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Abstract

On the basis of account for special features of hydrodynamics of disperse systems with suspended particles within the
framework of the dimensional theory we obtained a system of dimensionless groups (35) which describes similarity of
transport processes. System (35) involves new criteria /" = (u — u?)/gH, J, = Ji/py(u — u}) which involve an excess
superficial gas velocity u — u; and are important generalized characteristics of convective motion of particles. Typical
examples of use of system (35) for generalization of experimental data are presented. © 2001 Elsevier Science Ltd. All

rights reserved.

1. Introduction

One of important stages of the design of large-scale
industrial apparatuses with disperse media is study of
transport processes on small-size laboratory setups at
room temperatures and pressures. By virtue of this, the
problem of scale transition which consists in the devel-
opment of the rules of transfer (recalculation) of the
results of laboratory experiments to a real apparatus is
actual. Solution of this problem is based on analysis of
similarity of transport processes in a disperse medium
and construction of the system of a minimum number of
dimensionless similarity criteria which are composed of
independent characteristics of a specific system and
make it possible to unambiguously determine the
parameters of the laboratory setup simulating an
industrial apparatus.

In the present paper, the problem mentioned is
solved as applied to a wide class of disperse systems
with suspended particles: fluidized bed, circulating
fluidized bed, vertical pneumotransport. The possibil-
ity of combining them to one class is based on the
existence of one important property. In all these sys-
tems, a particle weight is compensated by the force of
gas friction and all excess power of the fan Ap(u — u})
is spent to accelerate suspended particles and create a
complex pattern of convective (circulating) motion of
them:

e one or several loops of internal circulation of par-
ticles (upward — in wakes of gas bubbles, downward
— in the remaining emulsion phase) in a fluidized bed;

e one internal circulation loop (upward — in the bed
core, downward — in the annular zone near the riser
walls) in a circulating fluidized bed;

e upward convective motion of particles over the entire
cross-section of the riser in vertical pneumotransport.
Intensity of large-scale motions of the solid phase is

determined, probably, by an excess superficial gas
velocity u — u}. As will be shown below, this quantity
plays an extremely important role in development of the
rules of scale transition for disperse systems with
suspended particles.

The problem of scaling in disperse systems have long
attracted the attention of researchers and a number of
attempts to solve it exists in literature. As a rule, the
unknown system of dimensionless criteria was obtained
as a result of one or another variant of nondimension-
alization of the equations of balance of masses and im-
pulses of phases.

Table 1 gives main systems of similarity criteria
available in the literature [1-8]. An analysis of the results
presented makes it possible to draw the following con-
clusions:

1. A number of dimensionless groups describing simi-
larity of disperse systems amounts to 4-5. This gives
a corresponding number of independent equations
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Nomenclature

Ar = gd’p;

(o — pe)/ g

d
D
Dy

Dy

Fr=u-— umf)z/gH,
Frp = (u— ut)z/gDa
Fry = (u— umf)z/gh7
Fri= (u— Mt)z/gHa
Fri = (u—u;)*/gH
g

h

H

Hmf

Js

o= Iyl — ),
‘l]s* = JS/ps(u - u:)

L

Nu = Ofd/j.f
Ap

Pr= Cfﬂf//lf
-

Re = udp;/ py,
Rei = uidpe/
S

Sc = u/pDy
Sh = pd /Dy
T

Archimedes number
specific heat capacity
particle diameter

bed (riser) diameter
coefficient of molecular
diffusion of gas

disk diameter

Froude numbers

gravity acceleration

height above the gas distributor
bed (riser) height

bed height at u = upy

new specific solid mass flux

dimensionless solid mass fluxes
height of mass transfer probe
height or size of the bed
Nusselt number

pressure drop

Prandtl number

radial coordinates

Reynolds numbers
cross-section of the riser
Schmidt number
Sherwood number
temperature

u superficial gas velocity

Uy bubble velocity

vy =up — (U —uye) relative bubble velocity

uf velocity of particle floating
under restricted conditions
(U — U, & — &me,
up —uy, £ —1).

Greek symbols

o heat transfer coefficient

p mass transfer coefficient

0 width of a annular zone at riser
walls

€ porosity

0 particle sphericity

A thermal conductivity

I dynamic viscosity

o density

T shear stress on the riser wall

{03 specific flow of particles

@ particle flow

o root-mean-square
approximation error.

Subscripts

a annular zone

c core zone

cond conductive

c—C conduction—convection

f gas

i interphase

mf minimum fluidization

] particles

t terminal conditions

w at the riser wall

for determining parameters of a cold laboratory set-
up. It is obvious that this number of equations is in-
sufficient for determination of seven unknown
parameters:

Js (OI' Hmf)7u7d7D7H7 Ps; Cs-

2. The systems of similarity criteria have narrow special-
ization, i.e., they are constructed as applied to a
specific disperse system.

3. Some of the criteria are formed just formally without
account for the specifics of disperse systems with sus-
pended particles and do not have a clear physical
meaning, which gives doubt about their correctness:
/gD, u?/gd, u/uns, Ji/pu, d/D. The literature
has no convincing proofs of the advantage of one
or another system of similarity criteria.

The present paper is aimed at obtaining of a universal
system of dimensionless similarity criteria which allow
for the specifics of the considered disperse systems that

make it possible to effectively generalize experimental
data and unambiguously determine all parameters of the
laboratory setup simulating a real apparatus.

2. Similarity of transport processes in disperse systems
with suspended particles

Taking into account the above-mentioned specific
features of the hydrodynamics of disperse systems with
suspended particles, we can distinguish two main classes
of transport processes which are characterized by dif-
ferent scales of velocity and length: (i) “macro” pro-
cesses caused by circulating motion of particles with the
characteristic scales u — u;, D, and H; (ii) “micro” pro-
cesses associated with interphase interaction ‘“‘gas—par-
ticle” with the characteristic scales u; and d.

We consider the problems of similarity of these
processes in detail.
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Table 1

Similarity criteria for disperse systems with suspended particles

443

Fluidized bed

Circulating fluidized bed

Vertical pneumotransport

o= Pr Uy umdpr H o O[] wops doudp
pe dg’ e 7D gD’ pe’ D7y
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d>d7ps7 lgd gD>pf~,ul7psu
wop
gD’ pt‘7 Ut psu

" psu

I [4] S ubp DG,
" pou pe’ e T d G
s (5]

o]

il

#The system is composed of criteria used by different authors in generalization of experimental data [8].

2.1. Hydrodynamic processes caused by circulating
motion of particles (macro processes)

The hydrodynamic characteristic of a disperse me-
dium can be presented in the form of the function of the
following parameters:

H :f({]ff },ps,u - ui‘,g,h,Dﬂ)-

The parameters J; and Hy,; which determine the mass of
disperse material in the system are mutually eliminating:
with account for Hy,¢ (fluidized bed, circulating fluidized
bed operating by the “furnace” scheme), when the
pressure drop in the riser is specified Ap=
0s(1 — &mr)gHme, Js 1s eliminated in (1). In contrast, when
Js is set (circulating fluidized bed operating by the
“chemical reactor” scheme, vertical pneumotransport),
Hyy¢ 1s eliminated in (1).

Using the n-theorem of the dimensional theory [9],
we write the dimensionless analog of (1)

' J, . H
H = s Fri,—, —
1§l 75 5)

which, with account for the above, gives two equations:
1. fluidized bed and circulating fluidized bed operating
by the furnace-type scheme:

Hye h H
H =f = e = 2 ),
ﬁ < H s LT to H ) D ) )
2. circulating fluidized bed operating by the chemical re-
actor-type scheme, vertical pneumotransport

(1)

2

3)

, . . h H
H :f‘Z(‘]strtaﬁvﬁ)' (4)

The obtained relations (3) and (4) allow one to estab-
lish the rates of scaling of hydrodynamic processes.
These equations involve two generalized criteria of hy-

drodynamic similarity Frf = (u—u;)’/gH and J, =

Js/ps(u — u}). The Frf number characterizes the ratio of
the kinetic energy of particles to their potential energy,
the 7, number characterizes the concentration of parti-
cles in the system. We use specific examples and show
that Eqgs. (3) and (4) are in fact a general form of di-
mensionless relations generalizing experimental data on
the hydrodynamics of disperse systems with suspended
particles and establishing the scaling rules.

2.1.1. Fluidized bed
The equation for a diameter of gas bubbles

Dy ol h ~1/3
2 =133 =
P 3Fr (H) ,

which generalizes a great body of experimental data
(more than 20 works), is obtained in [10]. To calculate a
relative bubble velocity vy, the authors of [11] found the
formula

(5)

Up

1/3 -1/2
_ 1ok : Hunt :
U — Upyp ' H D '

In [12] it is suggested to calculate the bed expansion
(concentration of particles) by the formula

o -1/3 1/2
E bt _ g s (e e ) T
1—¢ H D

2.1.2. Circulating fluidized bed

For a bed operating by the chemical reactor scheme
the authors of [13] derived an extremely simple equation
for calculating the concentration of particles over the
height of the transport zone:

—0.82
r_7 (ﬁ) :
Ps H

which generalizes a great body of experimental data (10
works).

(6)

™)

(®)

1—¢=
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According to general dependence (4), we generalized
the data on measurement of downward particle mass
fluxes at the riser wall [14-20]

(DW B B s h -0.82 D 0.67
s () (7)o ®)

The experimental points and correlation (9) are shown
in Fig. 1. A root-mean-square error of approximation is
27%. The ranges of change of the bed characteristics are:
T<H<335m, 0.144<D<4.7m. 022<h/H<0.92,
42 <J,<42.4 kg/m? s, 0.003 < Fr, <0.25. For rectan-
gular risers D = ,/4S/n, for S=12x47m D was
taken equal to 4.7 m. We note that an analysis of ex-
perimental data in beds operating by the furnace scheme
necessitates preliminary establishment of the dependence
of the external mass flow J; on the determining factors

_ Hy H
Js:¢<Frtaﬂ )7

H'D (10)

which makes it possible to pass from Egs. (3) and (4).
Generalization of experimental data [21,22] by (10) gave
the equation

H 0.8
J, = 0.54F03 <7““> . o=12%

(0.1 < Hpe <0.5m, 0.2<d<0.32 mm,

20<u<6.5m/s, 6.6 <H<13.5m). (11)
x-1
° v-2
s a-3
A-4
o-5
-5
5 o v-7
9*_]\ L ° +-8
|z 2
g\.— 10 <
b x
-
g \A
3 + a°
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Fig. 1. Descending mass fluxes of particles at the riser wall:
(1) [14], $=0.7x0.118 m; (2) [15], D=0.144 m; (3) [l6],
§=0286x0.176m; (4) [17], S=08x12m; (5 [18],
S=172x1.44; (6)[18], S=12x 4.7 m; (7) [19], D = 0.15 m;
(8) [20], D =0.161 m.

Eq. (9) can be presented in a more compact form, if
dependence (8) is taken into account

0.67
M _gglp2(2) (12)
Py — uy) Ps H

Eq. (12) indicates direct dependence of the dimensionless
particle mass flux at the riser wall on a mean concen-
tration of them in the horizontal cross-section.

The authors of [18] obtained the empirical depen-
dence of the width of the annular zone at the riser wall
on its diameter

5 =10.05D"™, 0.07<D<8m. (13)

Assuming independence of o of the height above the gas
distributor and of the superficial gas velocity, we can
write (13) in a dimensionless form

s 1\ 0%

Z=0. = <33.5m.

D OOZS(D) , H<335m (14)
Allowing for relative smallness of ¢, we can assume that
a local downward particle flux linearly depends on the
radial coordinate

d’a(r)zd’w(l D.r

—2—5+5>. (15)

Function (15) satisfies the conditions

D D
0(2) 0 a(2-5)-0

For an integral downward flow at the wall

5 b/2 DS

b, = 27r/ &(r)rdr = L<1>W. (16)
D/2—d 2

With account for (9) and (14) we obtain the formula for

calculating @,:

R D 2\ 082/ p 041

On the basis of (17) we can easily obtain the calculation
relation for the upward particle flux in the core zone. We
use the balance equation which determine ®.:

. D? .

qﬁcznTJerd)a. (18)
Substitution of @, from (17) into (18) yields the un-
known equation

R D B\ 082 p 04
@C/ZJS—1+0.04F4142(H) <ﬁ) . (19

2.1.3. Vertical pneumotransport
In this case, Eq. (4) holds. It is simplified due to the
absence of internal circulation of particles in the system
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(the parameters & and H drop out of the determining
ones):

Hl:fz(.j:,Fl’D). (20)

Generalization of experimental data [23,24] on
measurement of shear stress on the riser walls led to a
simple equation:
—— 017V, (21)
pru
which is shown in Fig. 2. The region of verification of
(1) is: 1 —e<2x 1072, 0.05<D >0.18m, 43<u<
20 m/s, 12<J, <434 kg/m2 s, 0.06<d<1.18 mm.

It can easily be shown that the concentration of
particles is calculated by the formula (see Fig. 3)

~f

0
0-1 v-4
o~2 -5
X-3 ¢
X V-
X 99 Vv
~ 2 vV XeV
30 o 0¥
f}\ 0 éxxovvog ®
/o
Y -
Vil 1072 107% 07
&

Fig. 2. Tangential stress in vertical two-phase flows: (1)
d =0.113 mm; (2) 0.1; (3) 0.2; (4) 1.18; (5) 0.06; (1)—(4) [24]; (5)
[23].

10° : L

10” 10" 10° 10' U

Fig. 3. Dependence of volumetric particle concentration on the
superficial gas velocity: (I) p; = 2600 kg/m?, d = 0.2 x 10~ m;
Ar =770, u; = 1.66 m/s; up = 0.05 m/s; (I1) p, = 1089 kg/m?,
d=1.67x103m, Ar=184,094,u =59 m/s, uy =045
m/s, (1) J; = 10 kg/m? s; (2) 50; (3) 200.

Lo e=a /400 (22)

In fact, the quantity J; is determined by the relation
Jo = p(1—e)v = po. (23)

Substitution of the expression for the particle velocity
v = (u—u})/e into (23) gives the formula:

P (24)
P ps(u—up) +J

which is likely the dimensional form of (22). Since the
number J; is the function of ¢ (the velocity u! depends
on ¢), formula (22) is the transcendental equation with
respect to ¢. Fig. 4 shows the solutions of (22) for dif-
ferent values of Ar, u, and J,. In the case of a rarefied
system (I —&<0.01) J* ~J; < 1 and Eq. (22) is sim-
plified

P _

o l—e=J,. (25)
Experimental data on values of the near-wall mass flows
of particles in the riser with a diameter of 0.18 m are
given in [23]. Processing of these data by (20) led to
simple equations:

1. the absence of particle heap at the riser wall:

@, -
— " __—0.03°%, o=6%
ps(u - u:)

(10<u<13.6 m/s, 152<J, <434 kg/m” s,

d = 0.06 mm); (26a)

2. the presence of particle heap (downward particle
flow) at the riser wall:

.1
0-2
10’
5 ﬂ
Q\N
< <
3 0039 _
3 2% I
3 i ,
= 0 ...0{
O
- O.
;/.'
se %
.
vl / , . .
w0 107 10 70" 10°
1-&

Fig. 4. Conductive—convective heat transfer in disperse systems
with suspended particles: (1) [31], d =0.076 mm; (2) [8],
d=0.14-0.165 mm. (I) Nucona = 54.047*17(1 —¢) from (40); (II)
Niteong = 1.8347°7 (1 —£)™ from (36b); Ar=200; (II1) Niteong =
140417 (1 — ) from (36). Ar=200;c,=800J/kgK;p, =
2500 kg/m>.
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P am T, o= 23%
ps(u - uf)
(43<u<11.0 m/s, 133<J, <514 kg/m” s).

(26b)

2.2. Process of interphase heat and mass transfer (micro
processes)

In this case, the system of dimensional determining
parameters has the form:
u:7d7pf7psvg7 :ufaDﬁ/’LﬁCﬁcS' (27)

The dimensionless characteristic of the process is:
1. heat transfer

Nui:@(Re:»AV:P”7E7&>§ (28)
¢t Pr
2. mass transfer
7 . Ps
Sh; = (p<Rel,Ar, Sc,p—). (29)
i

We note that in that cases u; — uy¢ and uy — u,, un-
ambiguous connection exists between the numbers Ar
and Re; and in (28) and (29) we can use one of the two
numbers (Re; and Ar) instead of both.

2.2.1. Fluidized bed

To calculate interphase heat transfer in the region of
“true” coefficients of heat transfer (Re/e > 200), using
the relation Rey,y = 0.2547°3 which holds in the region of
high Ar, the authors of [25] obtained

Nu; = 0.26(drPr)'?, (30)

In [26], for the coefficient of heat transfer of a moving
particle of diameter D > d, the equation

1 D, —02 o1 Ps 0.14 ¢ 0.24
+0.0584r/(1400 + 5‘22\@)), (31)

which holds in beds under pressure (0.1<p<10.0
MPa), Ky = —0.4-0.6 (depending on the Ar), was ob-
tained.

2.2.2. Vertical pneumotransport
For the case of small concentrations of particles
(1 —&<0.35x 107?) it was obtained [8]:

Nu; = 0.186Re™® (30 < Re, < 480); (32a)
Nu; = 1.14Re> (480 < Re, < 2000). (32b)

2.3. Processes of exchange between a disperse bed and
motionless surfaces (general case)

Intensity of the exchange processes in this case is
determined by the effect of both macro- and micro-
processes analyzed above. Therefore, the following sys-
tem:

{ JS }7” - M:,D,H,h,g, vaPs:nycsvufad:/lfth;~f7”7
I_]mf
(33)

which amounts to the combination of parameters (1)
and (27), must be taken as determining parameters. The
velocity u; is unambiguously determined quantities
Dgs Ps, & d, 1y, and g and it can be eliminated from
(33). Using the n-theorem of the dimensional theory, we
obtain the system of dimensionless groups

Fr! Ar,Re,Pr,Sc,—,—,—,—,—. 34
{Hmf/H}’ rt7 r? e’ ? C7H7D7cf7pf7D ( )
The simplex d/D, which is the ratio of micro- and
macro-scales of length, can be eliminated from system
(34) as formal and is physically senseless. Then, system
(34) is

h H ¢ p,

Fr},Ar,Re, Pr,Sc,—,— ,— ,—. (35)
H D ¢¢ Pr

e
Hye/H
2.3.1. Fluidized bed
In [27], on the basis of numerous experimental data

on conduction—convection heat exchange between a bed
and immersed surfaces, a semi-empirical formula

0.24 0.14
Nue.e = 074401 (1 — £)** (5) (&)

Cr Pr

+ 0.046%1%(1 —g)?? (36)

is obtained, where ¢ is given by (7). Relation (36) is
checked within a very wide range of variation of ex-
perimental  conditions: 1.4 x 10> <A4r< 1.1 x 107,
0.1<p<10.0 MPa. This makes it a most universal
formula known in the literature.

In generalization of experimental data on mass
transfer of a vertical naphthalene plate of thickness 10
mm given by Suprun [28], we found the relation

-0.5
Sh = 0.764r"*"Re" (é) 803,
o =13% (0.32<d<2.5mm, 0.04</<02m). (37)

Using the local analog of the Fr number, we obtained
the formula which describes the systematic data of
Michkovskii [29] on the value of force affecting a hori-
zontal disc immersed in the fluidized bed:
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F
(0.02< D <0.08 m, Hyr = 0.5 m,
0.074 <d <0.695 mm).

1.5
= 0.3147'_0'17}7}"2'5 (%) s g = 2]%)

t

(38)

We note that to generalize these data the authors of [29]
used the number Fry = (u — uns)*/gd composed of the
characteristics of large-(u — uy,) and small-scale (d)
transport processes. It is obvious that this number is
physically senseless.

2.3.2. Circulating fluidized bed

To calculate a conduction—convection component of
the heat transfer coefficient, in [30] we suggested the
equation

—0.41
Nue . = 1.654r"2J? (g) +0.000494r" Pr,

(39a)

Taking into account formula (8), we can present (39a) in
the form

Nitee = 1654 (1 — &) + 0.0004947°% Pr, (39b)
The formula was verified under the conditions:
0.1<p<5MPa, 0.058<d<0.827 mm, I —¢<0.2. Due
to specific features of the hydrodynamics of the bed at
the riser wall (descending flow of particles and gas fil-
tration at a velocity much smaller than a superficial
velocity), the number Ar substituted the number Re in
the convective component Nu, .

2.3.3. Vertical pneumotransport

As a result of generalization of experimental data of
[8,31], we obtained the formula for calculating Nu .,
which is similar to (36) and (39a), (39b):

0.2
Nue o = 540477 (1 — &) + 0.021Re"® (%) P8,
o = 8%, (40)

where 1 — & = J;. The region of verification of (40) is:

Jo <1072, 0.076 <d <0.15 mm, 12<u<42 m/s.

Fig. 4 presents experimental data [8,31] and function
(40). The same figure shows functions (36) and (39a),
(39b). To be correct, we compare the conductive com-
ponents of o, for the case Ar = 200. An analysis of Fig.
4 makes it possible to draw the following conclusions:
1. as 1 — ¢ increases the values of g for a circulating
fluidized bed asymptotically approach the values of
Ocond for a fluidized bed;
2. at the same values of 1 — ¢, aonq for a circulating flu-
idized bed is about 1.5-2.5 times lower than for pneu-
motransport.

3. Scale transition in disperse systems with suspended
particles (similarity of disperse beds)

The obtained system (35) characterizes similarity of
local transport processes. Similarity of integral process is
achieved at the corresponding equality of dimensionless
parameters:

J? D ¢ p
s JFri,Ar,Re, Pr,Sc,— ,— ,—=. 41
{Hmf/H} ' H ¢ py (4D
Seven complexes of system (41)
J? D ¢ p
JE¥  Ar,Re,—,—,—. 42
{Hmf/H} v H ¢t py (42)

Give seven independent equations for determining seven
parameters of the cold laboratory setup simulating an
industrial apparatus

Table 2
Simulation of a furnace and a gas generator with a circulating fluidized bed operating by the chemical reactor-type scheme
Quantity Similarity
Furnace Laboratory Gas generator Laboratory
T = 800°C, setup T = 1000°C, setup
p=0.1 MPa p=2MPa
Js, kg/m? s 50.0 83.2 50.0 15.8
H, m 12.0 22 12.0 19.1
D, m 1.0 0.18 1.0 1.59
u, m/s 6.0 2.57 6.0 7.6
d, m 0.2 x 1073 0.048 x 1073 0.2 x 1073 0.31 x 1073
s, kg/m? 2600 10064 2600 650
cs, J/kg °C 730 660 730 610
pr, kg/m3 0.31 1.2 4.81 1.2
4, kg/m's 449 x 1077 179 x 1077 365 x 1077 179 x 1077
u, m/s 1.06 0.45 0.81 1.03
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Table 3
Simulation of a furnace and a gas generator with a circulating fluidized bed operating by the furnace-type scheme
Quantity Similarity
Furnace Laboratory Gas generator Laboratory
T = 800°C, setup T = 1000°C, setup
p=0.1 MPa p=2MPa
Hypr, m 0.5 0.092 0.5 0.8
H, m 12.0 22 12.0 19.2
D, m 1.0 0.18 1.0 1.59
u, m/s 6.0 2.57 6.0 7.6
d, m 0.2 x 1073 0.048 x 1073 0.2 x 1073 0.31 x 1073
s, kg/m? 2600 10064 2600 650
cs, J/kg °C 730 660 730 610
Js the process of generalization of experimental data to a
d,D,H . 43 . .
{Hmf }’ D5 1 Py Cs (43) simple and routine work.

Tables 2 and 3 give the results of calculation of pa-
rameters of laboratory circulating fluidized beds
(T =20°C, p=0.1 MPa, a fluidizing medium is air) on
the basis of (42) which simulate conduction—convection
transport process in high-temperature installations op-
erating following different schemes of control over the
amount of disperse material in the riser.

4. Conclusions

On the basis of the analysis of specific features of the
hydrodynamics of disperse systems with suspended
particles within the framework of the dimensional the-
ory we obtained the complete system of dimensionless
groups (35) which describes similarity of transport pro-
cesses in the media mentioned. Seven complexes of
system (35)

J: . D ¢ ps
JFr Ar,Re,— ,— ,—
{Hmf/H} ' H ¢ pp

allow one to find seven parameters of the cold labora-
tory setup simulating the industrial apparatus and thus
to determine the sought scaling laws. The complexes Fr;
and J introduced on the basis of an excess superficial
gas velocity u — u; are important generalized character-
istics of a convective (circulating) flow of particles in
these disperse media. Computation relations obtained
by these numbers are rather simple and possess, as a
rule, a high degree of universality. This makes them very
convenient for use in engineering practice.

The accumulated experience of use of the numbers
Fr; and J7 in combination with other criteria of system
(35) allows one to speak of the development of a new
effective technique of generalization of experimental
data in disperse systems with suspended particles. Use of
this technique makes it possible, in many cases, to turn
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