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Abstract-The rotating cone reactor is a novel reactor type which can be used for rapid thermal solids 
processing. This paper focuses on particle dynamics and gas-phase. hydrodynamics in a rotating cone 
reactor as a first stage to obtain a basic understanding of the processes that govern the performance of this 
reactor. Therefore, the flow of nearly spherical monosized PVC powder in a cold-flow rotating cone reactor 
has been studied under variation of the particle diameter (140-780pm), the cone rotational speed (up to 
1800 rpm) and two different cone top-angles (60 and 90”). The gas flow created by the rotating cone showed 
a marked influence on motion of particles smaller than 200 pm. A mathematical model is presented using 
a single-particle description, and a turbulent gas flow description near the wall according to the universal 
velocitv orofile. The exuerimentallv observed residence time of the particles inside the present reactor is 
typicaiy’in the order oi 0.2 s. 

1. INTRODUCTION 

The rotating cone reactor is a novel reactor type 
which can be used for rapid thermal processing of 
solids. This paper focuses on particle dynamics and 
gas-phase hydrodynamics, to obtain understanding 
with respect to the relevant transport phenomena 
influencing the performance of the rotating cone reac- 
tor_ A schematic representation of the rotating cone 
reactor geometry is presented in Fig. 1. Particles are 
introduced in the bottom of the rotating cone. The 
rotation of the cone induces particle motion and the 
particles are swept out of the reactor along a spiral 
path. 

The rotating one reactor has a number of desirable 
(hydro-)dynamical features, among which the most 
important ones are: 

(1) A short particle residence time, typically 0.2 s. 
This short solid residence. time is important in 
chemical systems in which the solids rapidly 
deactivate or rapidly react. 

(2) Carrier gas is not required, which is advantage- 
ous in systems where product dilution with the 
carrier gas has to be avoided. 

This work is limited to cold-flow experiments. In 
particular, the effect of operation conditions (i.e. cone 
rotational speed) and particle characteristics (i.e. par- 
ticle diameter) on the particle residence time will be 
studied in detail from an experimental and theoretical 
point of view. Since accurate determination of the 
particle residence time involves the measurement of 
the local particle velocity along the particle trajectory, 
a short review of techniques which have been used by 
other investigators to measure the local particle velo- 
city in gas-particle flows will he presented in the next 
section. Studies involving the transfer of heat to the 
particles and a reactor application will he a subject of 
further studies. 

Fig. 

particle 

1. Schematic representation of the rotating cone reac- 
tor. 

2. SELECI’ION OF THE PARTKXE VELOCITY 

MEASUREMENT METHOD 

A major characteristic of the rotating cone reactor 
is the residence time of particles in the reactor. This 
particle residence. time can be derived from local par- 
ticle velocity measurements by means of path integra- 
tion. In the past decades several techniques have been 
employed to measure the local particle velocity. These 
techniques can broadly be divided into two classes: 

(1) Point measurement techniques where the par- 
ticle velocity is measured locally. 

(2) Trajectory measurement techniques which are 
based on the measurement of the time lapse required 
for solid particles to travel the distance between the 
two points on a particle streamline. 

2.1. Impact probe 
An impact probe consists of a thin needle which is 

placed in the particle flow. This needle is connected to 
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a stress-sensitive element, i.e. a piezocrystal that trans- 
forms the momentum of particle impact on the needle 
into an electrical signal; see Fig. 2. In a dilute particle 
flow, the particle collisions occur sequential and sep- 
arated in time. The height, h, of recorded pulses is 
proportional to the momentum (mu) of the particle. 
This kind of particle flow measurement was studied 
by Raso and Tirabassa (1983). If individual particles 
cannot be distinguished, as is the case in a dense 
particle flow, the average pulse height, h, is propor- 
tional to the particle mass flow rate (pu), and a rela- 
tion between pv and the pulse height h as a function of 
the porosity has to be established. Heertjes et al. 
(1970) calibrated and operated an impact probe in the 
dense flow regime. 

2.2. Microwave radar technique 
The microwave radar technique has been used by 

Harris (1972) and Booth and Ridgway (1985) with an 
experimental set-up schematically represented in Fig. 
3. The radar head consists of a Gunn diode which 
operates at a frequency of 10.7 GHz and a power level 
of 10 mW. The electromagnetic radar beam, when 
incident on moving particles, is scattered at a slightly 
different frequency. This frequency f. is related to the 
radar frequency I; by eq. (2.1): 

(2.1) 

where c represents the speed of light. The scattered 
frequency from the particles interferes with a reference 
beam at the detector which results in a beat signal. 
The frequency of the beat signal follows from eq. (2.2): 

fD=f.-&(k-l).v. 
c 

P 

Fig. 2. The impact probe. 

Fig. 3. Radar velocimetry. 

(2.2) 

The vectors k and I are beam directional unit vectors 
which depend on the geometry of the experimental 
set-up. For particles moving at velocities between 0.1 
and Sms-‘, the Doppler frequency shift varies be- 
tween 5 and 250 Hz. As indicated by Booth and 
Ridgway (1985), the radar Doppler signal is produced 
as a result of microwave interactions throughout the 
thickness of the bed and, consequently, the measured 
velocities represent an average of all particles present 
in the flow field. 

2.3. Laser Doppler velocimetry 
There are basically two laser Doppler measurement 

techniques that differ in the choice of reference signal 
which interferes with the Doppler signal. If the refer- 
ence beam originates from the laser source, the experi- 
mental set-up is equivalent to the radar set-up given in 
Fig. 3. Because of the identical physical nature of the 
laser Doppler set-up, the Doppler frequency shift can 
be calculated with eq. (2.2). An alternative way of 
generating a reference beam is the use of the particle 
signal itself from a different angle. The corresponding 
experimental set-up is given in Fig. 4, showing a laser 
beam split into two beams which are focused on the 
particle. One of the beams can be regarded as the 
reference beam, and twofold application of eq. (2.2) 
yields the following expression for the differential 
Doppler shifts of the particle signal: 

(2.3) 

The advantage of the differential Doppler set-up is 
that the direction vector I has dropped out of eq. (2.3), 
which means that the detected Doppler shift is inde- 
pendent of the angular position of the detector rel- 
ative to the particles. A much larger detector aperture 
can be used and, consequently, a larger signal can be 
detected with the differential Doppler set-up. Both 
systems are reviewed by Birchenough and Mason 
(1976) and Rosenberger (1975). 

2.4. Light rejection method 
A particle flow always contains non-uniformities 

like particle clusters, voids or even the particles them- 
selves which reflect light differently. If the time-de- 
pendent reflection is measured on two positions along 
a particle streamline, both signals should be similar 
except from a shift of the time base, due to the travel- 
ling time of the signal between the two detectors. The 
measured time shift, obtained by autocorrelation, be- 
tween the two signals is reciprocal to the particle 
speed. The light reflection technique has been used by 
Oki et al. (1977) and Hartge (1989). 

One aspect which has to be considered in using this 
technique is the depth of light penetration in the solid 
suspension. In the case of the transmission of light 
through a randomly oriented collection of perfectly 
black particles, as schematically represented in Fig. 6, 
the relationship between the light intensity and pen- 
etration depth can be derived from numerical simula- 
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Fig. 4. Laser Doppler differential velocimetry. 
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Fig. 5. Fibre optic probe. 

Fig. 6. Random configuration. 

tions given by eq. (2.4): 

1 = lee- 1.x(1 --rW& 
(2.4) 

On the basis of this exponential decay law it can be 
deduced that an increasing penetration depth results 
in an increasing measuring volume in more dilute 
suspensions. 

2.5. Photographic techniques 
On photographs the movement of a particle is 

visible as streaks (see Fig. 7) with a length propor- 
tional to the exposure time of the photograph. If 
a video camera is used with a variable shutter time, 
the photograph can be stored on magnetic tape, and 
can be analysed immediately. No calibration of this 
method is required, and the local particle velocity 
data are very detailed. The local particle velocity is the 
quotient between streak length and shutter time. This 
technique can only be used in an optically transparent 
flow, where eq. (2.4) can be used to estimate the 
transparency of the flow. The particle density in the 
rotating cone reactor was low enough to obtain an 
optically transparent flow. The photographic tech- 
nique was chosen, to perform local particle velocity 

X 

Fig. 7. Particle streaks. 

measurements in the rotating cone reactor, because of 
the unambiguous visual measurements obtained with 
this technique. Other advantages of this technique are 
its relative low equipment costs and the fact that 
standard components can be used. 

Table 1 contains the comparison between the differ- 
ent methods. Advantages are noted with a + sign, 
disadvantages or difficulties with a - sign. 

3. EQUIPMENT AND EXPERIMENTAL PROCEDURE 

In the present study the motion of the solid par- 
ticles over the conical surface has been studied by 
a photographic technique. A high photographic con- 
trast can be obtained by using a white powder on 
a black background, i.e. the conical surface. PVC was 
chosen as model solid because of the high light re- 
flectivity of the PVC particles even down to the scale 
of a single particle. The density of this PVC powder is 
1100kgm-3, which is about twice the density of 
biomass. 

The geometry of the cone used in this study is 
shown in Fig. 8. The experimental measurement set- 
up is presented in Fig. 9. Due to the rotational motion 
of the cone, the particles are swept out of the reactor 
following a spiral path along the cone wall. An endo- 
scope with camera has been used to record the par- 
ticle motion. At a shutter-speed of 1 ms, the particle 
movement can be seen as streaks of several mm 
length. This length is directly proportional to the local 
particle velocity. The local velocity of the gas phase 
has been measured with a hot wire anemometer, de- 
scribed by Lomas (1986). 

4 RESULTS 

The velocity of the particles has been measured at 
nine different heights in the cone. At each height the 
video recordings were analysed and the streaks were 
measured by length and angle. At the cone wall dis- 
tance marks were placed and recorded in order to 
relate the measured streak length to its real physical 
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Table 1. Comparison between different methods 

Method 
Calibration Non- 

required intrusiveness 

Optical 
transparent 

streams 

Optical 
dense 

streams 

Impact probe 
Microwave radar technique 
Laser Doppler velocimetry 
Light reflection method 
Photographic technique 

_ - + + 
+ + + 

+ + + - 
- - f + 
+ + + - 

length. The streak angle was used for the decomposi- 
tion of the particle velocity vector in its rotational and 
its radial component, respectively v,.& and vp,,. The 
photographic technique used in the present study 
yields the projection of the particle trajectory on the 
conical surface which precludes the measurement of 
the velocity cpmponent norma to the cone wall. 
However, the velocity component normal to the cone 
wall is not relevant for determination of the particle 
residence time. At each cone height 30 streaks were 
measured and averaged. Figures 11 and 12 show, 
respectively, the measured radial velocity component 
“, and the angular velocity component v+ as a function 
of the radius r. 

Fig. 8. The cone geometry. Sizes in mm. 

solids 

Fig. 9. The experimental set-up. 

The bars in Fig. 11 correspond to the variance in 
the measured local variable. From the experimental 
data like Figs 11 and 12, the particle residence time, 
the angle of the particle trajectory and the length of 
the particle trajectory can be calculated. 

The measured local velocity possesses a fluctuating 
component due to an irregular particle shape and 
vibrations induced in the rotating equipment. The 
local particle velocity is approximately normal dis- 
tributed as can be seen from Fig. 13. This figure is 
based on 2700 local particle velocity measurements. 

The particle residence time in the rotating cone 
reactor can be calculated on the basis of the integral 
given in eq. (4.1). 

s I1 dr 
t= -. (4.1) 

*lJ “PJ 

\ 
\ I 

spherical 
\ coordinates 
‘\ I- 

Fig. 11. The radial velocity component as a function of the 
Fig. 10. The spherical coordinate system showing the velo- radial coordinate. Particle diameter 140 pm, a cone rotation 
city components and the angle 4 of the particle trajectory. frequency of 13.2 Hz and a cone top-angle of 60”. 



Particle dynamics and gas-phase hydrodynamics in a rotating cone reactor 931 
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Fig. 12. The angular velocity component as a function of 
the radial coordinate. Particle diameter 140 gm and a cone 

rotation frequency of 13.2 Hz. 

Fig. 13. The distribution of the local particle velocity. 

The angle of the particle trajectory is defined as (see 
Fig. 10) 

(4.2) 

The length of the particle trajectory is defined as 

As = (4.3) 

In order to obtain some qualitative information 
regarding the flow behaviour of the gas phase inside 
the rotating cone reactor, some preliminary experi- 
ments were performed in which the motion of injected 
smoke was studied with the aid of the above-men- 
tioned photographic technique. In this way it was 
established that the rotational speed of the gas cloud 
in the core of the reactor was approximately l/4 of the 
cone rotational speed. These experiments also re- 
vealed the existence of a fully developed turbulent 
flow at cone rotational frequencies above 7.5 Hz. Ve- 
locity measurements with a hot wire anemometer 
were in agreement with the qualitative smoke injec- 
tion experiments. The results are shown in Fig. 14. 

5. THEORY 

5.1. Single-particle model 
The mathematical model which governs the motion 

of the solid particles inside the rotating cone reactor 
consists of two parts: a force balance for the particle 
when it moves in free flight between two successive 

0.1 0.2 0.3 0.4 0.3 

r Iml 

Fig. 14. The ratio between the gas-phase velocity and the 
wall velocity vs the radial coordinate. 

wall collisions and a description of the collision be- 
tween a particle and the cone wall. If a particle moves 
in free flight the only forces acting on the particle are 
the gravitational force and the drag force. The drag 
force causes coupling of the flow behaviour of the 
particles and the gas phase. The force balance for 
a particle reads as 

dv, 
m~x=Fd+Fg 

where Fd represents the drag force and FB the gravi- 
tational force. The position vector of the particle is 
related to its velocity by 

ELV, 
dt ’ (5.2) 

The gravitation and drag force can be expressed, 
respectively, as 

F, = mpg (5.3) 

Fo = cd adi4 Prlv/ - V,vl(v~ - VP). (5.4) 

Particles moving over a surface in cases where the 
surface occupation is less than 1% usually show 
a bouncing behaviour, especially at the high particle 
speeds as encountered in the rotating cone reactor. 
Tsuji et al. (1989) numerically simulated the bouncing 
behaviour on a smooth wall of particles that deviate 
less than 3% from a spherical shape. Even this small 
deviation from sphericity caused a scatter in particle 
velocities of 15% after impact with a wall. The bounc- 
ing behaviour of the particles has been taken into 
account by introduction of the deflection angle /3, 
which is the difference between the incident and the 
reflected angle of a bouncing particle. The particle 
velocity after collision with the wall is given by eq. 
(5.5) (see Fig. 15): 

V &2= cosp- ( I~~Vp.ll 
iti - M) - VP,, j 

sin#l (1 
> 

-w-VP., 

- 

(5.5) 
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Fig. 15. A bouncing particle. 

h 

WI I 

Fig. 16. The height of a bouncing particle as a function of its 
position in the rotating cone. Particle diameter 780 ptm, cone 
rotation frequency 13.2 Hz, a cone top-angle of 60” and 

a roughness height h equal to 0.1 pm. 

As is evident from Fig. 1.5, particle deflection with 
conservation of momentum occurs if a particle 
bounces on a surface with roughness h. The difference 
between the incident and reflected angle is denoted by 
8, a parameter which is important for the description 
of the collision process. This coefficient is of phenom- 
enological nature and incorporates the surface rough- 
ness, the particle shape factor and vibrations of the 
rotating surface. The surface roughness h can be re- 
lated to the deflection angle /l by 

cos(/3)= 1-i. (5.6) 
P 

An example of the results of a numerical simulation is 
presented in Fig. 16 which shows the distance of the 
particle from the cone wall as a function of the radial 
coordinate. 

The bouncing height distribution of the particles 
has been measured by collecting bouncing particles at 
different heights from the cone wall in a small tube 
which has been inserted in the solids flow. This tube 
was positioned with its axis parallel to the solids 
streamlines. The solids collector was placed at the 
reactor exit and did not disturb the solids flow inside 
the reactor. Based on the particle bouncing heights 
observed in our particular reactor, which vary from 
S to 20 mm, a roughness length h of 0.1 pm has been 
chosen. 

The bouncing height at the reactor exit has also 
been calculated from the theoretical model for differ- 
ent particle diameters (140-780 pm) and cone rota- 

tional frequencies (5-30 Hz). Values of these cal- 
culated bouncing heights vary between 13 and 17 mm 
and agree qualitatively with the experimentally deter- 
mined bouncing heights at the reactor exit (see 
Fig. 16). 

The volumetric solids fraction in the suspension on 
the cone wall has a value of 4 x lo-’ for a typical 
experiment (solid mass flow rate 1 g/s, bouncing 
height 15 mm and a solid residence time 0.2 s.). This 
fraction is sufficiently low to permit the use of a single- 
particle model to describe the solids flow. 

The trajectory of the particles originates at the 
position where the particles leave the impeller 
mounted in the base of the cone. The initial values 
which are required for the computation of the particle 
trajectories are given by 

R. = 0.071 m (5.7) 

t&P,, = 0 (5.8) 

up.4 = w,,,&. (5.9) 

5.2. Gas-phase description 
With respect to the flow behaviour of the gas phase 

inside the rotating cone reactor two distinct regions 
can be identified, each with different hydrodynamic 
behaviour: a gas cloud in the centre of the cone 
rotating at an uniform angular speed, and turbulent 
boundary layers in the vicinity of the cone wall. Gas- 
phase velocities inside the gas cloud have been ob- 
tained by hot wire anemometry and are depicted in 
Fig. 14. For the description of the velocity profiles in 
the turbulent boundary layers the well-known univer- 
sal velocity profile has been used. When applying the 
universal velocity profile, described by Schlichting 
(1960), two other layers have to be considered, the 
logarithmic layer and the viscous sublayer. The ec- 
centricity of the cone causes no separation of the 
boundary layer. This behaviour can be expected on 
the basis of the experiments of Jacobs (1989), who 
studied turbulent flows over wavy surfaces. (The devi- 
ation in circularity of the cone’s cross-section is 
1 mm.) 

The velocity profile of the gas phase is given by 

v, = use,. (5.10) 

If the nomenclature of the universal velocity profile is 
used, the gas-phase velocity v, is a function of the 
dimensionless distance to the cone wall y+ and the 
dimensionless shear velocity acting on the cone wall 
u*. The parameter 6 measures the distance from the 
cone wall where the macroscopic gas flow changes in 
the boundary layer flow: 

y+ =(R,- R$ (5.11) 
v 

and 

u* = ; wk6. (5.12) 
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The profile of the angular gas-phase velocity consists 
of three parts. The first part is derived from the experi- 
ments given in Fig. 14 and describes the angular 
gas-phase velocity profile in the turbulent core of the 
rotating cone. Equations (5.14) and (5.15) give the 
velocity profile in, respectively, the logarithmic layer 
and the viscous sublayer. 

1 
v, = 4 wR, y+ >s: (5.13) 

v, = wR, - iu*(2 + lny+), Il<y+<6$ 

(5.14) 

v, = wR, - u*y+, y+ < 11. (5.15) 

The parameter 6 couples the macroscopic flow de- 
scribed by eq. (5.13) with the flow in the turbulent 
boundary layer equation (5.14), and is therefore given 
by 

tfi{l+lnr$)}=R.. (5.16) 

A more accurate description of the flow behaviour 
of the gas phase can be obtained if a computational 
fluid dynamics (CFD) model is applied. Equation 
(5.13) could then be obtained a priori from such simu- 
lations. This approach has not been used in this study 
because it was possible to obtain eq. (5.13) from the 
experiments given in Fig. 14. 

0 R- ‘tv 

Fig. 17. Assumed radial profile of the angular gas velocity. 

6. MODEL VERIFICATION 

6.1. Measurements with the 60” top-angle cone 
Particle velocity measurements have been carried 

out for various particle diameters and cone rotational 
speeds. From these measurements, the residence time 
of the particles vs the cone rotational speed has been 
determined by evaluating the integral on the right- 
hand side of eq. (4.1). The results are presented in Fig. 
18. As expected, the particle residence time decreases 
rapidly with increasing cone rotational frequencies 
because of increased particle velocities. Furthermore, 
the results shown in this figure indicate that the vis- 
cous force becomes important relative to the particle 
mass inertia, for particles smaller than 200 pm. Par- 
ticles larger than 400 pm seem to be unaffected by the 
viscous forces and, consequently, the residence time of 
particles with increasing diameter approaches an 
asymptotic solution given by the dashed curve in 
Fig. 18. 

Figure 19 shows a parity plot of the theoretically 
calculated particle residence time vs the experi- 
mentally determined residence time. As is evident 
from Fig 19 the agreement between the model predic- 
tions and the experimental results is reasonable. 

The measured radial and angular particle velocity 
components can be used to evaluate the integral on 
the right-hand side of eq. (4.2), yielding the trajectory 
angle # covered by the particles (see Fig. 10). The 
results of the calculations are presented in Fig. 20. As 
is evident from this figure particles smaller than 
200 pm are strongly influenced by viscous forces. The 
trajectory angle of particles with a larger diameter 
approaches an asymptotic solution which is repres- 
ented by the dashed curve in Fig. 20. This asymptotic 
solution of particles larger than 400 pm shows a weak 
dependence of the cone rotational speed, which indi- 
cates that the shape of the trajectories of the larger 
particles is independent of the cone rotational speed. 

If the model calculations and the experimental re- 
sults are compared, the maximum deviation between 
model and experiment is less then 30% as can be seen 
from Fig. 21. In judging the accuracy of the model 
predictions it should be borne in mind that the pres- 
ent model does not employ any fitted parameters; all 
of them have been obtained from established 
empirism. 

Fig. 18. The experimentally determined particle residence 
time as a function of the cone rotation frequency and the 
particle diameter. The cone geometry was a cone top-angle 
of 60” and a cone height of 303 mm. Solid mass flow rate: 

1 g/s. 
Fig. 19. Parity plot showing the theoretically calculated vs 

the experimentally determined particle residence time. 
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Fig. 20. Experimentally determined particle trajectory 
angle as a function of the cone rotation frequency and the 
particle diameter. Cone top-angle 60” and a cone height of 

303 mm. Solids mass flow rate: 1 g/s. 

Particle 

Fig. 21. Parity plot showing the calculated particle traject- 
ory angle vs the measured trajectory angle. 

1.2 
IG . I 

5 1.0 
- 
. 9 Ia 0.8 - 

F 0.6 - i-_-i_ 

q 

___Li___i 
'7f 

. 

0.4 - 

f 0.2 : 

0.0 1 
0 

Fig. 22. The experimentally determined particle trajectory 
length as a function of the cone rotation frequency and the 
particle diameter. Cone top-angle 60” and a cone height of 

303 mm. Solids mass flow rate: 1 g/s. 

The length of a particle trajectory can be obtained 
by evaluating the integral on the right-hand side of eq. 
(4.3), using the measured particle velocity compo- 
nents. For particles larger than 500 pm the viscous 
force is small compared to the mass inertia of the 
particles and as a consequence an asymptotic solution 
is reached which holds for particles larger than 
40O~m. The asymptotic solution is given by the 
dashed curve in Fig. 22. Again the small dependence 
of the length of the particle trajectories on the cone 
rotational speed indicates that the shape of the trajec- 
tories is independent of the cone rotational speed. 

If the model calculations and the experimental re- 
sults are compared, the maximum deviation between 
model and experiment is less then 30%) as can be seen 
from the parity plot shown in Fig. 23. 

6.2. Measurements with the 90” top-angle cone 
In addition, measurements were performed in 

a cone with a top-angle of n/2 radians as schemati- 
cally represented in Fig. 24. The gas-phase velocity in 
the vicinity of the cone wall was measured with a hot 
wire anemometer. The results of these measurements 
are shown in Fig. 25. The angular gas-phase velocity 
in the turbulent core of the rotating cone as described 
by 

q=$wR (6.1) 

is included in this figure. This velocity profile was also 
used in the numerical simulations duplicating the 
experiments. The multiplication factor used in eq. (6.1) 
differs from the multiplication factor used in eq. (5.13). 
Due to the rotation of the cone possibly a secondary 
gas flow can be induced which is directed along the 

_._ . 
0.0 0.5 1.0 I.5 

Measured majuxmy length [m] 

Fig. 23. Parity plot showing the calculated particle traject- 
ory length vs the measured trajectory length. 

Fig. 24. Schematic representation of the cone geometry. 

Measured 3 mm from 
the cone wall 

0.2 0.3 
r [ml 

Fig. 25. The angular gas-phase velocity vs the radial co- 
ordinate. 
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cone wall from the bottom of the cone towards the 
cone exit (radial direction). It returns to the cone 
bottom along the rotation centre of the cone. How- 
ever, the hot wire anemometer (which is also sensitive 
for a radial velocity component of the gas phase) did 
not indicate a significant secondary gas Row radial 
velocity component because the local gas-phase velo- 
city measured by the anemometer agreed quite well 
with the angular gas-phase velocity obtained by the 
smoke experiments. In addition, the model which 
does not incorporate a secondary gas flow along the 
cone wall in radial direction predicts particle resi- 
dence times, trajectory lengths and angles which 
agree well with the experimental results. Therefore, 
the secondary gas flow, if present, is not large enough 
to influence the particle residence time (etc.) within the 
experimental error. 

Similar to the procedure described in Section 6.1, 
the particle residence time fl, in the rotating cone 
reactor can be obtained from the experimentally de- 
termined components of the local particle velocity 
and eq. (4.1). The results of these calculations are 
presented in Fig. 26, showing the particle residence 
time as a function of the cone rotation frequency and 
the particle diameter. The dashed curve in this figure 
represents the asymptotic solution for large particles 
where the gas phase has a negligible influence on the 
particle residence time. 

On the basis of the theoretical model presented in 
Section 5, the corresponding theoretically calculated 
particle residence times can be plotted against the 

0.3 

0.2 

Tp IS1 

0.1 

0-c 

Y 

. 

. 
q 

=. l 

-\. . 

La__ -i--__l____. 

Fig. 26. Experimentally determined particle residence times 
as a function of the cone rotation frequency and the particle 
diameter. Cone top-angle 90” and a cone height of 178 mm. 

Solids mass flow rate: 1 g/s 
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Fig. 27. Parity plot showing the calculated particle resi- 
dence time vs the measured residence time. 

experimentally determined particle residence times. 
Only the calculated particle residence times at a cone 
rotational frequency of 5.7 Hz deviate considerably 
from the measurements. 

7. CONCLUSIONS 

Based on the experimental results obtained in the 
present study the following conclusions can be drawn: 

~ With the use of the photographic technique re- 
liable measurements of local particle velocities were 
obtained. 

-Particles larger than 4OO~m seem to be unaf- 
fected by the viscous forces because of their mass 
inertia: as a consequence the residfznce time of such 
particles is hardly dependent on the particle diameter. 

-The shape of the trajectories of particles larger 
than 400pm is independent of the particle diameter 
and the cone rotational speed. If the cone rotational 
speed is increased, the velocity of the larger particles 
along their trajectory also increases but the shape of 
the trajectory remains the same. 

-If the particle diameter is smaller than 200 pm 
the viscous forces become important compared to the 
mass inertia an&in this case the particle residence 
time is strongly dependent on the particle diameter. 

Future work: Improvement of the description of the 
gas-phase flow behaviour can be obtained on the 
basis of a computational fluid dynamics model (CFD). 
This mode1 should provide a detailed description of 
the flow pattern inside the rotating cone reactor. 
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NOTATION 

speed of light, m s-l 
drag coefficient, dimensionless 
particle diameter, m 
angular unit vector in spherical coordinates, 
dimensionless 
electromagnetic frequency, s - 1 
force, N 
gravitational force per unit mass, m sT2 
surface roughness, m 
light intensity at depth x in a solids suspension, 
Wm-’ 
unit directional vector, dimensionless 
unit directional vector, dimensionless 
particle mass, kg 
cone rotational frequency, s-i 
surface normal vector, dimensionless 
radius, spherical coordinates, m 
radius, cylindrical coordinates, m 
Reynolds number, dimensionless 
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