a t e r  than the c r i t i ca l  va lue .  

All the specif ied types of convers ion  of a g ranular  bed into a fluidized state have been observed  ex -  
pe r imen ta l ly  many  t imes  [1-5]. In this r ega rd ,  we note that accord ing  to the model p resen ted ,  the physical  
ana lys i s  made by Zabrodski i  [3] is the m o s t  c o r r e c t  and adequately re f lec t s  the essent ia l s .  At the same  
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time, certain statements concerning the physical interpretation of this process widely disseminated in 
the l i terature are incorrect .  For example, the explanation of the maxima in actual fluidization curves as 
an effect of particle cohesion [4] is incorrect .  In actuality, these maxima are explained by the need to. 
overcome the wall frictional forces which are maintained in the system up to the time the flow reaches 
that minimal fluidization rate without which complete fluidization of the bed becomes impossible. In par -  
ticular, the frictional forces are more important the greater  the depth of the granular bed (other condi- 
tions being equal). Equations (11) and (12) show that the peak pressure  drop in the fluidization curves also 
grows as the bed depth increases and the very process of total conversion of the bed to a fluidized state is 
extended over a broader range of flow ra tes .  This viewpoint is confirmed by the experiments of Benenatti 
with beds of magnesium oxide particles in which there was observed a strong dependence of Q* and of the 
value of AP when Q =Qm oa the depth of the bed (these experiments are  described in [5]). However, we 
note that for depths H where condition (2) or (4) ceases to be valid, one must expect a weakening of the 
specified dependence with subsequent increase in H. 

We note, in conclusion, that nei:ther the quantity a c nor the parameter  ~t are ordinarily measured in 
experiments with fluldized beds; this undoubtedly has a negative effect on the informational content of such 
experiments,  Therefore,  the organization of special experiments is obviously required for more refined 
judgement concerning the critical values of the parameters  and also for checking the expressions obtained 
for crit ical flow rates ,  size of plug formations, etc.  

N O T A T I O N  
F, hydraulic force; fj, fH, parameters  in Eqs.  (21)-(23); k, parameter  equal to zero and one, r e -  

spectively, for flat and cylindrical beds; Ap, pressure  drop; Q, flow rate (interstitial velocity); Q0, Q*, 
Qm, crit ical values determined in Eqs.  (8), (10), and (12), respectively; Qs, incipient velocity of plug 
formation; QH, minimum value of Qs; Qs, crit ical velocity for bed separation; R, halfwidth of flat, or 
radius of cylindrical, granular bed; x, z. horizontal and vertical coordinates, respectively; ~, wall f r i c -  
tion coefficient; ~, hydraulic force coefficient in Eq. {13); ~/, effective specific weight of bed; ~, propor-  
tionality constant between normal s t resses  for uniform compression of bed in its initial state; ~e, value of 

for elastic filtration; ~e, effective Poisson coefficient of bed; ax, az, normal s t resses;  a c, crit ical co- 
hesion stress;  ~, shear s t r ess .  
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