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When a rotating cone with supply openings near the bottom is partly inserted into a
fluidized bed, solid particles are taken up and con®eyed spirally o®er the inner surface.
This principle for particle transport was used in a no®el reactor for the flash pyrolysis of

( )biomass with se®eral distinct ad®antages. Particle ®elocities up to 5 mrs were mea-
( )sured, as well as the solids flow rate up to 1.6 kgrs , as a function of the cone rota-

tional ®elocity, cone size and cone top angle, the fluidization ®elocity, and the depth of
the cone in the fluidized bed. Three hydrodynamic regimes were recognized, each with

( )its own, specific flow characteristics influencing the particle residence time distribution
on the cone wall and the solids flow rate. The transition between the regimes could be
predicted using a force balance for a single particle. The particle ®elocity and residence
time were modeled successfully for one of the regimes.

Introduction
The selective decomposition of organic material with a high

molecular weight into products with a lower molecular weight
Ž .often requires a high temperature up to 9008C , a short resi-

Ždence time of reactants and products in the order of sec-
.onds , and a high heat-transfer rate. This process is called

flash pyrolysis and is applied for the following selective con-
versions:

v Ž . ŽCoal to distillates that is, oil Perry, 1997; p. 27]20;
.Kirk-Othmer, 1993, p. 582

v ŽPolymer to the corresponding monomer Westerhout et
.al., 1998a,b

v Ž .Biomass to bio-oil Diebold and Bridgwater, 1997 .
The bubbling and circulating fluidized bed are often used

for these processes, because heat-transfer rates and tempera-
tures are high, while the construction is relatively simple.
However, particle- and gas-phase residence time may be too

Ž .high resulting in undesired cracking , while the large amount
of carrier or fluidization gas necessitates an extra heat input
and leads to larger downstream equipment. Another draw-
back may be the limiting mixing capacity of these reactors:
the possible occurrence of cold zones near the feed entry
points may cause nonoptimal process conditions.

Correspondence concerning this article should be addressed to A. M. C. Janse at
his current address: DSM Food Specialties, P.O. Box 1, 2600 MA Delft, The Nether-
lands.

Therefore, a novel reactor type was developed for the flash
Ž .pyrolysis of biomass to gaseous bio-oil, based on a rotating

Žcone Wagenaar et al., 1994a,b, Figure 1. The organic mate-
rial is added with an excess of hot inert particles to the heart
of the rotating cone, and both particle types move spirally
upward along the inner cone wall. When they fly over the
edge, conversion of the organic material should be com-
pleted. The gaseous bio-oil is collected and cooled to obtain
a liquid product.

Ž .This rotating cone reactor RCR can be operated at a high
temperature with a low residence time of the biomass parti-

Žcles and the gaseous bio-oil. The heat transfer is high Janse
.et al., 1999 and an auxiliary gas stream is in principle not

needed, thereby preventing product dilution. Particles move
in plug flow over the cone wall with product gases being re-
moved in a cross-flow mode. Plug flow of the solids may pre-
vent the development of cold zones, while rapid cross-flow
removal of product vapors is advantageous to inhibit unde-

Ž .sired secondary reactions cracking of the product vapors.
This idea of cross-flow operation and rapid product removal

Ž .is also applied in the work of Wolff et al. 1994 , who experi-
mented with a moving packed bed while applying a gas in

Ž .cross-flow through the bed. Also, Krishna and Sie 1994 sim-
ulate plug flow of solids together with cross-flow of produced
vapors in their reactor design for the pyrolysis of oil-shale,
which consists of six fluidized-bed compartments in series in
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Figure 1. Original rotating cone principle without solids
circulation.
Particles are added from above to the heart of the cone and
spiral upward and out of the cone.

which the produced vapors are removed from each compart-
ment.

To prevent secondary reactions of the products vapors, the
gas-phase volume inside the cone can be reduced by the use
of a stagnant inner cone. This element of the RCR is not
considered here.

The first RCR could only be operated batchwise, but for
continuous operation, the inert particles should be trapped
and re-entered into the cone reactor. For this purpose, an
alternative version of the rotating cone reactor was devel-

Ž .oped Janse et al., 1997, 1998, 2000 , which includes solids
Ž .recycling see Figure 2 . In this design, the rotating cone is

partly submerged into a fluidized bed and all particles enter
the cone through one or more supply openings near the bot-
tom of the cone. The rotation shaft can either be connected
to the bottom of the cone, or mounted above the cone, thereby
creating a single large supply opening at the bottom. In both

Ž .designs, particles flow through the supply opening s upon
cone rotation, and move upward along the cone wall in spiral
pathways. After passing the upper edge, they fall back into
the surrounding fluidized bed to close the solids circulation
loop.

In this article, we describe the hydrodynamics of solids flow
in the RCR with supply openings. The residence time of
particles in the cone is considered, as well as the transport

Ž .capacity solids flow rate . These parameters are important,
because the particle residence time limits the maximum size
of the organic particles that are to be converted while the
solids flow rate limits the amount of organic material that
can be added to the cone without affecting the temperature

Ž .of the heat-carrying sand particles.
Experiments in air and at room temperature are described

with one type of sand only. In this work, the addition of or-
ganic particles and the resulting mixing is not considered.
Cones of two sizes and two top angles are investigated with

Žemphasis on the solids flow from the fluidized bed into the
.cone in the smaller cones and emphasis on the particle ve-

Ž .locity and residence time on the cone wall in the larger
cones. Theory is discussed which predicts the transitions be-

tween three flow regimes, based on a force balance over a
single particle. From the same force balance, a model is de-
rived which predicts the particle velocity in one of the regimes.
To clarify the most important process parameters affecting
the solids flow and the particle velocity, results of experi-
ments are evaluated and compared with the theory.

Theoretical Background
The residence time of particles in the rotating cone can be

predicted if all the forces acting on a single particle are
known. These forces are gravity, particle-wall friction, the
mutual friction between particles, the friction between parti-
cle and gas, and the so-called solids pressure which takes in-
terparticle stress into account. The presence or absence of
any of these forces is decisive for the hydrodynamic flow be-
havior. In this section, a criterion is developed to predict the
conditions for which a certain flow type will develop. Subse-
quently, a model is presented from which the particle veloci-
ties for one of the flow regimes identified can be calculated.
In the Results and Discussion section, the criterion and model
are validated with experimental data.

Flow regimes on an inclined chute
The solids flow over the cone wall shows much resem-

blance with flow down a chute, which is simpler and, there-
fore, discussed first. The main difference is the presence of a
centrifugal force in a rotating cone which results in particles
moving upward instead of downward.

Although much research has been carried out on chute flow
Ž .an extensive review can be found in Savage, 1983 , the flow
behavior has not yet been classified into several well defined

Figure 2. Rotating cone in which particles are circu-
lated.

Ž .Here, the cone is driven from the top cones 1 and 2 , but
the shaft can also be connected to the bottom of the cone
Ž . Ž .cones 3 and 4 see Figure 4 .
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Figure 3. Flow regimes for chute flow and rotating cone
flow.

regimes. Nevertheless, various models of increasing complex-
Ž .ity are published. Savage 1979 proposed a viscosity model

with four adjustable parameters to describe chute flow. With
increasing computer power, models based on granular flow

Ž .theory Ocone et al., 1993 and discrete particle models
Ž .Zheng and Hill, 1996 also are applied. In this work, a much
simpler approach is applied to define the hydrodynamic flow
regimes on a chute and translate this to flow in a rotating
cone.

A particle lying on a chute will flow downward by itself if
the angle with the vertical u is smaller than a critical value

Ž .u Figure 3 . In that case, gravity is high enough to over-pw
come the friction between the particles and the wall. This is
called the free flow regime. Particles accelerate along the

Žsurface and the interparticle stress in r-direction solids pres-
.sure is zero. However, for u )u , particle flow can only bepw

induced by exerting an external force on the particles in r-di-
rection which results in an interparticle stress. This is called
‘‘forced flow’’.

As long as u is smaller than u , but larger than u , inter-pw pp
particle friction is not overcome and particles move in plug
flow downward. However, for u -u , particles slide overpw
each other, resulting in a velocity gradient over the depth of

Ž .the flowing layer d® rdu -0 . The critical angle u repre-r pp
sents the transition between the ‘‘free flow’’ and the ‘‘slide

Ž .flow’’ regime. It is assumed here as in the rest of the article
that the interparticle friction is higher than the friction of
particles with the wall, that is, f ) f . If this were not thepp pw
case, the free flow regime would not exist, but instead the

Ž .particle flow would be defined by zero wall slip ® s0r,wall
and a constant velocity gradient d® rdu in the flowing layer.r

The two critical angles u and u can be predicted frompw pp
a force balance applied to a single particle. The normal force
F , gravity F , and particle-wall friction F are incorporatedN g w

Žin the balance, but particle-air friction is neglected see fur-
.ther on . The result is:

u sarctan fy1 1Ž .Ž .

in which f represents the friction factor relating the friction
force F to the normal force Fw N

F s fF 2Ž .w N

To determine u , the particle-wall friction factor fpw pw

should be used, while the interparticle friction factor fpp
should be used for u . It was observed by Augenstein andpp

Ž .Hogg 1974 that f depends strongly on the surface rough-pw
ness of the particle and the wall, but is independent of the
velocity of the particle. In the same study, it was pointed out
that f is influenced by the particle diameter, whereas fpw pp
is not. Typical values of friction factors for particle flow along
inclined surfaces are in the range of 0.4]0.7.

The above analysis is confirmed by several authors who de-
termined the velocity profiles in sand layers moving along a

Ž .chute. Savage 1979 observed plug flow with wall slip at a
Ž .high u free flow regime , but measured a velocity gradient

d® rdu over the flowing layer combined with wall slip at lowerr
Ž . Ž .u ® /0, slide flow . Augenstein and Hogg 1978 alsor,wall

studied the flow of particles along chutes, and observed steep
velocity gradient when the chute surface was coated with par-
ticles. However, when the chute surface was smooth and
clean, a velocity gradient was only measured at a low u .

Flow regimes in the rotating cone
For flow of particles along the rotating cone wall, the same

two transition angles u and u can be obtained from apw pp
force balance over a single particle with the addition of the

Ž 2 .centrifugal force m v x . After rearrangement, an explicitp p
Žexpression for the critical particle rotational velocity for a

.given angle u is found

g cos u q f sin uŽ .y
v s 3Ž .p ( r sin u f cos u ysin uŽ .

Ž 2.Here, g is the gravity acceleration sy9.81 mrs and r isy
the radial coordinate. From Eq. 3, values for the critical an-

Ž .gles u and u for a given velocity v are found by trial-pw pp
and-error. Equation 3 equals Eq. 1 for v s0, apart from a
negative sign caused by the downward direction of the fric-
tion force for flow in the cone, while in chute flow, this force

Žis oriented upward. At a sufficiently low cone angle u steep
.cone , a flow of solids can only be realized by means of a

solids pressure from the fluidized bed in which the cone is
Ž .submerged. This is the forced flow regime see Figure 3 .

When the cone angle u is increased, the centrifugal forces
alone can become high enough to overcome the particle-wall
friction and inertia forces. The particles accelerate over the

Ž .cone wall and lose contact with each other free flow regime .
At an even higher cone angle u , friction between particles is
overcome as well and slide flow develops with a velocity gra-

Ždient in the u-direction that is, over the depth of the flowing
.layer . A similar line of reasoning can be set up if the cone

angle u is not varied, but the particle rotational velocity v .p

Particle ©elocity in the free flow regime in the rotating cone
Of the three flow regimes, particle movement can be de-

scribed most simply for the free flow regime, because parti-
cles move in plug flow without an interparticle stress in the

Ž .r-direction no solids pressure . For the forced flow regime,
the solids pressure is present while the velocity gradient in
u-direction for the slide flow regime may also be difficult to
describe. Therefore, only the free flow regime is modeled in
this article. For this regime, particle movement along the cone
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wall can be derived from a force balance over a single parti-
cle

m a s F q F q F q f 4Ž .p p g w f N

In Eq. 4, m stands for the mass of a particle and a standsp p
for the acceleration of a particle. Interparticle stress in u-di-

Žrection S due to more inner layers pushing on more out-u

.ward layers is neglected in Eq. 4, although this is formally
only correct for a monolayer of particles. However, S canu

also be neglected for thicker layers, plug flow and absence of
air friction. In the case of plug flow, a set of touching parti-
cles in the u-direction can be considered a single rigid body
with an undefined mass m and surface area A , but, if airp p
friction can be neglected, the resulting Eqs. 11, 12 and 13
show that m and A do not influence the particle velocity.p p

Besides, we will argue in the Results and Discussion sec-
tion that qualitative arguments and experimental results indi-
cate that air friction can be neglected for thick layers and

Ž .only has to be included for very dilute mono- layers. For
Ž .these thin layers, S is close to zero.u

This first term on the righthand side of Eq. 4 represents
gravity

F s m g 5Ž .g p

The friction force between particle and wall depends lin-
Ž .early on the normal force see Eq. 2

© y©Ž .w p
F sy f F 6Ž .w pw N < <© y©w p

Here, © is the velocity of the cone wall and © the particlew p
velocity.

The third term takes into account the viscous friction be-
tween the particle and the surrounding air

1
< <F sC A r © y© © y© 7Ž . Ž .f D p g g p g p2

Here, A is the particle cross-sectional surface and r thep g
Ž 3.gas density 1.205 kgrm .

Ž .An expression by Rowe 1961 is used for the drag coeffi-
cient CD

< <d r © y©24 p g p g0.687C s 1q0.15Re Re s -1,000Ž .D p pRe hp g

8Ž .

Ž y6 .Here, h is the gas viscosity 18.1 ?10 Pa ? s .g
The fourth term of Eq. 4 represents the normal force ex-

erted by the cone wall onto the particle in the direction per-
pendicular to the cone wall

F s F e 9Ž .N N u

Equations 4]9 were written out for a spherical coordinate
Ž .system r, u , w with g parallel to the u s0-axis and ® s0,y u

which results in the following expressions for the particle ve-
Ž .locities in r- and w-direction ® and ®r w

f F ®d® 1 pw N rr
s y q g cos uy2½dr ® 2r m ® q r sin u v y v' Ž .p r w p

22C A r ® ® q r sin u v y v' Ž .D p g r r w p
2 2q r sin uv yp 52mp

11Ž .

°
dv f F v y v 2® v1 Ž .p pw N w p r p~s y

2dr ® r2¢r m ® q r sin u v y v' Ž .p r w p

2¶2C A r v y v ® q r sin u v y v'Ž . Ž .D p g w p r w p •q 12Ž .
2m ßp

F s m r sin u cos uv 2 y g sin u 13Ž .� 4N p p y

22d r ® y r sin u v y v' Ž .p g r w p
Re s 14Ž .p hg

Here, v and v are the rotational velocities of particle andp w
Ž . Ž .wall radrs , related to the tangential velocities mrs by ® sw

v ? sinu ? r. In the above equations, it is assumed that the gas
velocity in r-direction is zero and equals the wall velocity in
w-direction. Differential Eqs. 11 and 12 were solved by a
fourth-order Runge Kutta technique with step size adjust-
ment. The radial velocity of the particles at the entrance to

Ž .the cone r is set to zero ® s0 . For the rotational veloc-in r ,in
ity v at r , the minimal value at which a particle is able top in

Ž .move upward ® )0 is used, which follows from Eq. 3 withr
r s r and f s f . The residence time t on the cone wallin pw
follows from

rout y1t s ® dr 15Ž .H r
r in

Experimental Studies
Setup

Experiments at room temperature and atmospheric pres-
Žsure were carried out with four different cones for dimen-

.sions see Table 1 submerged at various depths in beds flu-
idized by air. The cone rotational velocity and fluidizing gas

Žvelocity were varied. Two of the cones are small typical di-
.mension 10 cm, No. 1 and 2 and have a single sand supply

Ž . Žopening see Figure 2 . The other two see Figure 4, No. 3
. Ž .and 4 are larger 30]60 cm , and have four supply openings

and a shaft at the bottom of the cone. This design makes the
cones easily accessible from the top, which may be advanta-
geous for experiments. However, the rotating shaft is now
within the fluidized bed, which necessitates the use of a so-
called labyrinth sealing which is flushed with air. Of each set
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Table 1. Overview of Rotating Cones

Cone No. 1 2 3 4
Ž .Half cone top angle u 8 43.5 32.0 45 30
Ž .Cone bottom diameter cm 2.9 3.2 22 14

Ž .Cone top diameter cm 10.4 10.9 68 28
Number of transport 1 1 4 4

openings
2Ž .Area per opening cm 6.6 8.0 65 33

Transition forced flow to 4.1]7.8 8.0]14.8 1.5]2.7 7.0]9.9
Ž .free flow Hz

Transition free flow to 5.7]10.7 ` 2.1]3.6 `
Ž .slide flow Hz

of cones, one cone has a half cone top angle u of 458 and for
the other u s308.

Measurements
Cones were submerged in a fluidized bed and flow rate

Žand particle velocities were measured for the large cones 3
. Ž .and 4 . In the small cones 1 and 2 , the flow rate was ad-

justed by controlling the outflow from a sand silo mounted
on top of the equipment, and the sand level difference be-
tween the fluidized bed surrounding the cone and inside the
cone was measured. In these experiments, the sand flowing

Figure 4. Cone with the shaft connected to the bottom
( )with four supply openings No. 3, Table 1 .

over the top rim of the cone is collected in a separate outer
basket.

For cones 3 and 4, the velocity of particles flowing over the
cone wall was measured using a video camera. Fluorescent
marker particles were followed in the cone, while UV-light
was used to enhance the contrast with the surrounding sand
particles. There are three options to determine the radial and

Ž .rotational velocity ® , ® of the marker particles directly withr w

a video camera system:
Ž .1 Measuring the particle coordinates in two subsequent

video snapshots. The particle velocity can be determined from
the displacement and the time between the snapshots.
Ž .2 Counting the number of snapshots required for a parti-

cle to make a full rotation in the cone, which gives ® di-w

rectly. By measuring the translation in r-direction, ® follows.r
This technique is possible when only a few marker particles
are added.
Ž .3 At high particle velocities, the movement of a particle

on a snapshot is pictured as a streak. A combination of line
Ž .length in two directions and snapshot duration time gives

the particle velocity.
For cone 3, method 1 was used for ® and method 3 for ® .r w

For cone 4, method 2 was used for ® , but none of the abovew

methods could be used for ® . This was caused by the lowr
value of the radial velocity, which resulted in a large mea-
surement error. Therefore, an indirect technique was used
for ® based on the measurement of the mass-flow rate fr s
and the cross-sectional area available for solids flow. Now, ®r
follows from

fs
® s 16Ž .r 2p r sin ud r 1yeŽ .u s

Ž .Here, f is the solids flow rate kgrs , d is the layer thick-s u

ness in u-direction, r is the density of the solids, and e iss
the porosity of the flowing layer. The layer thickness d wasu

determined using a plumbline that was let down into the ro-
tating cone from a certain reference height until it hit the
flowing sand layer. Before the experiments, the ‘‘depth’’ of
the cone wall was determined. Subtracting these values gives
the layer thickness d in a vertical direction. The layer thick-y
ness d is given by d sd ? sin u .u u y

The solids flow rate f over the cone wall is determineds
for the larger cones by collecting a well-defined part of the
sand flow over the top during a certain fixed period of time
Ž .see Figure 5 . This is realized by placing a small basket in
the direction of flow inside the perimeter of the outer con-
tainment. The flow rate measured is divided by the fraction
of the total perimeter occupied by the basket to give the total
flow rate f .s

The particle residence time t on the cone wall can be de-
Ž .termined from a set of n measurements r , ® by writingi r, in

Ž . Ž .the integral Eq. 15 as a summation: t s D r r® . PointsÝ i r, i
is1

at the lower end of the cone r and the top r must be partin out
of this set.

Sand properties
The properties of the sand particles are given in Table 2.

The friction factors were determined by experiments on a
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Figure 5. Measurement of sand transport capacity.

Ž .chute see Eq. 1 . The measured friction factors are in good
agreement with those reported by Augenstein and Hogg
Ž .1974 , who found values of 0.53 and 0.74 for particle-wall

Ž .and interparticle friction similar particle size .

Results and Discussion
In this section, first observations are described that eluci-

date the picture of a forced flow and a free flow regime. Sec-
ondly, measurements of the bed level difference inside and
outside of the cone are presented for the small cones. Thirdly,
measured and calculated particle velocities for the free flow
regime are compared for cone 3. Fourth, measurements on
flow rate and particle velocity are presented for the forced

Ž .flow regime cone 4 , and it is argued that a prediction of the
observed velocities and flow rate is still not possible for this
regime.

Identification of flow regimes
In the Theoretical Background, it was postulated that three

hydrodynamic flow regimes exist for flow over the cone wall.
In the free flow regime, the centrifugal force is sufficiently
high to transport particles in an upward direction along the
cone wall by itself. A solids pressure is absent and as a conse-
quence, the residence time of particles on the cone wall is
only a function of the cone rotational frequency and charac-

Ž .teristic cone dimensions see Table 3 . The transport capacity
of solids is completely determined by the transport resistance
in the supply openings.

In contrast, the resistance for transport of solids in the
forced flow regime is situated in the supply openings com-

Table 2. Physical Properties of the Sand Particles

Ž .Average particle diameter d 390 mm 200}500 mmp
3Density r 2,605 kgrms

Minimum fluidization velocity U 0.08 mrsm f
Packed bed porosity e 0.4
Particle-wall friction factor f 0.53pw
Interparticle friction factor f 0.71p p

Table 3. Differences between the Free Flow and the Forced
Flow Regime

Free Flow Forced Flow

Acceleration of particles in Yes No
r-direction?

Velocity in r-direction? High Low
Slip in w-direction between Yes No
particle and cone wall?
Resistance to solids flow in Transport openings only Transport
Particle velocity on openings and

cone determined by Cone characteristics only on cone wall

bined with the resistance along the cone wall. Solids flow,
particle velocity, and residence time are all determined by
both the resistance in the transport openings, and the charac-
teristics of the cone.

ŽExperimental work in cone 3 confirms these ideas see Fig-
. Žure 6 . Up to rotational frequencies of 2.2]2.4 Hz cone rota-

Ž ..tional frequency s v r 2p , the transport rate increases withw
Ž .higher cone velocities forced flow regime , whereafter the

transport rate flattens out to a nearly constant value of ap-
Ž .proximately 1.5 kgrs free flow . The critical value for the

change in flow regime can be calculated from Eq. 3 as 1.5]2.7
ŽHz which is in agreement with the measured transition see

.Table 1 .
It must be emphasized that the transition between flow

regimes depends on the location on the cone wall and is not
Ž .a unique value see Eq. 3 . On increasing the cone velocity,

the transition from forced to free flow occurs at the top of
the cone wall r first, while for r - r , transport is in theout out
forced flow regime. With increasing cone velocity, the transi-
tion moves downward until the sand inlet point r is reachedin
and the entire sand layer is in the free flow regime.

According to Eq. 3, in experiments in the forced flow
regime the transport of solids stops when the external force
Ž .the solids pressure is taken away by interrupting the gas
flow to the fluidized bed or by lowering the solids holdup in

Ž .the bed reducing the bed height . In that case, a stagnant
sand layer resides on the rotating cone wall. In experiments

Ž .in the free flow regime according to Eq. 3 , the cone is emp-
tied completely when the supply of solids was stopped. Stag-

( )Figure 6. Transition in flow regime cone 3 from mea-
surements on solids flow rate f .S
Superficial gas velocity 0.37 mrs.
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( ) ( )Figure 7. Measured symbols and calculated lines
particle velocity in radial and tangential direc-

( )tion v and v as a function of the radial po-r w

( )sition for the free flow regime cone 3 .
Cone rotational frequency s 2.68 Hz; superficial gas velocity
0.37 mrs.

nant sand layers never developed. These results support the
theory of different flow regimes.

Typical examples of the free and forced flow regime are
depicted in Figures 7 and 8, respectively. These two figures
clearly show several different characteristics based on the

Ž .presence or absence of the solids pressure see Table 3 .

Free and forced flow in the small cones
For a constant flow rate, the bed level difference between

the inside and the outside of the cone automatically adjusts
itself to a stationary value, which is a measure of the driving
force necessary to overcome the friction forces when parti-
cles flow into the center of the cone. Figures 9 and 10 show

Figure 8. Measured particle velocity in radial and tan-
( )gential direction v and v as a function ofr w

the radial position for the forced flow regime
( )cone 4 .
Cone rotational frequency s 6.12 Hz and the pressure in the
fluidized bed at the height of the solids supply openings is
900 Pa. Superficial gas velocity 0.12 mrs.

Figure 9. Measured sand level difference between the
fluidized bed surrounding the rotating cone
and the fluidized bed inside the cone as a
function of the cone rotational frequency and
solids flow rate f . e 27 kgrrrrrh; I 48 kgrrrrrh; ^s

(62 kgrrrrrh cone 1, superficial air velocity 0.07
)mrrrrrs . Lines are trendlines.

the influence of the cone rotational frequency and the solids
flow rate on the bed level difference between the inside and
the outside of the cone. As illustrated in Figure 9 for cone 1,
the sand level difference is roughly independent of the cone
velocity which suggests that the resistance to solids flow is

Ž .entirely located in the supply openings free flow regime .
However, for frequencies up to 9 Hz in the steeper cone 2
Ž .Figure 10 , the sand level difference decreases when the cone
rotational frequency is increased, which indicates that the

Ž .cone wall velocity is also rate-limiting forced flow regime .
At frequencies above 9 Hz, the level difference is again inde-

Figure 10. Measured sand level difference between the
fluidized bed surrounding the rotating cone
and the fluidized bed inside the cone as a
function of the cone rotational frequency and
solids flow rate f .s

Že 27 kgrh; ` 34 kgrh I 48 kgrh, ^ 62 kgrh cone 2,
.superficial air velocity 0.07 mrs .
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Figure 11. Measured sand level difference between the
fluidized bed surrounding the rotating cone
and the fluidized bed inside the cone as a
function of the superficial air velocity and

( ) (solids flow rate f Figure 10 cone 1, fre-s
)quencys8.5 Hz .

Resistance to flow vanishes above the minimum fluidiza-
Ž .tion velocity U s 0.08 mrs .m f

Ž .pendent of frequency free flow . The measured transition is
Ž .within the calculated range 8.0]14.8 Hz see Table 1 .

Figure 11 shows the sand level difference as a function of
the gas velocity to the fluidized bed. Clearly, the required

Ž .driving force the sand level difference for sand flow from
bed to cone vanishes when approaching the minimum flu-
idization velocity U and flattens out beyond that point be-m f
cause interparticle resistance strongly decreases above U .m f

Free and forced flow in the large cones
Particle velocities in the free flow regime can be calculated

using the single particle model discussed in the Theoretical
Background. Experimental results and model predictions are
compared in Figure 7 and 12 for cone rotational frequencies
of 2.68 and 3.73 Hz. For 2.38 Hz, a similar figure was ob-

Ž .tained as for 2.68 Hz. At the highest frequency Figure 12 ,
measurements were described accurately when the measured

Ž .friction factor f was used see Table 2 and the particle-airpw
friction F was omitted from the model. In contrast, for thef
two lowest frequencies, best results were obtained when Ff
was included in the model and if a much lower particle-wall

Ž .friction factor f was used f s0.33 for F than actuallypw pw w
Ž .measured on a chute Figure 7 . This result is in agreement

with visual observations of the flowing layers: for the highest
frequency, the flowing layer was thick in contrast to the very
dilute layers that formed at the lowest frequencies. For the
thick layer, a large fraction of the particles is not at the parti-
cle-air interface and, therefore, not influenced by friction with
the air, which validates omitting the particle-air friction F .f
Furthermore, for a dilute layer, particles do not touch. This
allows a rolling motion instead of the measured sliding mo-

Ž .tion Table 2 for which obviously the friction factor is much
lower.

Figures 7 and 12 further show that with increasing cone
Žvelocity the radial velocity ® increases for a given radial po-r

Figure 12. Comparison between the experimentally de-
( )termined particle velocities symbols in r -

and w -direction and model predictions
( )lines at a cone rotational frequency of 3.73
Hz for cone 3.
Superficial gas velocity 0.37 mrs.

.sition , while the difference between the velocity of the cone
wall and the particle velocity ® increases. An explanation isw

the fact that at higher cone velocity it becomes gradually more
difficult for particles to follow the movement of the cone wall
due to the inertia forces. As a consequence, particle-wall slip
will increase. Simultaneously, higher cone velocities induce
higher centrifugal forces which increase the upward oriented
centrifugal force component, which results in higher radial
velocities ® .r

ŽFor the two sets of inputs f s0.53 and no air friction;pw
.f s0.33 with air friction , the calculated residence time ispw

depicted in Figure 13. Above a critical frequency, the resi-
dence time quickly decreases to a more or less constant value.

Figure 14 shows the calculated residence time as a func-
Ž .tion of the half cone top angle u . A minimum in residence

time is found at ;pr4 rad. Obviously, at this angle the nega-

Figure 13. Modeled particle residence time for cone 3.
Case I: f s 0.33, air friction; Case II: f s 0.53, no airpw pw
friction.
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Figure 14. Modeled residence time as function of cone
angle u for cone 3 and a frequency of 3.73
Hz, a friction factor of 0.53 and no air fric-
tion.

Ž .tive influence of the wall friction F on ® see Eq. 11 isw r
Žbalanced by the positive effect of F on ® and, therefore,w w

.indirectly on ® . It is interesting to note that the model pre-r
dicts a lower residence time for a rotating cone of typically

Ž .pr4 rad than for the rotating disk reactor u spr2 .
Figure 8 shows the measured particle velocities in the r-

and w-direction for the forced flow regime for a frequency of
Ž .6.12 Hz cone 4 . Similar results were obtained for a fre-

quency of 5.34 and 6.9 Hz. For the same cone and the same
range of frequencies, the measured residence time of parti-
cles is depicted in Figure 15 as a function of the cone rota-
tional frequency and the fluidized-bed pressure at the height
of the supply openings. The residence time depends on the
bed pressure which indicates again that measurements were
in the forced flow regime. The figure shows that, especially at

Ž .high rotational frequencies )6 Hz , variation of the bed

Figure 15. Measured residence time of particles in cone
4 as function of the cone rotational fre-
quency in the forced flow regime for two dif-
ferent bed pressures at the height of the solid
supply openings e 900 Pa, I 1,000 Pa.
Superficial gas velocity 0.12 mrs. Lines are trendlines.

Figure 16. Measured mass-flow rate as function of the
( )cone rotational frequency cone 4 and pres-

sure in fluidized bed at the height of the solid
supply openings.

ŽPressure increases in the direction of the arrow 790, 840,
.1,015 and 1,200 Pa . Superficial gas velocity 0.12 mrs. Lines

are trendlines.

pressure with only 10% can alter the residence time with more
than 50%. The solids flow rate as a function of the cone rota-
tional frequency and bed pressure is depicted in Figure 16
for cone 4. The flow rate depends on the frequency, which
again shows that measurements were in the forced flow
regime, in accordance with the predicted transition to free

Ž .flow in the 7.0]9.9 Hz range see Table 1 .
Particle velocities on the cone wall could not be calculated

in the forced flow regime. According to calculations without
the solids pressure, no solids transport could take place, be-
cause v is below the critical velocity. Therefore, to calculatep
particle velocities on the cone wall in the forced flow regime,
the solids pressure should be included in the model. The
solids pressure depends on the fluidized-bed pressure at the

Ž .height of the supply opening s , but the exact nature of this
dependence is unknown. Similar difficulties arise if it is de-
sired to model the solids flow rate. For the free flow regime,
this may succeed if the supply opening is looked at as an

Ž .orifice between two fluidized beds Korbee et al., 1994 . For
the forced flow regime, this is, again, more difficult because
of the unknown value of the solids pressure at the inside of

Ž .the supply opening s .

Conclusions
A novel rotating cone reactor was tested for the flash py-

rolysis of biomass. In this design, the rotating cone is placed
in a fluidized bed, while solids flow through one or more sup-
ply openings in the cone wall. Particle velocities and solids
flow rate could be measured adequately in experiments at
room temperature and atmospheric pressure. A large flow of

Ž .granular material was realized up to 1.6 kgrs in cones with
typical dimensions of 0.5 m or less, while particle residence
times were as low as 0.1 s. Three hydrodynamic regimes were

Ž .identified for flow of thick layers of granular material along
an inclined surface, and a criterion for the transition between
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the regimes is derived. Literature data on chute flow could
differentiate between the free flow regime and the slide flow
regime, while experiments with rotating cones revealed a dif-
ference between the free flow and the forced flow regime.

In the free flow regime, a good prediction of particle veloc-
ities is possible. In the case of forced flow, this is still not
possible because of the unknown value of the solids pressure.
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