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Fine cohesive powders in rotating drums: Transition from rigid-plastic flow to gas-fluidized regime
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We investigate the dynamics of fine cohesive powders inside rotating drums. We show that these powders
may be fluidized due to entrapment of ambient gas, and we determine the onset of fluidization. Experimental
measurements on the bed expansion as a function of the rotation velocity have been performed. Drums of
different diameters and fine powders of varying cohesiveness have been tested. We slioviiriegiowders
transit directly from a rigid-plastic state to a gas-fluidized state in accordance with the flow regime boundaries
predicted elsewhel@\. Castellano®t al, Phys. Rev. Lett82, 1156(1999], (ii) the onset of fluidization in the
rotating drum is determined by the ratio of the powder kinetic energy per unit volume to its tensile strength,
and(iii ) once the powder is completely fluidized the average interstitial gas velocity increases proportionally to
the rotation velocity. The last two results imply that the required velocity to fluidize a powée(w angular
velocity, R radius of the drur) must increase as the square root of its tensile strength, and this has been
confirmed by independent measurements and estimations.
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[. INTRODUCTION cal depth correlated to powder cohesiveness and boundary
conditions and much larger than particle sif. In this

Problems with powder flowability are very important in rigid-plastic regime these fine dry powders are akin to wet
industrial applications involving powder transportation andsand more than to dry sand. However, they differ from wet
mixing. Powders in plastic flow exhibit low flowability and sand in one important respect. As we increase the angular
poor mixing, and it is common practice in industry to flow velocity the rate of avalanching increases. During the ava-
gas through these powders in order to enhance the aboVgnching process the surrounding gas is entrained in the bulk.
mentioned properties. Fortunately, in many industrial devicesn addition the falling material wedge may be partially flu-
that use mechanical moving parts the ambient gas may bglized upon impact on the drum wall. As a result the sur-
entrapped in the powder thus facilitating its transport ancdtounding gas is more and more entrained in the bulk as we
mixing. Due to this, the behavior of fine powders in rotatingincrease the angular velocity and radius of the drum. The
drums displays quite different features from noncohesiventrained gas takes a time to leave the fluidized powder that
grains, as already observed a long time ago by Riefdha may be eventually larger than the time interval between suc-

The particle size, ranging from less than dm to  cessive avalanches for high enough rotation velocities. Then
1000 um or more, constitutes a critical parameter in thea permanent fluidized region appears at the lower part of the
flow behavior of granular materialg2]. At low stresses slope, whereas the rest of the powder remains in the solid-
granular assemblies exhibit the solid-plastic regime, resistinglastic regime. The fluidized region grows with the rotation
shear by undergoing plastic deformations. When the limit ofvelocity until the whole material becomes fluidized. At this
plastic stability is reached, noncohesive granular materialstage the free surface becomes horizontal resembling the be-
such as dry sangarticle diameter=100 um), display an  havior of a low viscosity liquidsee Fig. 1 If the rotation
inertial regime, where stresses are mainly carried by interpaswelocity is further increased beyond the onset of full fluidi-
ticle collisions. This high shear rate flow has been often inzation the powder is further expanded. The objective of this
vestigated in a horizontal rotating drum partially filled with paper is to determine the parameters on which this transition
the granular samplg3]. In such device intermittent quasip- depends in order to gain an understanding of the underlying
eriodic avalanches of grains are observed for low rotatiorphysical process. In a first part of the present work the effects
speedq4]. As the rotation velocityw is increased the fre- of powder cohesion and drum diameter on the onset of flu-
quency of the avalanches increases until a continuously casdization of fine particles in rotating drums are investigated.
cading superficial layer of-10 grains is formed, feeded by  Another device used to investigate the properties of pow-
the rest of the grains that undergo rigid-body rotatjéh ders has been described previoysty; a schematic of which
The slope of the surface increases withdue to inertial is shown in Fig. 2. It consists of a vertical vessel closed at
forces and at higher velocities, the steady profile of the freghe bottom by a porous plate. A controlled gas flow is sup-
surface takes the form of a tilted “S.” plied from below to a bed of powder particles partially filling

On the contrary, fine powdergarticle diameted, be-  the vessel and the gas pressure drop across the powder is
tween~1 um and~100 pwm) do not exhibit the inertial measured by a differential pressure transducer. The bed
regime but experience a direct transition from the solid-height is read from an ultrasonic sensor and from this data
plastic to the fluidized regime due to the strong interactiorthe solid volume fraction is calculated. With sufficiently high
between particles and interstitial §&]. At very low rotation  gas flow the upward drag force exerted by the gas on the
rates quasiperiodic avalanches may be observed, but as gparticles counteracts gravity and interparticle cohesive
posed to noncohesive grains, these avalanches are of a tyforces, allowing us to measure the tensile strength of the
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FIG. 3. Experimental setup of the rotating drum experiment.

Il. EXPERIMENTAL SETUP

In the experiments we used a computer controlled step
motor to rotate polycarbonate drums of several diameters
(D=42 mm, 50 mm, and 90 mm internal diameters, and
40 mm length. The drum was placed on an air table and
connected to the motor by an elastic cardan to isolate it from
any external vibratiorisee Fig. 3. To record the experiment
a charge-coupled devig€CD) camera was interfaced to a
computer and controlled with an image processing software.
In all our measurements we begin by initializing the sample,
which we do by fluidizing the powder. To fluidize the powder
the drum is driven to an angular velocity around 200 rpm.
Once the powder reaches a stationary fluidized state the
drum is suddenly stopped and the powder is allowed to col-
lapse under gravity. In this way a very reproducible consoli-
dation state of the powder is obtained. Then the rotation
speed is slowly increased from zero to 200 rpm and the vol-
ume fraction of the drum occupied by the powdérand
length of the free surface of the fluidized regiah 6ee Fig.

1) are computed using an image software.

FIG. 1. Experimental profiles of the flow of a xerographic toner . MATERIALS
in a rotating drum at increasing values of the rotation velociy
rpm, 45 rpm, and 100 rpm Measurements have been performed on a range of xero-

graphic toners made from polyméparticle densityp,

=1 g/cn?). Powders of varying particle size have been

gésted (4.4, 7.2, and 12.7um) blended with different

amounts of surface additives such as Aefoaild Cab-o-sfi

E?nanoparticles of fumed siligawell known for their ability

bed as a function of powder cohesiven&k A second part Lo diminish intgrparticle .adhesion force§. Experiments hgve
een also carried out using a low cohesiveness commercially

Of.t.he present vx'/orl'< will consist of relating the average Inter'available tonefCanon CLC 70D van der Waals attractive
stitial gas velocity in the rotating drum to the rotation speed, . .

: . X forces are dominant between our uncharged and dry fine par-
To this end, data from the powder bed technique will be,. o X . o
employed ticles. The addlt!on of nanopatrticles results in a reduction in

' the powder tensile strength because the additives are made of

a hard material and therefore they increase the hardness of
the contacts; they also reduce the powder tensile strength by
reducing the size of the contacts. Another important param-
eter affecting the tensile strength through its effect on the
packing fraction and the contact area between particles is the
consolidation stres@veight per unit area As a general rule
the tensile strength increases with the consolidation stress.
Furthermore the rate of increase is a decreasing function of
the amount of additivesee[9] and references thergiriThe
tensile strength may increase dramatically with the consoli-

Flo
Pretssure controller
meter
dation time, indicating viscoplastic deformation of the par-

FIG. 2. Experimental setup of the powder bed technique. ticle contact arefil0]. To rule out the influence of this effect,

sample(seg[ 7] for details on the measurement proge&sir-
ther increase in the flow causes the bed to expand homog
neously and stable fluidization occurs. Using such a device
is possible to analyze the relationship between the fluidizin
gas velocity and the solid volume fraction of the fluidized

Nitrogen

Filter
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TABLE I. Physical properties of xerographic toners used in the
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%a
experiments with drums of different diameters. The concentration 27 A ob
of additive is given in wt. % d, is the average particle sizb, is 1.9 b A oOc
the drum internal diametet, is the solid volume fraction of the 18 - TS + ed
powder, partially and uniformly filling the static drum, andlis the «s 17 | . A ? © oe
corresponding tensile strength, measured by means of the powdex, % x -f
bed techniqué7]. =~ 161 . x XO® X_=  lmg
1.5 - A &, A-a? = ) Ah
Sample no. dp(um) Additive (%) D (cm) ¢y o (Pa) 1.4 . X4 8:"3.;( e Aﬁ
X - X
a 12.7 0.4 9 04 25 131 QME;%-J. . K
b 12.7 0.4 5 04 28 127 X8 on Swo o000 |+
c 12.7 0.4 42 038 16 1.1 ‘-?o o ©°° -m
d 12.7 0.02 9 0.31 58 1 O ‘ . ‘
e 12.7 0.02 5 0.32 70 0 50 100 150 200
f 12.7 0.2 42 033 26 w (rpm)
g 12.7 0.1 4.2 0.33 48
h 8.5 9 0.34 20 FIG. 4. Ratio of the volume fraction of the drum occupied by
i 8.5 5 0.34 20 the powder to the initial volume fraction as a function of the angular
i 72 2 9 0.41 36 rotation velocity.
k 7.2 2 5 0.4 30 . . .
| 44 2 9 0.39 o5 ot dru_m radiusR=D/2, and rotation velocny_u, two non-
m a4 2 5 0.37 16 dimensional parameters may be derived. A simple choice are

all tests have been performed within thetfissm after set-

the Froude numbe(ratio of centrifugal acceleration to grav-

ity acceleratiohn, Fr=»?R/g, and the ratio ofr, to the typi-

cal potential energy densitygR, where p is the powder

tling. A summary of the relevant physical properties for ourdensity, Ce=o¢/pgR, named hereafter cohesion number.
purposes of the Samp'es tested in this work is given inThUS, bothf/fo andd/D must be certain functions of Fr and

Table I.

IV. RESULTS

Co,

Figures 4 and 5 displaf/f, (wheref is the initial vol-
ume fraction andd/D as a function ofw. As anticipated,
both f/fo andd/D increase with the rotation speed, but are|n the limit w—0, it must bef — f, andd— 0, and this leads
also strong functions of the powder cohesiveness and druijs to hypothesize the simple dependence
diameter. Indeed, the trend followed Ibyf, andd/D with

f/fo=G(Fre,CP),

d/D=H(Fr’,Co).

@
2

o, and D might be expected. On one hand, decreasing the f/fo=1+AFr*CoP, (3)
tensile strength decreases the minimum interstitial gas veloc-
ity for fluidization and this facilitates fluidization and the d/D =BFEr°Co? (4)
consequent further expansion of the bed. This is evident from '
the different behavior of samples-d, b-e, andc-f-g, in A
Figs. 4 and 5; these samples differ only in their tensile 10 - < 4 ‘a . ¢a
strength, and we may see that the smaller the tensile strengt ’ A ° ob
the faster is the transition to the fluidized state. On the other %9 ] 4 = .- e
hand, the interstitial gas velocity would also be increased by 08 7 X R . o

. . . . . XA = Oe
the increase in the tangential velocity when using larger@Q 0.7 <2* oxo% m 0° |af
drums, thus facilitating fluidization. Again this can be veri- % 0.6 Xot o ox X AL 00 © ng
fied by looking at samples-b, d-e, h-i, j-k, andl-m. Each 0.5 - Xax o _fl:L "alo © Ah
pair consist of the same powder, and differ only in the diam- g4 - KfiAO “:'5 on Al
eter of the rotating drum, which is 9 cm for the first member 5 | ,"% g 8 5' " Xj
of the pair and 5 cm for the second member. As it is apparen 02 L s - " xk
the first member of the pair shows a faster increase in botr " ¥xg¢. +1
f/fo andd/D. e -m

0 50 100 150 200

V. DISCUSSION

Let us now search for the main parameters governing flu-

idization in the rotating drum. From the three variables in-

w (rpm)

volved in the problem, namely, the powder tensile strengttpowder as a function of the rotation velocity.
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ea TABLE Il. Number of aggregated particles and fractal dimen-

2 ob sion of aggregates derived from settling experimga® for the

1.9 4 o different powders used in this study and characterized by their av-
; . 0 »
18 1 R *led erage particle sized() and wt. % of flow additives.
°
1.7 o e ax of dy(um) % N D;
=) - - X * =
w10 __2Ta % g 12.7 0.2 20 2.64
_ A
w15 - A & R Ah 12.7 0.4 20 2.56
1.4 $ E'qk + e Ai 12.7 0.1 22 2.66
Ou A

13 - m g ek ¢ xj 12.7 0.02 46 25
2 I&WAD XK 7.2 2 133 27

: ®
i E * +1 4.4 2 1300 2.73

'1 ¥ 5 =m 8.53canon 96 2.62

0 1 2 3 4
® proportional to®. We conclude that fluidization of the pow-

FIG. 6. Ratio of the volume fraction of the drum occupied by der in the rotating drum is mainly ruled by the nondimen-

the powder to the initial volume fraction as a function of the ratio of Sional numbe®. . ) . .. .
kinetic energy density to powder tensile strength. We now turn to investigate the average interstitial velocity

(v;) of the fluidizing gas across the powder. To this end we
) ) will make use of the powder bed technique describelBin
wherea>0 and>0, andA andB are proportionality con-  The powder is homogeneously fluidized by flowing a con-
stants. Experimental data 6ff, for the whole set of pow-  tro|led gas flow through the bed and the relation between the
ders investigated fit pretty well to the proposed law &r  solid volume fraction and the interstitial gas velocity is pre-
=0.97+0.27 andB=—1.07+£0.28, which are the best fit cjsely measured. Fine particles in the fluidized state are ag-
parameters from a regression analysise Fig. 6. Approxi-  gregated due to strong interparticle adhesive foftah Ag-
mating @=1 and f=—1 we havef/fo=1+AFr/Co=1  gregates were modeled as effective particles with a radius of
+A0O, where a new nondimensional paramet®  gyration equal to its hydrodynamic radius and characterized
=pw’R?/ oy has arisen. Since/D is a measure of the lon- by a number of aggregated partichisand a fractal dimen-
gitudinal extent of the fluidized region aridf, is a measure sjon D; [12]. By means of an extended Richardson-Zaki
of the area(the drum height is held constantve might equation, the settling velocity, can be related to the solid
anticipated/D e \/®. Figure 7 showsl/D as a function of  volume fraction ) of the fluidized powder by means of the
V. It can be seen that/D increases linearly with/® as  equation[12]

expected. Moreover, the condition for full fluidization can be

established agl~D, and, from Fig. 7, this happens for Vs

0Y2~1. Alternatively, the expansion of the powder can be U_z(l_d’ef)n: ()
measured by the decrease of its solid volume fraciore- a
iniial solid votume fraction of tho pawcer. Therefore. the Wherev, s the Stokes setting velocity of  single aggregate

- - : : (va=v NP1, beingv , the settling velocity of a single
relative decrease of the solid volume fractiapy( ¢)/ ¢ is particle, . is the volume fraction occupied by the aggre-

gates (pes= ¢ N"173P1) andn a parameter of order 5. Set-

1.0 - X x K e A *a tIing experi.m_e'nts seryt_ad us to establis_h that the settling ve-
09 0, ob locity _of a initially fIU|d_|zed bed of particles _after suddenly_
0'8 | . x- " -'b* ° de stopplng the_ gas flow is equall to thg §uperf|C|aI gas v_elocny
0'7 | +-.§%' ;e vg in the fIU|d_|zed state. The interstitial gas velocity in the

Q 6. % X2 oxh A® oo fluidized bed is then given by;(¢) =vs/(1— ¢er).

; 05 &.ﬁ? (e - To find N and D¢ for each powder investigated in this
0'4 | o R ® mg study experiments on sedimen_tation have been perf_ormed.
0‘3 ool %&- e ¥ Ah Results fo_rN andD; are shown in Table Il. As we obtained
0'2 _3°9 ol % * Ai for other fine powdersD; approaches closely to the value
’ * % -m given by the diffusion limited aggregation modéR] in 3D
0171 % “ + (Df=2.5) as a consequence of the large interparticle adhe-
00 o N 0'5 1 1'5ﬂ sive forces as compared to particle wei¢h®]. Let us as-

02 sume that the average interstitial gas velocity in the rotating
drum experimentv;) is of the order ofv; in the fluidized
FIG. 7. Length of the horizontal part of the free surface of thebed when the powder is fluidized in both experiments with
powder as a function of the square root of the ratio of the kineticthe same value o, i.e.,(v;)(¢)=v;(¢). Then Eq.(5) may
energy density to the tensile strength. serve us to estimat@;)(¢) and correlate it with the rotation
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FIG. 8. Ratio of the estimated average interstitial gas velocity in  FIG. 10. Computed interstitial gas velocity at incipient fluidiza-
the drum to drum tangential velocity as a function of the ratio oftion from experimental measurements of the packed solid volume
kinetic energy density to powder tensile strength. fraction and tensile strength as a function of the square root of the

tensile strength.

speed of the drum. In Fig. 8 we have plotted the rati¢uof,

estimated in this way, to the tangential velocity of the drumconclusion that the interstitial gas velocity must scale as the

o R. As can be observe«jvi)/(wR)~1O*2 in the region of  square root of the powder tensile strength of the packed bed.

complete fluidization for all the powders investigated. On the Another characteristic gas velocity is the minimum fluidi-

other hand from Fig. 7 we inferre®=pw?R?/0,~1 for  zation velocityvsy,, defined as the superficial gas velocity at

complete fluidization. Therefore, and becaysep,¢ does which the pressure drop balances the weight of the powder

not change appreciably for our powders, the interstitial ga®ed per unit aread,) plus its tensile strength. The pressure

velocity at fluidization(v;) should scale as the square root of drop across the powder at the point of incipient fluidization

the powder tensile strengify,. To check this behavior we is then given byAP =0+ o. At low Reynolds numbers

have measured the interstitial gas velocity for a homogethe gas flow through the packed bed is laminar and the pres-

neous fluidization statéwith ¢=0.15 for several powders sure drop is a linear function of the superficial gas velocity

of same mass and particle size, only differing in the amountCarman-Kozeny laW}14]):

of surface additives. Results are plotted in Fig. 9. It is ob-

served that the interstitial gas velocity can be well fitted by )

the lawv, = \/o, in agreement with our expectation. On the A_P: E_:“ b5 6)

other hand, since the fluidized state is a diluted state, accord- h ds (1— ¢p)3vs’

ing to Eq. 5 the interstitial gas velocity can be roughly esti-

mated as the aggregate settling veloaity-v,=N*"*P1,

According to a power law fit of the data presented12], where u is the dynamic gas viscosity u=1.89

N1=1Pr~ B0~ Bo® where Bo is the ratio of the inter- X 10 ° Pas at ambient temperatie is the superficial

particle adhesion force to the particle weight and labeled B@as velocity,¢,, is the solid volume fraction of the packed

because of its similarity to the Bond number in fluid mechan-bed, E~200 is an empirical constant, ardis the powder

ics. For the tensile strength is expected to relate linearly wittbed height that is related t¢ [h=o./(p,g¢,)]. The gas

the interparticle adhesion for¢é2], it leads us again to the velocity needed for fluidization is derived by imposing the
conditionAP(vg) =AP,

1.5 -
d(1-¢,)3
R vst%M[]ﬂ"ﬁ ' (7)
g 1 M ¢p O¢
N
-

0.5 - and the interstitial gas velocity at incipient fluidization is
simply given by vin=vsm/(1—¢p). Results forv;, ob-
tained from the measured values ¢f, and o are repre-

0 : , , : ‘ sented in Fig. 10. Again, the trend found for the interstitial
) 2 4 6 8 10 gas velocity is quite close to a square root law of the powder

Pa)”? tensile strength. Figures 9 and 10 also indicate that the inter-
[o; (Pa)] o . . :
stitial gas velocity for a solid volume fraction of 0.15, close
FIG. 9. Measured interstitial gas velocity for a homogeneoust0 the bubbling regime, is about one order of magnitude
fluidization state ¢=0.15) as a function of the square root of the larger than the minimum gas velocity needed for fluidization,
tensile strength of the packed bed. The continuous line is a linear fidnd this result has been confirmed by direct measurements of
to the data. both characteristic velocities in samples of different powders.

061301-5



CASTELLANOS, VALVERDE, AND QUINTANILLA PHYSICAL REVIEW E 65 061301

0.8 —
*
* * a
i xd
* * f
0.6 — Ny mdJd
| s, oh
@ *A u {0
& o4 % O
3 .
> | @ x QD & 0 o o
2
:0 05@ © NN
02— = © O A
i O ©
0.0 T I T | T | T | ‘
0 2 4 6 8 10
o, (Pa)

FIG. 12. Avalanching wedge velocity as a function of the aver-
age wedge tensile strength from tilted bed experiments and for dif-
ferent samples of powder. For solid symbols the wedge fluidizes
upon impact on the wall, whereas for open symbols it remains in
the plastic regime.

ment with the CCD camera makes it possible to measure the
1 average velocity of the slice during the avalanchg)( As
we know from other experiments the tensile strength of the
materials used in this experiment, we know for each ava-
4 lanche the tensile strength of the material in the slice and its
velocity and we can make a plot like the one in Fig. 12. This
figure shows that in order to become fluidized during an
avalanche, the velocity of the slice must overcome a certain
threshold that depends on the tensile strength of the material
in the slice.
A. Physical model In Fig. 11(b) the model corresponds to the situation of

We are now in a position to postulate a physical model forFig. 1(b). Avalanching is now a practically continuous pro-
the fluidization and defluidization processes in the rotating*ess. The falling mass during a time intervel scales as
drum that provides us with a rationale for understanding thetM;~d,@RAt. Since the process is stationary, the same
physical basis of the above nondimensional numbers. Figur@mount of mass is defluidized in the same time interval and
11 represents three typical stages of the fluidization procesiettles in part 4. The settling velocity can be estimated as the
as we increase the angular velocity. In Fig(@lwhich cor- ~ gas velocity and thus the defluidized mass scalea mg;
responds to Fig. (), the wedge of powder, consisting of ~divjAt~Am;. Since the interstitial gas velocity in the
parts 2 and 3, avalanches. As a result of the impact on thBuidized region(part 1) of the bed grows as the square root
wall part 2 of the wedge is fluidized, but before the nextof the tensile strength, we obtaid;/dy~ wR/\o* 0.
avalanche takes place the entrapped air has time to escapbus, it turns out that the paramef@ris a natural parameter
and the material ends up in a plastic state with a horizontaio describe the evolution of the powder.
surface. This interpretation is backed by independent mea- Finally, Fig. 1Xc) corresponds to Fig.(¢), and shows the
surements of the quasistatic avalanching process made incaset of fluidization. The powder that sediments in one rota-
tilted bed of rectangular shap5]. In these experiments the tion period(part 4 is the powder that comes out at the right
material is first initialized by fluidization. After shutting off side pulverized. The sediment thickness is proportional to
the gas supply the material collapses under its own weighRv;At, and it is ejected with velocitywR during the time
with a horizontal free surface. Once the material has colAt, through a lengthd,=aR (from Fig. 1 we see that
lapsed, the bed is tilted slowly until an avalanche is triggerednust be of order 10" or smalley. Therefore, at the onset of
and a slice of powder slides down the slope formed by thdluidization v; must be proportional twR. Due to the rela-
rest of the material. If the material in the slice is fluidized tion betweenv; and o, and the negligible variation of the
during the avalanche, it will behave like a liquid as it comesinitial density of our powders, we may choose ag@iras a
to rest with a horizontal free surface. Recording the experisuitable parameter to characterize this transition.

FIG. 11. Physical model on the fluidization-defluidization pro-
cess.
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VI. CONCLUSIONS as the lowest angular velocity at which the free surface of the

, aterial becomes horizontad{D~1), occurs at a value
In conclusion, we have found that for a set of powders o . ; . . . :

. . . . .. 0O~1 (Fig. 7). Given the different particle sizes, cohesive-
varying cohesiveness and for different geometries, fluidiza- )

T X . S ness, and drum diameters, we may expect that a useful de-
tion is universally ruled by the ratio of the kinetic energy

density to the powder tensile strength. Moreover the estiSIgN rule for industry applications involving fluidization of

mated average interstitial gas velocity scales with the tanger{'-ne cohesive powders in rotating drums shouldébe 1.
tial rotation velocity. This scaling implies that the interstitial
gas velocity should increase as the square root of the powder
tensile strength, and this has been confirmed by independent This research was supported by the Xerox Foundation,
measurements using a powder bed technique. Spanish Government Agency Ministerio de Ciencia y Techo-

As a final remark we want to emphasize that for the pow4ogia (DGES under Contract No. BMF2000-1056, and
ders used in this experiment the onset of fluidization, definedNATO Grant No. LINKAGE PST.CLG.976575.
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