EVALUATING THE EFFECT OF SMALL-PARTICLE
CAPTURE BY LARGE PARTICLES OR LIQUID
DROPLETS AND EVALUATING THE EFFECT OF
HYDROPHILIC PARTICLES ON THE COEFFICIENT
OF CAPTURE

A. T. Litvinov UDC 541.182.3/ .4

We examine the influence exerted by the effect of capture on the inertial path of particles
and the influence of the dust-content parameter on the free path of the particles; in addition
we establish the effect of hydrophilic particles on the coefficient of capture. Equations are
presented for the determination of the free path, the duration of motion, and the relative
particle velocity.

We know that the decisive factor in the selection of a given dust-collecting apparatus is its frac-
tional coefficient of purification or the limit (minimum particle size which can be trapped by this piece of
equipment).

The efficiency of dust-particle collection in such equipment is usually calculated on the basis of the
path covered by the particle.

If a particle of a specified size, under applied external forces, reaches the trapping zone, it is as-
sumed that it will be trapped. In the solution of the differential equations of particle motion we use a co-
efficient of hydrodynamic resistance which provides partially for the inertial terms in the nonuniform mo-
tion of the particles, without any provision being made for the dust content of the medium [1, 2]. The cal-
culated values of trapping efficiency therefore differs substantially from the experimental values [3, 4].

A dust particle or liquid droplet in a dust-collecting apparatus moves through a dust-filled medium
and collides with smaller particles during its motion. This leads to a change in particle mass, as well as
to a change in its velocity of motion and the path which it traverses.

The inertial path of the particles, without consideration of the capture effect involving a coefficient
of hydrodynamic resistance which makes provision for the inertial terms applicable to the retarded motion
of the particles has been studied in [5, 6].

Let us examine the inertial path of particles in a dust-filled medium, with consideration given to the
effect of smaller particles being captured by larger particles.

The differential equation of particle motion is the following:

d — o — — —
F(mvp)=0-51|9391(Vm"‘vp)lvin—vp!+Fex- (1)

When a particle is in motion in the region Re <1 and without consideration of the external force, the
differential equation (1) is changed to the following form (Vi = 0):

v, dm
m—P + Vo~ =KV, 2)

where K = 6mr.
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Fig. 1. Inertial particle path 7; (m) as a function of the initial velocity Vin (m
/sec): 1) calculation in accordance with the Stokes formula for a dust-free
medium; 2) according to (9) for the region in which Re < 1; 3) according to the
formula given in [5], with a coefficient of hydrodynamic resistance to provide
for the inertial terms in the case of retarded particle motion; 4) the same, in
a dust-containing medium.

Fig. 2. Inertial particle path (/j, m) as a function of the dust-content param-
eter (L, g/nm3): 1,1',1") calculated for particles whose diameters are, re-
spectively, 1077, 1076, and 5 -10~% m, from Eq. (14); 2,2',2") the same, from
Eq. (19); 3,3',3") the same, with a coefficient of hydrodynamic resistance equal
to 24/ Re.

The increase in mass for the particle moving in the dust-filled medium is equal to the mass of the
particles which it has captured in a hypothetical tube whose volume is 7r%dl, ie.,

d (% P \) = L, @)

where L is a parameter characterizing the extent to which the medium is filled with dust, equal in this case
to cEz.

From (3) we obtain

dr L
&L )
dd—’? = LY, (5)

Having substituted the value of dm/dt from (5) into (2), after appropriate transformations, we obtain

dv
df=— B s 6)
where
1 18y L
B_Ta dzpz ’ 'Y—15

dp, *

Integrating (6) in limits from t; = 0 to t, = t, and from Vj = Vi, to Vp = V;, we obtain

- Vi(Vin—6) 2
d j Vp(va—B) =Ty v, o) @

where 6 = 12n/dL.
Multiplying both parts of (6) by dx, after appropriate transformation, we obtain

dx ___Vd.‘_’_’ﬂ__ﬂ (®)
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Integrating (8) in limits from x; = 0 (i.e., at the instant of entry into a nonmoving medium) to x, = I,
and from Vp = Vij to V = Vi, we obtain
4]
av, dp
Iy = -—j‘ P ™
) Wb —B 15L

in

)

Vn -0
Vi '——B )

As we can see from (9), the inertial path of the particle in a dust-filled medium is proportional to the
particle diameter, and to its density, being inversely proportional to the criterion L giving the extent to
which the medium is filled with dust.

The relationship between the inertial path of the particle in a dust-filled medium and in one that is
free of dust to the initial velocity of motion is shown in Fig. 1, while Fig. 2 shows this relationship with
respect to the dust-content parameter L, in accordance with Eq. (9).

As we can see from Fig. 1, the inertial particle path in a dust-free medium, calculated in accor-
dance with the Stokes formula {j = 7V;;, (curve 1) differs substantially from the path calculated with the
coefficient of hydrodynamic resistance in which provision is made for the inertial termsg in the case of re-
tarded particle motion (curve 3). The inertial particle path in a dust-filled medium, calculated under the
same conditions from (9) and (14), diminishes sharply in the region of low values for the initial velocity,
and a further increase in the initial velocity increases the path only insignificantly (curves 2 and 4). We
see from Fig. 2 that the increase in the dust content sharply reduces the particle path.

For particles moving in the region Re = 300, the differential equation of motion is the following:

av, d

‘ m B md?
m_Et_T%_dt'z(A+T?€>TP‘V§’ (10)

where A and B are constants by means of which we account for the change in the coefficient of hydrodynamic
resistance to motion in the case of retarded particle motion [5].

After appropriate transformations, we write (10) in the form

dVp

dt = ; 11
Vp2 (P —v)+ (szp 1
where
_ dp . _ Bm
¢, = 0.75 do, 9, = 0,75 To,
Having integrated (11) within the same limits as (6), we find
Vi v
= \S‘ __?“____EVP____ — gt ln __,mw} s (12)
7. % (o—v) + (Pz‘{g Vi (Vint @) i
m |
where
- B o5 A2
@y = M/p, = T2y’ M =0.75 o, ;a =24/
Having multiplied both parts of (11) by dx, after appropriate transformations, we obtain
dy
Cdy =P
X MVP iy {13)
Integrating (13) within the same limits as (8), we find
Yi
e = dp | Vigh 0 (14)

!
MV, +o, Ao—2L |V, ¥ o I :

Vin

For equipment which uses centrifugal and inertial forces to remove particles from the flow, the
capture effect will also affect the velocity of particle motion.
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The following represents the differential equation of particle motion in a field of gravitational forces:
de e =
+ Vp = mg +0.59Sp, Vin— P [V — ¥ |- (15)

When the particles are moving in a region in which Re <1, we transform Eq. (15) fo

-4 16
YWV, £ g (16)
Integrating (16) within the same limits as (11), we find
Vi
dVp 1 P
=S—-——~———ln——, (17)
2
b o+, e 4,
where
A=V B rdvg P= @+ 2vV,— A) B+ 29V, + A);
g=(p+2vV,+ 4) (B + 2vV; — A).
Having multiplied both members of (16) by dx, after appropriate transformations, we obtain
WdVp
=T Ry o (18)
W, +BY g
Integrating (18) within the same limits as (8), we find
Vi
VpdVp dps /A 0 Vip—P) (Vi —q) }
l,: == —————irn | TS ln - ln 10 L 9
i 5: YV; + ﬁVP +g P P,—q, Vin— g} (V; — Py) i 19)
n

where
Py= v+ Pl g g =yVi+pV,+g

—B vV §rdvg
2y ’

qz, Pzz

Having substituted (de/dr)(dr/ dt) into (15) for the value of de/dt and having used (4) and (5), we
bring (15) to the following form:

dvp 1 5 vh  4gp
-+ L —or2 0. (20)
Integration of (20) yields

2 (y2 Qs Iy \Pe 9s

Vi= (Vm P, +1 Ty ) ( - ) + Pt r, (21)
where
3V
gs = 'Yipz y Py= 1n —— (2L + Ppy)-

Considering that (ry/ r)PB is an ingignificant quantity, we change (21) to the form

Sgpzr
=V T3, (22)

As we can see from (22), the value for the rate of particle sedimentation diminishes in proportion to
the increase in the criterion L. When L = 0, Eq. (22) changes into the Stokes equation for a dust-free me-
dium .

For larger particles, velocity of motion begins in the region in which Re = 300.

The differential equation of particle motion in the region in which Re = 300 is the following:

dV B a2
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After appropriate transformations of (23) we find
dVp

dt = . 24
Vvt o)+ el g &
Integrating (24) within the same limits as (7), we obtain
vy
1
t=S . dVP — A_ln.PL’ (25)
| Vivro)tek—g A @
mn
where
, =1 4g (¥ -+ @) + 92;
Py= B+ 2yVin— 4) (B + 2vV; + 4o
9= (B -+ 29V; — A (B + 2vV, + Ay
Having multiplied both parts of (24) by dx, after appropriate transformations, we obtain
de= — VPIVR : (26)
Vp (v + o)+ (Pz% —&
Integrating (26) within the same limits as (8), we obtain
v
. :5 WdVp _ _ dpy [ P Q] (‘/IH-_WK;MH @7)
M) Vet e)teVp—g  IBAp Rl | g Ni— N, | (= N)(Vi—N) [ [
m
where
e A 0 8
b2 9Q © T 4075 Ap,+-151L)

Py={+o)Vht+ oVin—g =+ 9) ViV, —g

The derived equations (7), (9), (12), (14), (17), (19), (22), (25), and (27) thus makes it possible to cal-
culate the time during which the particle is set into motion in a dust-containing medium, in addition to the
inertial path, and the relative velocity of particle motion at any point from the instant at which it enters into
this dust-containing medium. Thus, for example, having transformed (9), we find

1.5 L1 1.5L1
V, =V, exp (~ . i ) 48 {I — exp (»— &, )] {28)

Analysis of the derived equations shows that the dust-content parameter L significantly affects the
particle path. Neglecting the capture effect in the theoretical basis for particle motion and in the deriva-
tion of the equations therefore resultsin substantial error.

We know that the capture coefficient E in the case of inertial deposition of particles on the liquid
droplet is in a functional relationship to the Stokes criterion [7-10],i.e., E = f{Stc, Re, d/Day).

The Stokes criterion, in turn, depends on the diameter of the particle, its density, its relative velocity,
the force of hydrodynamic resistance to motion, and on the diameter of the droplet, i.e., Stc = ¢(m, V,/Fy,
D,y)-

av

For spherical particles in the region in which Re <1 the Ste number is equal to
Stc = d?V,p, (18 pD, ). (29)

Empirical equations have been proposed in [7, 8, 12-21] to calculate the capture coefficient, but these
equations are rather cumbersome and of a lower degree of approximation in the narrow interval of values
for the Ste criterion, failing to make provision for the physicochemical properties of the particle (its hydro-
philic or hydrophobic nature).
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Fig. 3. Capture coefficient E as a function of the hydrophilic parameter M:
1) Ste = 20; 2) 10; 3) 3; 4) 1.

Fig. 4. The capture coefficient E (%) as a function of the Stc criterion for
various values of the Re number: 1,2) theoretical curves in the case of po-
tential streamlining for d/ Dgy = 0.1 (2) and 0 (1); 3) curve taken from the
values calculated according to (35); 4) curve plotted from the experimental
data of [22]; 5) theoretical curves for viscous streamlining when d/ Dyv

= 0.1; I) Re = 65; II) 130-223; III) 223-266; IV) 445-520; V) 890; VI) experi-
mental data from [14, 21]; VII) experimental data from [10, 18].

Analysis of a large quantity of experimental and theoretical material demonstrates that the wett-
ability of the particle substantially increases the capture coefficient. Therefore, depending on the extent
to which the particle is hydrophilic or hydrophobic, both the capture coefficient and the trapping efficiency,
given identical conditions of dust-collector operation, change markedly.

We estimated the extent of the influence exerted by the wettability of the particle on the capture coef-
ficient under the following conditions. For particles that are highly wettable (hydrophilic) the necessary
condition for the capture of liquid droplets from such particles is the contact of the particle with the droplet
(with displacement of the gas interlayer); for poorly wettable and nonwettable particles (aydrophobic) the
necessary condition is the penetration of the particles into the droplet to a magnitude equal to the diameter
of the particle.

The ratio of the Stc criterion or of the magnitude of the inertial path for a hydrophilic particle to the
Ste criterion or to the inertial path of the hydrophobic particle, under respectively identical conditions, is
referred to as the hydrophilic particle parameter M, ie.,

_ Stephyl 23, phob

- S’[C]_phog l_i_;h)f L (30)

The quantity that is the reciprocal of the hydrophilic parameter is known as the hydrophogic param-
eter,ie., L =1/M.

To calculate the inertial particle path we will use the equations given in [5, 10].
The inertial particle path in the region in which Re <1 is calculated from the equations:
a) for a hydrophilic particle [7]
L=V, (31)
where T is the relaxation time for the particle:
T = dp, (18 )7

b) for a hydrophobic particle the inertial path (with consideration of the expenditure of kinetic energy
on the immersion of the particle into a liquid droplet) is calculated from the equation [9]
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1['2=V01——q>1r1i1+~‘£’— , (32)
. 1 b
where @ = 0d®py(81 p&)™Y; ¥ = (4.5 p) L.
The inertial path of the particle in the region in which Re = 300 is calculated from the equation:
a) for a hydrophilic particle [5]
aV,+ 8
- 3
lL,3 Yln}avx_]_ﬁl7 <3)
where
a =075 Ap, (dpy)™"; B =0.75Bp ()™ v = 1.33dp,(Ap)7h
b) for a hydrophobic particle [9]
1, aV,+pV,+1 B . ,"’4a§__l32( Vo4
Lg=——I1—2% 0 — —r arctg ] oV, + F)
4 % g a)/ 2af —p? g (L —pVy)—pr (34)

where ¢ = 40d’py)~t.
The capture coefficient as a function of the hydrophilic parameter M is shown in Fig. 3.

As we can see from Fig. 3, with small values for the Ste criterion the hydrophilic nature of the par-
ticle significantly affects the capture coefficient. In proportion to the increase in the Ste criterion and as
M — 1 the capture coefficient increases sharply.

In accordance with the processing of the experimental and theoretical data carried out by the author,
the relationship between the capture coefficient and the Ste criterion — with consideration given to the wett-
ability of the particles —can be expressed in approximate terms for the potential streamlining of the par-
ticles by the equation which yields satisfactory agreement between the theoretical values and the experi-
mental data in the region in which Ste > 0.25 (Fig. 4):

Ste _ [

E=ScroseL T T0890,0 (85)
In the case of viscous streamlining (Stc > 0.607) the capture coefficient is equal to
E — Stey I (36)

StC1+3L li’1 +3DavL

For the potential streamlining when d/Dgy = 0.1 and in the interval 0.125 <Stc = 2.5, the capture
coefficient is equal to

StCZ - li,z

E=SgtomL T LT 0.23D,,L"

(37)

As we can see from Fig. 4, curve 3 has been plotted from the calculated values of the capture coef-
ficient when L = M = 1 from (35), and it provides a good approximation of the theoretical values calculated
on a computer, as given in [12] (curve 2). The experimental data from {10, 21] are in good agreement wirh
curves 2 and 3. Curve 4, plotted from the data of [22] without consideration of the hydrophilic nature of
the particles yields substantial deviations.

Having calculated the hydrophilic parameter from (30), we used the nomogram in Fig. 3 to determine
the anticipated capture coefficient E.

Bearing in mind that these conditions are critical, and also that each collision of a particle with a
droplet will be effective (there will be no recombinations), from (35)-(37) we can calculate the effectiveness
of particle trapping in the dust-collecting apparatus.

Satisfactory agreement between the values of trapping effectiveness calculated from (35) and the
experimental data for active highly dispersed carbon [10] and for dibutylphthalate particles with d = 1 um
has been established experimentally [21]. The hydrophilic parameter for the particles of the highly dis-
persed active carbon is equal to M = 0.194. For the dibutylphthalate it is M = 0.03.

729



NOTATION

m is the mass of the particle or of the liquid droplet, and equal to 1rd3p2/ 6, kg;

P1s P2y P3 are, respectively, the densities of the medium, of the particle, and of the liquid, kg/m?;

v, 7 are the viscosities of the medium, N -sec/ m? and m?/ sec; '

P is the coefficient of hydrodynamic resistance for the medium, so that when Re < 1, ¢
= 24/ Re and whenRe =300, = A + B/Re, where A and B are constants respectively equal
to 0.12 and 37;

S is the area of the particle's midsection, equal to nd%/ 4, mz;

r,d are, respectively, the radius and diameter of the particle, m;

Vm, Vp: Vin, Vis

Vx, Vg, Vg are, respectively, the velocity of the medium, of the particle, the absolute veloeity, the

W o

o =3 O U i

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
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initial velocity, the velocity of some distance from the point of entry, the relative veloc-
ity, and the sedimentation rate, m/sec;

Fex is the vector of the external forces applied to the particle, N;

dl is the elementary segment traversed by the particle, m;

T is the relaxation time for the particle, equal to dzp2 /187, sec™l;

Re is the Reynolds number, equal to Vyd/v;

g is the acceleration force equal to 9.81 m/ sec?;

o is the fraction of the particles in the aerosol, with the dimensions of the particles less
than those of the particle being considered;

E is the capture coefficient, characterizing the ratio of the trapped particles to the total
number of particles contained in a hypothetical tube;

z is the dust content of the medium, kg/ m?;

Ziand I; 5 are the inertial paths, m;

‘Ste is the Stokes criterion for the particles;

Dyv is the average value of the droplet size, m;

M, L are the hydrophilic and hydrophobic parameters;

G is the surface tension of the liquid, N/m.
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