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CHARACTERISTICS OF CENTRIFUGAL SEPARATOR

Yu., M. Grishin, V. M. Kozlov, and UDC 621.039.5244532,517
A. A, Mosin

An approximate method is proposed for the calculation of the integral separational
characteristics of a centrifugal separator.

The process of separating two-phase (two—component) mixtures forms the basis of many
production technologies [1]. One of the possible models for calculating the separational
characteristics of a centrifugal separator (CS) of the standard scheme shown in Fig. 1 is
considered in the present work. It has been established experimentally [2] that, in the
central part of the separation zone (SZ), there arises an axial column of carrier gas that
is practically free from inclusions of the second phases; "particles'' of gas in the region
of the boundaries of this column move around the axis of the system at some angular velocity.,
The main simplification of the model proposed is that the axial column of carrier gas is
represented as a rigid impermeable cylinder with a radius R, that is constant over the SZ
height. Flow of the mixture under the action of the applied pressure difference is then
considered in a channel bounded by two coaxial cylinders of radii R; and R.; the inner cylin-
der, modeling the axial column of carrier gas, moves in the axial direction at a velocity U,
and rotates about its axis at constant angular velocity w. Tt is assumed that the phase
which is to be separated is present, and moves, in the form of undeformable, indivisible
spherical particles. In addition, only the region of "dilute'' mixtures, with nR.a’<«1, is
considered; in the first approximation, according to [3], this allows: a) the influence of
collisions between particles on the overall character of the disperse-phase motion to be
neglected; b) the assumption tobe made that the presence of particles has no influence on
the velocity~field distribution of the carrier gas. Note here that satisfying the condition
of a "dilute" mixture imposes sufficiently rigorous constraints on the magnitude of the
mass content of particles in the flow at the SZ inlet, bo. Thus, for example, estimation
of the limiting value of b, for a mixture of air (carrier gas) and water (disperse phase)
gives (taking into account that Ubo vna®)

a0 )N 1061 o0 €5
Ry o

owy xRy
Within the framework of the given model, the velocity distribution of the carrier-—gas
flow w is determined from the solution of the steady equations of motion of a single-phase
incompressible medium [4] between two coaxial cylinders (the effect of spatial variation of
the flow density may be neglected in view of the smallness of the carrier-gas characteristic
velocity in the SZ w, =10-30 m/sec in comparison with the velocity of sound). In this system,
the cylinders are regarded as infinitely extended in the axial direction, so that edge effects
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Fig. 1. Diagram of centrifugal separator: 1)
body; 2) central channel; 3) eddy generator;
4) mixture inlet into separation zone; 5)
"central cylinder™; 6) removal of separated
digperse phase; 7) discharge of mixture from

the SZ.

Fig. 2. Particle trajectories in the SZ
channel: 1) B <Ber, particles falls in the
separated—-phase zone; 2) B =f¢r3 3) B >Ber,
particle is not separated in the SZ.

may be ignored. The solution is found for the case of small variation in the gas-flow veloc~
ity in the section of the SZ in the axial direction, i.e., when (H/w) (3w/dX)<1 and in the
first approximation it may be assumed that w#w(X). Note that, in view of this assumption,
no account is takemn, in the given model, of the decrease in kinetic energy of the carrier gas
caused in real conditions by energy dissipation with increasing distance of the flow from the
eddy generator, and hence constraints on the magnitude of the maximum extent of the SZ, in
accordance with the above inequality, must be introduced in the given model, Taking account
of the axial symmetry of the problem (3/3¢=0), the following expressions are obtained (in
dimensionless form) for the components of the gas-flow velocity in a cylindrical coordinate
system

Wr =0, Wm:Cz(—l——y>,
\y

2
Wx = anl (y) + 'VWx-zz (y)’ 2)

where

W=ww; Wy =(Iny)lny,; We,=1—y2+Clny; y=R/Ry;
C,= (yg — Winyy C, = Yol (1 — !/g); Y = Ry/Ry; oo =UyloRy;
p = 0,25 CM?Re; Re = Ryw,/v; M? = P, Jow’;

i 1
C=|1—a | yWal) dy]/ [4M2Re | sW.a()dy]; w, = Gi2nRip.
Y2

Yz

In view of the assumption that the mixture is "dilute,'' the motion of the set of dis-
perse~phase particles may be analyzed on the basis of investigating the motion of an arbi-
trary particie, As shown by estimating the individual components of the forces acting on a
particle in the gas flow [5], it is sufficient, in most cases that are of practical interest,
to take account only of drag forces of Stokes type; this is valid when the inequality Rep =
aRe/R1 € 1 is satisfied. Estimates of Re, for the range of variation of the basic parameters
of the system relevant to the experiment of [2, 6] show that Re, €10, and hence application
of the Stokes law is formally invalid. Taking into account [7]: 1) that there are essen-
tially no rigorously well-founded relations for the drag coefficient of the particle Cp in
the region Rep €[1, 10}; and 2) that the value of Cp when Re, € [1, 10] is not greatly
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different from the values of Cp calculated in this range of Re,, from the Stokes law, while
analytic description of particle motion using a non-Stokes law is extremely complicated, it
is reasonable to restrict consideration to a semiquantitative analysis of particle motion in
the given model of the process over the whole of the range Re, ¥ 10 by the Stokes law. In
this case, the projection of the equation of motion takes, taking Eq. (2) into account, the
dimensionless form

d?@ 2 dy dg dep 1
a1

dy (_di)g_ﬁd_y

df2 df dt €)
d2x Iny

dx 5 i
ar g — C 29
B -2 Hi[v(l 7t llny>+aln2]

where B =18RM/(a®Re). The initial conditions for Eq. (3) are

tzOv (P:OY !/:!/DE[IJz, yk]!
9 :
w0, S KA =0, S K oW )+ W )

Here Ky, Ky are the coefficients of particle slip with respect to the gas velocity at the SZ
inlet for the x and ¢ component of the particle velocity, respectively. As shown by subse-
quent calculations, variation in Ky, ¢ in the range 0.6-1.4 has practically no effect on the
final results, so that Kx,p=1 is assumed below, This is because: a) as a result of inter-
actions with the gas flow, the particles take on a velocity close to the gas velocity, "par-
tially losing information' on its initial velocity [8]; b) the calculated value of the
separational characteristic n is the ratio of the mass flow rates of disperse phase (see
below), each of which depends approximately identically on K.

The assumptions on which the model rests impose sufficiently rigid constraints on the
range of variation of the basic system parameters (the mass content and particle size, etc.).

It may be shown from Eq. (3) that, for fixed valuesof xy=H/R:, yo, @, Y, there always
exists a value Ber such that no particles with B=Bcyr reach the coordinate yi for x €[0, xy]
(i.e., no particles are separated), and hence the particles all leave the SZ in the mixture
discharged through the central channel® (Fig. 2)3; the functional relation of Ber with the
other parameters takes the form

Xy = a}m Bers Yo} + 'V;Cka (Bers Yoh

where %ki is the axial coordinate of the separated particle, ¥ki € [0, xm]. The dependence
%ki(Bers Vo) is found by numerical solution of Eq. (3): k. for the case vy =0, a=1; %k. for
y=1, a=0.

Analysis of the results shows that, for the range of variation of the basic SZ parame-
ters that is of practical interest, the function Eyi(B) isalmost linear and Bcrmay becalcula~-
ted from the following interpolational relations:

*The model takes no account of processes of departure (breakaway) of particles from the zone
of separated phase y€ [yk, 1]. This imposes a constraint on the magnitude of the carrier-
gas flow velocity, which must not exceed some critical value [6].
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Fig. 4. Dependence of the separation charac-
teristic n{(%) (a) and the mass content of

particles at the SZ inlet bi (%) on wilox (m/
sec): 1) experiment [7]3; 2) theory with a« =
const; 3) theory with ax =axo (WSX)"O'25 and

axo = const,

for Yo € [st y']

o Ber N\
ﬁcr:(z _écr'i—jzii—_l)/; ﬁcri__Bi ' (4)

3 I3
i=

for yo € [y', vkl

6 — ay ~4C§1ny.2]
cr o+ 2—ChyIny In(—lﬁyﬂ) .

—yy

Here y' divides the whole range yo € [y., yk] into two parts in which Eq. (4) is valid; y'
is close to y., and depends weakly on y. (as shown by calculation, y' =0.7-0.8);

Bert = B+ Akm/% Bew= By + Astnly, By 2(1— 24,),
By ~3(1 —2y,), Ay ~4y,— 1, A, ~10,2y,— 3,1.

Knowing the dependence for Bcr, one of the most important integral parameters of the $Z
may be determined: the separational characteristic n, which is understood to be the ratio
of the mass flow rate of disperse phase through the central channel at the SZ exit, G!, to
the mass flow rate of disperse phase at the SZ inlet, G&: n =Gi/Gi. The distribution func~—
tion of particles with respect to diameter at the SZ inlet, f(a, yo), is now introduced, in
such a way that fda defines the proportion of particles with a diameter in the range from g

to a +dg in unit volume of gas with coordinate y, {the normalization is [fda =1). For the
: o

mass flow rate of particles with a diameter in the range from O to g at the SZ inlet, the
following expression may be written

1
G' (a) = G, j- YW (Yo) 1. (o) V(@ Yo) dYor
Y2

where
a
G, = %' Riwn/3; n(y) = n () /7 $(@ 90)= | a*f(a, yo) da.
]
Then, the total mass flow rate of particles G§ =G'(am), where @y is the maximum diameter of
particles with the given distribution. Numerically, G} is equal to the mass flow rate of

particles at the SZ inlet with diameters in the range [0, acr], i.e., G} =G'(a), where qqp =
(18R} /Refey) '/ 2.
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Thus, n =G'(acr)/G' (ap). To obtain specific dependences for n, it is necessary to know
the form of the functions n(yo) and f(a, yo). It is possible to proceed in two ways here:
1) to establish these dependences from experiment; 2) to specify the form of f and n and com~
pare the result obtained for n with experiment. The second option will be taken here, and
the following case will be considered as an example: the concentration of disperse-phase
particlesis uniformly distributed in the inlet cross section n(yo) =1, and f(a) takes the
form

(@) = (ala}) exp (— a/a).

where g, is the most probable particle diameter, and a, #a,(y0). This form of the dependence
f(a) is chosen from considerations of the most satisfactory agreement of the calculated value
of n with the known experimental data. In this case, taking account of Eq. (4) and the con-
dition that qp+«, n is determined from the approximate relation

(@)~ 1—2(), (5
where
3 6F VMRl 172
P)= © (/m)exp(—2), z= ____( 7 )?
@= 3 @myep(—a), 2= g
2 2
1 ; 1/2
(Y aems) [ (B )
ﬁ fer;—B; f:lll Bori—B;
wik =G/mpRE(1 — y3) is the mean (over fhe flow rate) of the carrier-gas velocity in the

axial direction.

Expressions for n in the two limiting cases of the proposed model of the process follow
obviously from Eq. (5): 1) the case when v =0, a #0, axial motion of the gas occurs only as
a result of axial displacement of the "central cylinder''y 2) «=0, vy #0, axial motion of
the gas is the result of the action of the pressure difference applied at the separation
length H with a motionless (uo =0 but w #0) "central cylinder."

In character, the dependence n(z) is such that, for z 310, n is close to unity, so that
the inequality z 310 defines the range of variation of the SZ parameters with unsatisfactory
phase separation. When z%1-2, n is close to zero (n£67%) and effective separation occurs;
n(z) may be calculated in this case from the formula

w1 /dkn) o
2) = ‘\ _— 2"~ 244!
n(2) ﬁ k!\dzh o

For the two limiting cases above, the model of the limiting relation between the SZ
parameters with effective phase separation (n =5%) takes the form (for y.=1/3)

kR, tgQ
> ~0,1,
ainx 1 ‘+‘ Kixm/tg Q (6)

where Ki is a numerical factor; the subscript i indicates the limiting variant of the model:
when i =1, v =03 when i =2, o =0; K; =0.5; K»=0.126. 1In this case tan Q =w$k/wéﬂpis the
tangent of the angle of swirl of the flow in the SZ inlet cross section, where wi'pis the

mean (over the flow rate) of the gas—flow velocity in the azimuthal direction, and

1
w,C 1
v TwEE o dy.
o= 1y, S(y y) Y

Y2

Note than tan © =~d for the first limiting variant (y =0), and tan Q =y for the second,

In Fig. 3, curves of (Xm)ef against tan Q are shown for SZ with effective phase separa-
tion, as calculated from Eq. (6) for the two limiting variants of the model and as experi-
mentally established for an air—water mixture [2]. Significant disagreement of the results
of calculation and experiment is observed only in the region xy 310, which is primarily asso-
ciated with the neglect, in the given model, of effects of kinetic-energy dissipation for the
flow with increasing distance from the eddy generator. Hence, the value x; =10 is the upper
limit on the applicability of the model. Note that calculations for the first limiting
variant (y =0) are in better agreement with experiment [2].
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The qualitative influence of individual SZ parameters on n is evident from Eq. (5) and
is satisfactorily in agreement with experimental data [2, 6]. As an example of quantitative
comparison, curves of n as a function of wik, calculated from Eq. (5) (variant y =0) with
a, =const and the experimental dependence are shown in Fig. 4a.

The mass content of disperse particles at the exit from the SZ in the flow passing
through the central channel is defined as

by ~ G1/(G -+ G1) = /(N + %Wox/Wes),

where wox =G&/mp'R3(1 — y3) is the mean (over the flow rate) reduced velocity of the dis-
perse phase at the SZ inlet. 1In Fig. 4b, calculated and experimental [6] curves of b, as a
function of wi% are shown. The results of the comparison indicate fairly significant discre-
pancy of the curves in the region of small wik (for wlk €wix), which is associated with
violation of the conditions of "operation'' of the calculation model in Eq. (1): the amount
of disperse phase with wék/wix €1 is so large (bo vwix/wlk) that it is already impossible to
neglect the influence of the presence of this phase in the mixture on the carrier-gas veloc—
ity field and it is also inappropriate to represent this phase as a disperse component,

The calculation model outlined above is semiempirical, since it rests on the introduc-~
tion of quantities and dependences that are not known a priori but must generally speaking
be determined from experiment: this refers to the form of the functions f(a, vo), n{yos) and
the quantity ya2.T The results obtained using this model may be improved by means of changes
in form of the distribution function and the profile of the particle concentration at the SZ
inlet. For the form of these functions considered in the present work, more accurate results
may be obtained if the most probable particle diameter g, is not understood to mean some
fixed value determined from the "reference' point of a specific experiment, but rather a,
is represented, on the basis of the known experimental data, as a function of the basic physi-
cal parameters of the mixture.

For example, if a, =a,o(wi%) " °+2°, where a,o =const, then the calculated curves of n and
i ] * * X > % s

b: shown in Fig. 5 are in significantly better agreement with experiment, even at small
values wik vwox.

The results of calculating the separational characteristics of the SZ are in completely
satisfactory agreement with experimental data in the following range of variation of the geo-
metric and physical parameters of the system: boZ% 20%, (H/R.)Z 10, wik =22-12 [m/sec]. Hence,
the method of SZ calculation outlined here, despite the fairly sweeping assumptions on which
it is based, may be regarded as the first approximation in developing more rigorous methods.

NOTATION

Ri, Rz, radii of SZ body and "central cylinder''; H, extent of SZ; U,, w, axial and
angular velocity of "central cylinder''; y =R/R., x =X/R., ¢, dimensionless coordinates; o,
surface tension of water; v, kinematic viscosity of carrier gas; w, velocity vector of gas
flow; W=w/w,, dimensionless velocity vector of gas; w,, characteristic velocity; wo , W),
mean (over the flow rate) reduced velocities of the gas and disperse phase, respectively, in
the SZ inlet cross section; G, G', mass flow rate of gas and disperse phase; n, ﬁ, mean and
actual concentration of disperse-phase particles; a, a, dcr, a,, actual, mean, critical, and
most probable diameter, respectively, or disperse-phase particles; f(g), distribution Ffunc-
tion of particles with respect to the diameter; w =p/p', ratio of gas-flow density p to the
density of the disperse-component material p'; bo, mass content of particles in the mixture

at the 8Z inlet; n, separational characteristic of SZ; @, angle of swirl of flow at the SZ
inlet,
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CONVECTIVE HEAT AND MASS TRANSFER OF
REACTING PARTICLES AT LOW PECLET NUMBERS

P. A. Pryadkin UDC 532,72

The problem of convective diffusion to a spherical particle in a gas is solved
under the condition that the surface chemical reaction rate depends on the reagent
concentration near the surface.

The first five terms of the asymptotic expansion in the low Peclet number have been
obtained for the medium Sherwood number. Certain specific cases of the surface reaction
have been analyzed.

At low Peclet numbers the problem of heat and mass transfer of a solid sphere around
which a stationary Stokes stream flows, was first investigated by the method of joined asymp-
totic expansions in [1]. Constancy of the concentration was assumed far from the particle
and on its surface, For the medium Sherwood number the first five terms of the asymptotic
expansion were obtained, The extension of this problem to the case of a particle of arbi-
trary shape was made in [2], where a three-term expansion in the Peclet number was obtained
for the medium Sherwood number. An analogous problem was considered in [3, 4] for a sphere,
where expressions [5] obtained by the method of joined asymptotic expansions in the low
Peclet number were utilized for the fluid velocity field, Convective diffusion to a sphere
and particle of arbitrary shape around which a homogeneous translational stream flows during
the progress of an isothermal reaction of the first kind on its surface was examined in [6,
7]. The mass transfer of a sphere during the progress of a chemical reaction of the first
and second orders on its surface is investigated in [8]. The problem with arbitrary surface
reaction kinetics was considered in [9] in the case of Stokes flow around the sphere.

It is assumed that the Reynolds number R =aU/v and Peclet number P =aU/D are small (for
a gas the Schmidt number is Sc =v/D=0(1) . A chemical reaction with a finite reaction rate
F(c*) proceeds on the particle surface where the function F is governed by a heterogeneous
reaction mechanism., Thus, for a reaction of order % F =ka™'cwoD(c*/cw)M.

The process of reagent tranmsport is determined by the convective diffusion equation
and the boundary conditions which have the following form in dimensionless variables in a
spherical r, 6 coordinate system coupled to the particle:

LM =Ac, ¢= gff;:i*_ , IL:COSG, (]_)
2 d(r, w Co
r—>oo, ¢—>0; r=1 dclor=7[() [()=—a(= DY=L F (c*). 2)

Here a and U are selected as the scales of the dimensionless quantities.
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