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Abstract

Disintegration of a liquid by a rotating disc is a technique that has been widely used in spray drying, cooling or freezing for atom-
isation of the liquid into fine droplets before drying or freezing. This technique is applied today for microencapsulation, which is a
promising method to protect the core material, improve the product characteristics and functionalities. It is actually one of the few
methods that can be economically applied for microencapsulation in food industries. For this purpose, the structure and the quality
of the capsules are determining factors in guaranteeing the properties of the capsules. The capsules, in this case, must be collected in
a gentle way, and the trajectory of the capsules, which is the objective of this paper, must be determined. So, paraffin microbeads (1—
1000 pm in diameter) were produced by disintegration of hot liquid paraffin with a rotating disc. The trajectory of the particle was
measured. A theoretical model of a capsule travelling in static air was derived to predict the trajectory. It estimates closely the dis-
tance of projection of particles. Since it has been developed on a real basis such as the mechanism of disintegration for beads for-
mation, slippage of liquid on the surface, radial velocity of the formed droplet at the edge of the disc and has taken into account
interactions between the surrounding air, the atomised liquid and rotating disc characteristics, it can be used to predict the trajectory
of beads produced by any type of rotating disc and atomised liquid. This model can also help to determine a surface productivity
parameter of such system on an industrial scale.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction This disintegration of liquid into droplets is used

today for microencapsulation where a core material is

The disintegration of liquid into small droplets have
long been a significant field of research interest, mainly
for two purposes: (1) to apply to a liquid in some unit
operations (particularly drying, cooling or freezing)
and to enhance their performances by the high specific
surface offered by small droplets (Masters, 1988). (2)
To produce granular materials that offer some advanta-
ges such as stability for encapsulated fragile material or
liquid, easier handling and processing and so on.
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inserted or engulfed in a matrix for a wide range of
reasons: to protect the core material, improve the prod-
uct overall or facilitate the production process. The first
capsules were created during the fifties for carbon paper
(Arshady, 1992), to insert ink into small particles that
could explode with the small pressure of a pen. Nowa-
days, encapsulation offers a big potential application
in all areas: pharmaceutical, detergents, cosmetic and
food (Brazel, 1999; Gibbs, Kermasha, Alli, & Mulligan,
1999).

Many studies have been done to develop new
encapsulated methods and products with sophisticated
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Nomenclature

Cq drag coefficient (-)

d diameter of the droplet (m)

dso the median diameter of the distribution (50%
of droplets are under or over this size) (m)

D diameter of the disc (m)

F, feed rate (m’/s)

g Standard acceleration of gravity (m/s?)

h thickness of the liquid paraffin on the disc (m)

r radius from the center of the disc (m)

Re Reynolds number

S minimum surface required for beads produc-
tion (m?)

V velocity of the droplet as it leaves the disc (m/
s)

vV, radial velocity (m/s)

v, tangential velocity (m/s)

V. horizontal velocity of the droplet as it leaves

the disc (m/s)

| vertical velocity of the droplet as it leaves the
disc (m/s)

Vo Initial horizontal velocity = the tangential
velocity of the droplet as it leaves the disc
(m/s)

Xexp.  experimental mean horizontal distance on the
tray travelled by the bead (m)

Xiheo. theoretical horizontal distance on the tray
travelled by the bead (m)

Y height of the disc from the collecting tray (m)
VA number of droplet formation points (-)

Ua air viscosity (Pa s)

Ls paraffin viscosity (Pa s)

n productivity per unit surface (kg/S m?)

Ps paraffin density (kg/m?)

Pa air density (kg/m?)

w rotation speed of the disc (rpm)

wo initial rotating speed of the disc (rpm)

functional properties (Diezak, 1988). Some encap-
sulation methods are: emulsification, fluid bed coating,
coacervation, liposomes, complexation, crystallisation,
polymerisation, spray drying, cooling and chilling
(Risch, 1995, chap. 1). Most of these methods require
the disintegration of a liquid, which can be done by a
large number of techniques such as pressure atomisation
by pressure nozzles or two-fluid, gas-stream atomisation
usually with air or steam as the atomising fluid. Atomi-
sation by fast rotating disc, cups and nozzles, centrifugal
extrusion and atomisation by longitudinal vibrations
audio frequencies is also becoming more and more
common.

Among all these, apart from jet cutting, atomisation
by rotating disc is the most promising for the food
industry because the atomisation conditions are mild,
there is no problem of plugging, the process is continu-
ous and power cost are generally low. Rotary atomisa-
tion can be defined as a disintegrating system where
the feed liquid is distributed centrally on a wheel, disc
or cup, and centrifugally accelerated to a high velocity
before being discharged as droplets into the surrounding
air—gas atmosphere.

The principal objectives in disc design are to ensure
that the liquid comes to disc speed and to obtain a uni-
form drop size distribution in the atomised liquid. Disc
diameters vary from 5 cm in small laboratory models to
40 cm for industrial size dryers. Disc speeds range from
1000 to 50000 rpm (Marshal & Vasishtha, 2001). The
high speeds are usually used only in small diameter dry-
ers, while in industrial dryers, speeds range from 4000 to
20000 rpm depending on disc diameter and the desired
degree of atomisation. Centrifugal disc atomisation is

particularly useful with suspensions and pastes that
often erode or plug nozzles (Schlameous, 1995, chap. 9).
Thick pastes and even particles can be handled if posi-
tive pressure pumps are used to feed them to the disc
(Sparks, Jacobs, & Mason, 1994, chap. 8). Discs may
be operated over a range of feed rates and disc speed
without producing excessive variations in the product.
The centrifugal disc may be driven by any suitable
means; however, high-speed electric motors are pre-
ferred at present.

Rotary atomisation has been widely studied and
today it is well known that the degree of atomisation
depends on the speed, feed rate, liquid properties (vis-
cosity and surface tension) and atomiser design. The
readjustment of shear stresses within the liquid once
the droplet is airborne is another factor contributing
to further disintegration of the droplet (Chicheportiche,
1993). The atomisation mechanisms are still not fully
understood because it is a chaotic event. Much of the
uncertainty results from the experimental difficulties
involved.

But, unfortunately, there is practically no studies or
almost no publication on the area required for the col-
lection of beads or particles from the rotating disc in
good conditions. That is why the main objective of this
paper is focussed on this topic, i.e. the trajectory of the
droplet from the disc. This aspect is very important for
its application on an industrial scale. The reason for the
lack of studies on this topic can be simply explained by
the fact that this type of disintegration was applied for
spray drying, cooling or freezing, where the shape or
the quality of the particle structure was not too impor-
tant. Indeed, in this case, a small cylindrical chamber,
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Fig. 1. Different atomising chambers for droplets or particle collection: (a) classical atomising chamber for particles; (b) liquid vortex by rotating
vessel, Ogbonna et al., 1989; (c) liquid wall by pumping the liquid (just designed).

where the walls block particles, was sufficient and this
small vessel could easily be sterilised (Fig. 1a). But for
microencapsulation purpose, the capsule shape and
structure are important in such a way that no wall
should block the formed particles or the droplets in their
trajectory, especially for molten or reservoir capsules.
Any blockage of the capsule in the area close to the
rotating disc, where the capsule velocity is higher, may
results in severe damage to the capsule. On a labora-
tory scale, the design of a liquid wall such as vortex
(Fig. 1b, Ogbonna, Matsumura, Yamagata, Sakuma,
& Kataoka, 1989) or liquid pumping (Fig. 1c) can be
sufficient providing some surface tension agent such as
Tween that will reduce the droplet impact on the liquid
wall.

To study the space required for such an operation, a
rotating disc atomiser was used to produce paraffin
beads and the distance travelled by them from the rotat-
ing disc was measured. Theoretical modelling for parti-
cle trajectory prediction followed these measurements. A
productivity parameter was defined for the collecting
surface in order to evaluate the performance of such a
system for industrial applications.

2. Materials and methods
2.1. Material

The material used was paraffin (poliwax, Labosi-
France) because of its physico-thermal properties. In-
deed, the melting point of the bulk paraffin used was
equal to 54 °C, i.e. the fine droplets formed by disinte-
gration of hot liquid paraffin could solidified just by

contact with air at room temperature and collected as
solid particles. The density of the paraffin was 900 kg/
m°>. The paraffin viscosity at the processing temperature
(60 °C) was 0.0158 Pa s.

2.2. The rotating disc atomiser

The rotating atomiser system used during these
experiments was built in our laboratory. It consists of
a rotating disc (diameter D = 0.050 m) mounted on a
motor, a feeding system (two magnetic stirrer/heaters,
two beakers, a peristaltic pump and a nozzle) (Fig. 2).
A flat tray with compartments (Fig. 2), divided into

o Nozzle

y Rotating disk

o
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Fig. 2. Schematic presentation of the spinning disc atomiser.



348 E. Teunou, D. Poncelet | Journal of Food Engineering 71 (2005) 345-353

(a) Top view
y
2 2
- V=4V -V,
..______/? Vy
. M
A .
' "o N
[e]
£ o
© o
=] o
Q
Liquid waves ©
Q
N b e wetaten Wl [ P
O\j X
Nozzle
(b) Side view U 2
W;' Qog ’
Disk | . %O
_ "
o o
o X
e —

Fig. 3. Disk feeding and liquid waves on the disk.

six parts of 0.20 m length each, was positioned to collect
particles or beads of different sizes at different distances.
It has a length of 1.2 m to cover the largest distance of
projection of the paraffin beads.

The feeding system and the disc was preheated in
order to avoid any solidification of the paraffin. Once
this is done, the hot melted paraffin (63 °C) was fed by
the peristaltic pump (at a rate, F, = 2.5 ml/s) to the top
of the rotating disc, which was rotated by the motor
at various rotating speeds (0-2000 rpm). As soon as
the melted paraffin reached the edge of the rotating disc
after spreading to its surface, it disintegrated into drop-
lets, which were projected in the room. Samples of beads
were collected in the flat-compartmented collecting ves-
sel after solidification by cooling at room temperature
(~20 °C). Note that the temperature of 63 °C was cho-
sen to guarantee a droplet temperature slightly larger
than 54 °C (the solidifying temperature).

For each experiment, first, the rotating speed, w, was
fixed and the disc is positioned at a fixed height,
Y =0.6 m for travel studies (this distance was chosen
after preliminary experiments to allow the paraffin drop-
lets to solidify before landing in the collecting tray).
Then, the beads were produced as described above.
The mean distance, X, between the edge of the disc
and different classes of beads, collected in the flat-
compartmented vessel, was measured. Sufficient amounts

of paraffin beads samples were withdraw from each
compartment for further analysis.

The density and the viscosity of the liquid paraffin
were measured respectively by weighing a known vol-
ume and using a viscometer (Haake VT500-MVDIN).
The diameters of the beads were measured by light dif-
fraction using a Malvern master sizer. The shape of
the beads was examined using a microscope coupled
with a computerised image analyser.

3. Results and discussion

The manufacturing conditions were Y =0.60 m for
the disc height, 2000 rpm for the rotating speed and
2.5 ml/s for the feed rate. The resulting paraffin beads
were all spherical as can be seen in Fig. 4. The beads
were spread in different compartments and the size anal-
ysis of beads collected in each compartment showed that
there was a small distribution within each compartment
as illustrated by the particle size distribution of the
fourth compartment (d = 580 um) (Fig. 5). Despite the
effort to narrowing the dispersion, only polydisperse
particles could be obtained as shown by the global dis-
tribution in Fig. 5. So, for particle travel studies, each
compartment was characterised by its mean size (d in
micrometer) and the mean distance from the disc (Xcxp.)
(see Table 1).

3.1. Mechanisms of bead formation

Some preliminary experiments were carried out in
order to describe the mechanisms of liquid disintegra-
tion with a rotating disc atomiser; When the liquid reaches
the surface of the rotating disc, it is subject to centrifugal

1 mm

Fig. 4. Photomicrograph of paraffin beads.
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Fig. 5. Particle size distribution of the global beads collected and of
the beads collected in compartment 4.

Table 1

Experimental and theoretical distances of bead projection
Diameter (Hm) Yexp.&theo. (m) Xexp. (m) Xtheo. (Il’l) t (S)
245 0.60 0.19 0.20 0.78
310 0.60 0.30 0.33 0.64
434 0.60 0.50 0.55 0.50
580 0.60 0.70 0.77 0.44
745 0.60 0.90 0.97 0.42

force and extends over the rotating surface as a thin film
(Hinze & Milborn, 1950). This was the case when using
water or sufficiently hot paraffin, but if the hot liquid
paraffin temperature is too close to the melting temper-
ature, it extends as waves as shown in Fig. 6. Three
mechanisms of beads formation were observed:

— At any rotation speed of the disc (V) and low volu-
metric flow rate of the hot water or the hot liquid par-
affin, direct drop formation was observed at the edge
of the disc as shown diagrammatically in Fig. 6a. The
number of points of formation of droplets at the edge
of the disc could be counted (Z ~ 70). The collected
paraffin beads showed a large particle size distribu-
tion (Fig. 5). This is probably due to the fact that

at low feeding rates and disc speeds, sprays consist
of two, three or more prominent droplet sizes, i.e.
parent droplet and some satellites (Fig. 6a). The
vibration of the system and variations of the paraffin
flow rate, Q, amplify this phenomenon.

— With increasing volumetric flow rate, there was a
transition from the direct droplet formation to a lig-
ament type of disintegration. The ligaments begin to
extend out from the edge of the disc and their length
increased with an increase in Q until they split them-
selves into parents and satellites droplets as shown in
Fig. 6b.

— Higher feed rate results in the merging of different lig-
aments to form a liquid sheet, which appears around
the disc edge, and disintegrate (Fig. 6c).

Note that for the present experiments, with a maxi-
mum flow rate of 2.5 ml/s, and a maximum rotating
speed of 2000 rpm, only the first mechanism (direct for-
mation) was observed during the investigation of the
paraffin beads trajectory. It must also be recalled that
only the disintegration by direct formation (Fig. 6a)
and by ligament formation (Fig. 6b) can lead to mono-
disperse beads if and only if the liquid is fed to the disc
surface in a laminar and stable way (Masters, 1988).
That was not the case during these experiments, and this
explains why a large particle size distribution was ob-
served, due to the shaky feeding system. Some improve-
ments have been done for this purpose, notably the use
of a double head peristaltic pump to reduce pulses and
the forming of a small hollow (60 mm?) on the disc sur-
face to minimise the effect of theses pulses.

3.2. Experimental trajectory of paraffin beads

The trajectory of the beads was assessed by intercep-
tion of the beads, at different positions of the tray, with
a vertical paper wall, followed by the measurement of
the height Y., of the mark made by the droplet (value
is reported in Table 1 and on the graph of Fig. 7). It ap-
pears from this graph that, as was expected, the trajecto-
ries of beads are parabolas and that the mean distance of
projection (X, ) increases with an increasing bead
mean size.

(a) Direct formation (b) Ligament formation (¢) Sheet formation

Fig. 6. Mechanisms of droplet formation by rotating disk atomisation.
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Fig. 7. Particles velocities versus time.

3.3. Theoretical prediction of paraffin beads trajectory

3.3.1. Modelling
Modelling here consists in determining:

— The trajectory of the droplet, i.e. the distance, x from
the edge of the disc travelled by the droplet versus the
height of the disc, y.

— The vertical and horizontal components of the drop-
let velocity, which are important for assessing the col-
lecting conditions, and avoiding splitting of droplets
by violent impacts.

— The travelling time of the droplet. This parameter is
important for optimising the quality of the beads in
the case of hot melt, since the cooling time must be
lower than the travelling time.

3.3.2. Assumptions

The trajectory of a droplet leaving the disc depends
on a lot of factors (environmental and technical) that
are very difficult to take in account together. Some
assumptions are therefore necessary to simplify this
analysis.

— No interaction between droplets (considered as single
particles).

— Direct bead formation process (Fig. 6a).

— The beads are spherical.

— The trajectory of a droplet is located in a vertical
plane tangential to the disc (i.e. the radial velocity is
neglected).

— The initial droplet velocity at the edge of the disc is
taken equal to the peripheral tangential velocity of
the disc (no slippage of liquid on the disc surface).

So, if a spherical droplet (diameter d) is considered
leaving the rotating disc (diameter D) at the velocity V'

in the plane (x,y) as shown in Fig. 3, the two compo-
nents of the droplet velocity can be written as

dx

_:Vx(t) =0
gt At =0 {x o (1)
dy _ y=0.6m
dl V,V(t)
V=412 2)

Taking into account the air friction, which slows
down the particles in their trajectory and assuming no
slippage on the disc (V; = 0), the derivative of the veloc-
ity leads to

4. _3p G

_______ V.V,

dt 4 p, d

dVy 3 Pa CD

Ty . Fa XD V.V,

dr 4 p. d ! 3)
Vo=V, —=Vs=V,

Atr=0
V,=0

where Cp is the drag coefficient, which is proportional
to the total drag force exerted by air on the beads.
The simulation of Reynolds number using Eq. (4)
and calculated for different experimental conditions
shows that the Reynolds numbers were all between 65
and 300.
Re_Pa ¥V d 4)
Ha
Therefore Eq. (5) was used to calculate the drag coeffi-
cient Cp since this equation represents the drag coeffi-
cient expression for Reynolds numbers between 65 and
300 (Geankoplis, 1993).

24 Ré3
Cp=—"[1+"2 5
D Re<+6> ()

The two first order non-linear coupled differential equa-
tions (Eq. (3)) were solved numerically, since they could
not be solved analytically.

The numerical resolution provides X and Y values
(Table 1) that will be used here to plot the trajectories
of droplets or particles. The travelling time, required
by the particle to travel from the disc edge to a given
point, is very short in all cases (less than a second), indi-
cating how fast solidification should take place. This
also indicates that particles travel very fast, even if the
velocity of particles at various sizes (Fig. 7) in all case
decreases, due to air friction, quickly from the initial
velocity V, to a minimum before it levels off in less than
a half-second. After this half second the kinetic energy
that causes damage during any impact is almost con-
stant and small. Note that the droplets must be collected
in the area corresponding to the minimum velocity in
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Fig. 8. Experimental and theoretical bead trajectories.

order to reduce percussions or impacts at the collecting
point, which can affect the quality of the beads.

The curves (Fig. 8) and distances (Table 1) of X
versus the height Y given by the theoretical model for
various beads sizes are close to those obtained experi-
mentally, especially for larger particles and this confirms
that the air friction contributes a lot in slowing the drop-
let in its trajectory. The difference between those two
curves can be summarised as a slight overestimation of
the distance X by the theoretical model. The roots of
this difference lays at the beginning, i.e. when the droplet
lefts the disc. Indeed, the initial droplet velocity is over-
estimated probably because of some assumptions men-
tioned above. Let examine some of them:

(1) There is slippage of the melted paraffin on the disc
surface.

When a flat and smooth disc is rotating at high speed,
if a liquid is fed on to its top surface, severe slippage oc-
curs between the feed liquid and the disc due to air fric-
tion (Fig. 9). The velocity of liquid from the edge of the
disc is much lower than the peripheral speed of the disc.
Even if the very low speed in this case (2000 rpm) is ade-

V[ Vs

-

Att=0

Vx = Vt 'Vs

Fig. 9. Slipping velocity of the hot paraffin oil on the disc, due to air
friction.

quate for no slippage, it seems, according to Fig. 8 that
the theoretical initial velocity is overestimated.

Applying the boundary layer theory for a laminar re-
gime, the slipping velocity, V;, was calculated by itera-
tion using Eq. (6) (from Schlichting & Gersten, 2000).
_ 3.87h- yé - pa (0o — )
a 2mug

.r2

Rl

Vi(r) (6)

The calculated value of this velocity at the edge of the
disc (i.e. for r = D/2) is V= 0.52 m/s, representing about
10% of the tangential velocity (V' = 5.23 m/s), showing
that neglecting the slippage at the disc surface was not
a good approximation. Also, to prevent slippage in com-
mercial atomisers, radial vanes are used. The liquid is
confined to the vane surface, and at the periphery the
possible maximum liquid release velocity is attained.
The value of V will then be removed from the periphe-
ral velocity to correct the initial velocity of the droplet
from the edge of the disc. That means Eq. (3) should
now be solved with the following boundary conditions:

Vei=V,=Vy=Vo—V;

At1=0 {
V,=0

(2) The radial velocity is not negligible (i.e. the trajec-
tory of a droplet is not located in a vertical plane tangen-
tial to the disc).

The radial droplet velocity was calculated using Eq.
(7):

F,
V= 2nR - h (7
where /4 is the thickness of the liquid layer sliding on the
surface of the disc. & was approximated by a measure of
the solidified paraffin on the surface of the disc when
stopping the experiment. Eq. (7) was derived assuming
that the feeding flow rate equals the rate of droplets for-
mation (flow rate conservation). The value of V,, calcu-
lated with /2 = 42 pm, is 0.37 m/s (representing about 7%
of the initial tangential velocity V' = 5.23 m/s), seems not
negligible in magnitude but its effect on this tangential
velocity, evaluated by the boundary conditions below,
is negligible (see the computed values of velocities in
Table 2). Neglecting the radial velocity is generally con-
sidered as a good assumption for such a problem and
this has been used successfully by Yang and Schrock
(1993) in their works. Nevertheless, this value will be

Table 2
Initial velocity under various assumptions conditions

Assumptions Tangential velocity of the

droplet at t =0

Slippage on the disc  Radial velocity V', (m/s)
No No 5.23
Yes No 4.71
Yes Yes 4.69




352 E. Teunou, D. Poncelet | Journal of Food Engineering 71 (2005) 345-353

taken into account in this case because the tangential
velocity is small (V= 5.23 m/s). A new value of V, in
the X-Y plane must then be calculated (see Fig. 3).
The boundary conditions for Eq. (3) become:

_ _ _ 2 2
Ati—0 {VX—V, Vo= V2= V2=V,

V,=0

So, after corrections, the calculated values of V., at¢t =0
are summarised in Table 2.

Applying these corrections bring the theoretical
curves close to the experimental (Fig. 10) and the pre-
dicted distance of projection of the beads match more
closely with the experimental distances (Table 3).

The little difference that can be observed may be due
to the fact that the model is calculated for a single and
isolated droplet. This assumption is not correct too since
a large distribution of particles was observed. This dis-
tribution can have an impact on the droplets trajecto-
ries; the turbulence generated by different particles
brings interaction between different droplets, slowing
them down. The smallest ones are more influenced in
their trajectories and the length of time that they need
to reach the collecting tray indicates that they are more
affected by air friction (Table 1).

Also note that, during their travel, the paraffin drop-
lets change in state, solidifying after cooling. This tran-
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Fig. 10. Experimental and corrected theoretical bead trajectories.

Table 3
Some experimental and theoretical data

Diameter Y (m) Xep (M)  Xiheo, (M) Xipeo. (m) 1T (mzlkg/s)

(um) corrected

245 0.60  0.19 0.20 0.20 42
310 0.60  0.30 0.33 0.31 105
434 0.60  0.50 0.55 0.52 277
580 0.60  0.70 0.77 0.73 529
745 0.60  0.90 0.97 0.91 829

sition may also be added as an argument to justify the
short difference observed after correction.

3.4. Productivity of the rotating disc

Regarding particle trajectories, many types of pro-
ductivity characteristics can be defined. Here, we define
a productivity parameter (I1(p,q, r,)) Which is the mini-
mum surface required to produce beads with a given
diameter using Eq. (8). The index (D, w,F,) indicates
that this productivity rate is calculated for a given disc
diameter, rotation speed and the flow rate. This param-
eter allows estimation of the surface required for given
production characteristics and evaluation of X, Y by
modelling can be for a great help for this purpose.

_ Sm_ w(D+2X)
Qv " Ps 4Qv * Ps
For a constant rate and velocity, the minimum surface
required for bead production (kg/s) appears to be very
important (Table 3). The rotating disc atomisation for
microencapsulation application is definitely a space con-

suming technique. This surface increases logically when
bead size increases.

(8)

Hpwo,

4. Conclusion

Rotating disc atomisation gives, as is shown above,
beads of wide range of particles size. It has the advan-
tage that it can be scaled up easily. For example for lar-
ger production, higher flow rates can be used with bigger
discs and higher speeds. So, it is a good system that can
be used efficiently in the industries for microencapsula-
tion of liquid and solids using polymer solutions and
hot melts. But the main drawback of this method is
the required surface or volume necessary to collect the
formed beads in good conditions as indicated by the per-
formance defined here in terms of the minimum surface
(II(p,w,r,))- This necessity to define the productivity of an
encapsulation process in terms of m*/kg is valid for all
types of liquid disintegration techniques by a rotating
tool such as centrifugal extrusion, rotating cup, disc or
wheel.

Finally, the theoretical simplified model of particle
trajectory that was obtained by various assumptions
can be considered as close to the experimental curves.
The difference between the two curves for smaller parti-
cles can be attributed completely to interaction between
particles and the uncertainty on the various measured
values (velocities, viscosity, mean particle size, etc.).

The perspectives of this work are really opened be-
cause in addition to deriving a general equation giving
X and Y as a function of d,, F\, ps, pa, D, h, w, Re,
Us, etc., there is a real possibility of developing a suitable
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experimental tool to produce monodispersed beads.
This could be completed by experimental measurement
of particle velocity that can be done by high-speed
photography, particle velocity probes or sounds
transducers.
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