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EFFECT OF NEAR-WALL TURBULENCE ON MIXING HYDRODYNAMICS’ {
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éghe distribution of the circumferential liquid velocity in units with mixing de-
vices was investigated theoretically in the presence of fixed internal devices of
arbitrary geometry. The tangent1al stresses on the casing of the unit were evalu-
ated by using Landau's model ofgatgepuatlonl@& turbulencelnear solid surfaces, and
the turbulent exchange of thé}momentﬁm moment{was described on the basis of
Prandtl's "mixing path" theory. A calculation method is proposed which is appli-
- cable for units with mixing devices of different types in a wide range of change
(i!>of geometric”c:

correlations and designs. The analytical results were confirmed by
comparison with &he experimental data.j

The existing concepts of the mechanism of momentum transfer in turbulent streams and
the semiempirical models based on them make it possible to analyze in simplified form the
mechanism of formation of some characteristics of a velocity field [1], in particular, the
profile of the circumferential velocity in units with mixing devices. The distribution of
the circumferential velocity component of the medium being mixed in a steady regime should
satisfy the principle of conservation of momentum.

Let us isolate in the unit a unit volume of liquid in the form of an annular element of
radius r, thickness dr, and height h.. The equation of equilibrium of the moments applied to
the considered element can be represented in the following form:

AMyo—dM —dM,=0. or  dM¢=dMyo—dM, (1)

where dM¢, is the torsion moment applied to a unit volume as a result of its interaction with
’the mixer blades, J; dM; is the difference of the moments created by tangential stresses on
cylindrical surfaces of radii r and (r + dr), J; and dM, is the moment of hydraulic-resis-
tance forces which appears during interaction of the circumferential stream with segments

of the bottom and internal devices included between surfaces r and (r + dr), J.

Since the value of dMy, is variable with respect to the radius of the unit, in the gen-
_eral case we assume

dM = (r)dr, (2)

vhere ¢(r) is the function of the distribution density of the torsion moment with respect to
the radius, J/m.

In the zone affected by the liquid agitated by the mixer blades, the moment dMy, can be
expressed by the difference of the liquid and mixer velocities, and in the remaining part of
the unit dM¢y = 0. Thus, during mixing with a mixing device having the number of blades zy

. Plor—v(r)*
{ %’*‘2—-—— o for rEQm, (3)

p(r)=
l 0 for  re&Q,

where Qp, is the set of values of the radii on which direct interaction of the stream with the
mixer blades occurs.

Let us express the increase of the moment of friction forces between neighboring liquid
layers by the tangential stress t:

dM, =2aHd(r*t(r)), (4)
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where T (r) is the tangential stress on a surface with radius r, Pa. To determine 1, meaning
an . approximate analysis, let us use the hypothesis of Prandtl's mixing-path length, which,
for the case of a twisted stream with small curvature of the stream lines, leads [2] to the
expression

dv

=
=e or

dv

oar

(5)

Taking into account that in units with mixing devices without reflecting baffles the
change of the circumferential liquid velocity with respect to height is insignificant (3],
we replace the partial derivatives in (5) by ordinary ones. The mixing path length & can
be assumed (by analogy with [4, 5]) to be equal to the width of the turbulent-mixing zone:

I'm for O<r<ram, (6)
R—rn. for ra<r<R,

l=al, L={

where rp is the radius corresponding to the maximum on the curve of the radial profile of
the circumferential liquid velocity, m, and o is the proportional coefficient.

With due regard for (4)-(6), we have

dv |d
th=2anoc2L2d[ Rl R ] ] (7)
dr ldr
In the general case, the term dM, in (1) is the sum
AM =dM ; M. (8)

The resistance moment applied to a unit volume of liquid as a result of its interaction
with fixed internal devices is
dMin':'lL‘(f) dr, (9)

where ¢(r) is the function of the distribution density of the resistance moment of internal

devices:
v*(r)
Tip hia  for ref

2

w(r)= zin (10)
0 for ré&Q.

in

Here Qj; is the set of values of the radii on which direct interaction of the circumferential
stream with internal devices occurs.

In the case of a flat bottom
dMyo =211 (r)dr. (11)

Thus, with due regard for (2), (7), and (11), the equation of equilibrium of the unit
volume of liquid (1) assumes the form

dv | dv
2ana2de[rzd—r- T ] =@ (r)dr—y(r)dr—2ar'v, (r)dr
. or
e [+ 2|2 |- 20 2y ) (12)
dr dr\ dr 2nHporL? '

As uniqueness conditions in the integration of Eq. (12), let us use the correlation
v(r)=weg for r=rg (13)

and the integration condition for the equilibrium of the moments

Mto=Min+Mbo+Mﬂa ( 1[‘)
where
R
Mto=jq’(r)d"; (15)
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J[in==j (r)dr; (16)

Mro=2n | rizy o (r)dr: (17)

rg is the radius of the mixer shift, m. The resistance moment of the cylindrical wall of the
unit's casing is

M,,=21RHx, . (18)

To solve Egqs. (12)-(18), we need the values of the tangential stress on the walls and bottom
of the unit. 1In [3, 6], Braginskii and Begachev propose the equation

Tya=PClyai'2, (19)
where cg is the resistance coefficient determined [6] with the empirical relation
c;=hRe "%, (20)

where Ay is a coefficient, and Re = v4yR/v is the Reynolds number.

However, also possible is a theoretical evaluation of cg based on the use of Landau's
hypothesis [7] about the nature of attenuation of turbulence near solid surface and also the
Kolmogorov —Obukhov theory of locally isotropic turbulence ({8, 9].

The momentum transfer in a turbulent boundary layer near a solid surface is usually de-
scribed by the equation i

t=p(v+vy) (dv/dy). (21)

where v¢ is the turbulent viscosity, m?/sec, and y is the distance from the wall, m.

Let us express the tangential stress as
1=1/Rr. (22)

vhere v is the liquid velocity far from the wall, m/sec, and R; is the resistance to momentum
transfer

L el

Rrﬁ de/p(v+'¥t). (23)
[

Assuming that the main resistance to momentum transfer is concentrated in the viscous
sublayer (2, 10], for determination of vy we use Landau's hypothesis [7], assuming the change
of the turbulent viscosity in the viscus sublayer to be proportional to the fourth degree of
the distance from the wall:

ve=v (y/8:)" (24)
With due regard for (24), the integration of expresssion (23) leads to the relation
)
r=(2)( ). (25)
2Y27 % pw

The thickness of the viscous sublayer §, is related to the value of the characteristic pulsa-
tional velocity v, by the familiar correlation [10]

v/ v=11.5. (26)
Hence, in accordance with (22) and (25),
/v=0.078pv,. (27)

Usually the main difficulty in the calculation of processes of transfer to the wall
consists in establishment of the relation of v, to the characteristics of macroscale flow.
To solve this problem, let us assume that the intensity of turbulent transfer in the viscous
sublayer, just as in the stream core [1, 11], is determined mainly by velocity pulsations
of maximum scale. In the considered case, this scale should be of the order of thickness of
the viscous sublayer §,, i.e., it is significantly less than the stream scale. At the same
time, in accordance with (26), this scale exceeds the internal turbulence scale A, correspond-
ing to the condition

AL e R i e S s
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Urho/ v, (28)
where v), is the pulsation velocity of scale A,, m/sec.

Thus, in order of magnitude, 8, corresponds to the region of scales for which the two-
thirds law is applicable (8, 9]:

Uuzﬁﬁcﬂjhaozhg v (29)

where €49 is the local value of the energy dissipation in a unit of mass, W/kg, which, in a
first approximation, can be replaced by the average value

go=N/(pVy)=Kxndg/Vy, (30)
where Vy is the volume of the medium in the unit, m3.
Comparing (22), (25), (26), and (29), we obtain for t and dMpgt
Tpolr) =0.144p (V) **v (r); (31)
dM=0.288np (eov) **v (r) ridr. (32)

When (32) is used, the equilibrium equation of the unit volume of the liquid (12) ac-
quires the form

d [’ dv
2

dv
dr dr Vdr

a ] _ ®()—(r) —0.288np () " Fu (r)1* (33)
r

2nHpa?L?

Correlations(13)=(18) are used as the uniqueness conditions for integration of (33). h
er

Let us rewrite (17) with due regard for (31):
R
M, ,.=0.288p7 (g4v) _[ v(r)rtdr. (34)
) equa
The resistance moment of the cylindrical wall of the unit's casing My, is determined according
to (18). In this case, by analogy with (31), the value of t = t(R) is determined as

1(R) =0.144p (ev)*#v (R), (35)

with
where v(R) is the circumferential liquid velocity at radius r = R — §,, m/sec.

L e e S e s S O M__*__mm..‘@mf(

Since in units without internal devices the resistance moment of the cylindrical wall

~ duci
of the casing significantly exceeds the resistance moment of the bottom, and the values of ~ prot
cf = f(Re) measured in [6] reflect mainly the resistance characteristics of the wall, we use |
(35) for theoretical evaluation of the hydraulic resistance of the unit's wall. From a com-
parison of (19) and (35), it follows that the resistance coefficient of the casing is 1
¢,=0.288 (e,v) v (R)/v .}, (36) I
|
or » ‘g
c,=0,288t~:§'“v(li’)t‘?"’25 Re“’-”/u;‘v,s. (37) l
With respect to the nature of the effect of the Reynolds number, this equation is anal- +
ogous to relation (20), and in addition {
M=0.288e, v (R)R***/v." . (38) f cond
3 foll
The values of At calculated according to this equation on the basis of the results of ! func
an experimental measurement of the circumferential velocities and power for R > 1.5 are close | solv
to the averaged value of 0.095 (Fig. 1) found in [12] directly by means of the resistance % tain
and the average liquid velocity. These results indicate the possibility of theoretical de- 4 fere
termination of the tangential stress Tt. fi and
Thus, Egs. (33), (13), and (l4) are a closed system containing only one unknown param- | val(
eter requiring experimental determination, the constant a in the expression for the mixing "i ava
path length (6). For numerical solution of this system of equations, let us introduce the : ?f‘t
notation l init
_Ldv|dv ) -
z=r F e (39  theu
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Fig. 1 Fig. 2 Fig. 3
Fig. 1. Relation of the coefficient At to R at R > 1.5. The points denote the
calculation according to (38).

Fig. 2. Velocity profile in a 0.4-m-diameter unit. Gate mixing device, r, = 0.15
m; bp = 0.021 m; H = 0.4 m. The medium is an aqueous glycerol solution (v =
0.000017 m?/sec): 1) w, = 6.35 rad/sec; 2) 4.4. The solid lines denote the cal-
culation; the points denote the experiment.

Fig. 3. Velocity profile in a l.2-m-diameter unit with internal devices (:E:Cdi=

*in
0.3RH). Blade mixing device, r, = 0.25 m, w, = 1.15 rad/sec. The solid line de-
notes the calculation, and the points denote the experiment.

then .
dv _ V]z|

o=, sienz. (40)

Taking into account (40) instead of (33), we can consider the system of first-order
equations equivalent to it
dz @ (r)=¢(r)—=0288ap(e)" v ()rt  dv_ Viz| (41)

= sign z
dr 2nHpa’L? dr r

__ with boundary conditions (13) and (14).
: ]

e e

| This boundary problem was solved by the "shooting' method {13], which consists in re-
- ducing the solution of the boundary problem (41), (13), and (1l4) to a solution of the Cauchy
_problem. Assuming z, = z(rg) we obtain

dz CF(’) U (r) —0.2885p (eov) v ()1

dr 2aHpa’L?
dv  Vi]z| | o
—_—= sign z;
A (42)
virg) =g
2(r) =z 1g<r<R.

The solution of the Cauchy problem (42) amounts to finding a value of z,; such that the
condition of equality of the moments (14) would be satisfied. The value of z, is sought as
i follows. A physically justified interval, (a, b) = (107!%, 1), containing z, is chosen. The
_functlon A = Mgo — (Myp + Myg + Mpo). We assume z, to be equal successively to a and b. We
| solve the Cauchy problem (42) for each value of z,, and we calculate A according to the ob-
tained solution. At the ends of the interval (a, b), the function 4 assumes values of dif-
' ferent signs. Further, over the first iteration we choose as z, the expression (a + b)/2
and for the chosen z, we solve problem (42), calculate A, and seek the new inter-
val (a, b) and Z, by the half-division method [13]. The calculations are continued until
a value of z, is found for which A = €, where ¢ is a small number characterizing the accuracy
of the solution. This means that boundary conditions (13) and (14) are satisfied and the
initial problem (41) is solved.

The Cauchy problem is solved by the grid method [13]. Over the segment [rg, R] we use
the uniformgrid w = {rj = ih, i =0, 1,...,N, h = (R = rg)/N}. Then problem (42) is written
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in difference form as
Zigs—Zi wUJ—Nlh)—OQB&uﬂsw)““vanﬂ
h 2nHpa’L? S

i v

lj_"'l_v‘__ __!Z{Lsign(z,-), i=0,1,..., (N_D;
k ry » (43)

v(0) =1

z(0) =z,.

The obtained system of algebraic equations is solved easily because the values of vj4,
and zj4, at point ri4, are defined completely by the values of vj and z; assigned at point
ri. Assuming successively i = 0, 1,..., (N — 1) we find the values of vi{ and zy for all i =N,

We should note that in the solution of boundary problem (41) the value of o in (6) was

rai
assumed to be fixed and was determined as a result of comparison of the calculated and ex- L gisl

perimental relations v(r). The best correspondence between the calculated and experimental

relations v(r) was obtained for a = 0.1. The results of comparison of the calculated curves gigi
with the experimental data (Figs. 2 and 3) indicate that the considered model describes the . solt
experimental results sufficiently well and can be used in the practice of engineering calcu-
lations.
s spra
NOTATION cip-
by, is the width of the blades of the gate and anchor mixing devices, m; dp is the mixer z;Zr
diameter, m; f; is the area of projection of the i-th internal device onto the vertical plane, 1 spre
m?; H is the height of filling of the unit, m; hiy is the height of the i-th internal device, ]
m; hp is the height of the mixer blade, m; Ky is the power coefficient; N is the power con- j
sumed for mixing, W; n is the rotation rate of the mixing device, sec™'; R is the radius of J spec
the unit, m; R = R/r,; r is the current radius, m; r, is the radius of the mixing device, m; §
v is the circumferential liquid velocity, m/sec; zp is the number of mixer blades; zi, is .
the number of internal devices; v is the kinetic viscosity, m?/sec; (}, is the resistance 4
coefficient of the mixer blade; i is the resistance coefficient of the i-th internal de- &
vice; p is the density of the medium, kg/m®; tpo is the tangential stress on the bottom of ;
the unit, Paj; w, is the angular velocity of the mixing device, rad/sec. \
4
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POROUS ROTARY LIQUID SPRAYERS

7

v {
A. A.{Kolesnik and N. A{%N?kg}agx UDC 621.43:66.069.83

A new type of porous rotary sprayers for spraying in narrow fractions was studied,
and the principles of spraying liquids from the surface of porous rotary sprayers
were formulated.

Spraying of liquids is widely used in the various branches of chemical technology for
granulating melts, dehydrating solutions, and in many other processes. However, the jet and
disk sprayers used at present for this purpose form polydispersed sprays which greatly com-
plicate the processes and diminish the product quality. Therefore, the development of es-
sentially new liquid sprayers for spraying in narrow fractions is a very real problem, the

- solution to which would enable appreciable intensification of such processes.

Several investigators studied the possibility of producing drops of uniform size by
spraying liquids. The more successful among them was Schmidt [1] who, based on Hege's prin-
ciple [2], was the first to use a porous rotary sprayer (PRS) made of cermets and obtain nar-
row fractions of sprays of many liquids. Gdsselle [3] experimentally studied the output and
operational regimes of PRS made of cermets and also determined the drop sizes formed on the
sprayer surface with an average grain size of 0.7-1073 m.

The qualitative picture of spraying liquids using the PRS was studied in [1, 3] and many
specifications for them were formulated:

the sprayer material should possess high porosity and mechanical strength;

when the porous material is wetted by the liquid sprayed, drop formation should occur on
the grains and, when not wetted, on the outer pores;

the most suitable grain form is a sphere; the average grain diameter of the spraying
body should be six times that of the given drop size when spraying a hydrophobic liquid;
and

when spraying a hydrophilic liquid, the pore size should be double that of the desired
drop size.

Though the results of [1, 3] represent the first important step toward designing an
essentially new type of liquid spravers, they do not adequately explain the drop formation
mechanism and the selection of optimum grain form, PRS structure, and their most effective
operational regimes. A thorough study was therefore made of the PRS operational principles.

A study of the properties of various porous materials helps conclude that synthetic
porous materials produced from particles of proximate grain size, by pressure molding fol-
lowed by baking into a finished article are most suitable for use in the chemical technology.
Among these are the well-known solid filtering and abrasive materials like porous permeable
ceramics, porous glass, and many polymers and abrasives.

Abrasive materials possessing the following properties are most suitable for a host of
chemical engineering uses [4, S5]: high mechanical strength, inertness to a very wide range of
corrosive liquids, and high thermal stability (up to 2000°C); fairly uniform grain size of
abrasive material (§MaX/g¢min ¢ 2); uyniform grain distribution in the material body and on
its surface; practically isotropic porosity of the abrasive material varying from 0.24 to
0.50 for different articles; cheapness of the abrasive material and its commercial availabil-
ity in the form of about nine hundred types of hollow cylinders; and ability for being pro-
cessed by industrial methods and tools.

Start-up—Adjustment Unit of the Combine "Orgneftekhimzavod." §. M. Kirov Chemical
Technology Institute, Kazan. Translated from Teoreticheskie Osnovy Khimicheskoi Tekhnologii,

. Vol. 20, No. 6, pp. 805-812, November-December, 1986. Original article submitted April 9,

1985.
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TABLE 1. Characteristics of the Structure of PRS made of Abrasive

Materials
- ' lwg - 0" g -
S W ol -l k= W g, 2w Y9 “J,a>%
2| . Coleta |89 u.l °% |23 |esp 5T |33 - |BYET
17 W oo R R-] . IHMe o > e e SA, Mg | e e O ot~ B
[ 3] [T} ,O_U’:m,UEQ* FaroR By 9o 3] B © & a)ﬁu-.
4 o8 |SELTERNget FE BN |8 |2E 95T (89T
Zy guogguw‘uafw 80 8lEg ~ |eg 0TS sgag |gmad
¢§ B& ABTS5ES 8uBp ER 2 Hie 5N IBLZCE.E . FGYS
28 @b | AuNERod06ra] 5w 379 120489 n R8T
1] PVR-250| 313 239 (0.3 | 30(40.5) 227 33 6.8 1.94 10.4
T2 33.6 25 11.8 |32(36.0) 154 34 <45 2147 11.2
3 51.5 415 12.0 25(40.5) 218 33 8.7 1.36 16.4
4 515 4,15 2501 32(40,5) 174 51 3.4 2,49 1.4
5 80.7 8.30 19.4 1 20(42.0) 178 43 3.9 2.56 8.2
6 81,0 8,48 201 ] 34(42,0) 203 45 4.5 1.97 8.6
71 PYR-400| 50.3 2.11 105.0 | 31(40.5) 633 104 6.6 1.88 15.0
8 63.0 3.82 437 ] 40(42.0) 247 a2 48 1,48 21.4
9 64.7 6.83 16.0 | 35(42.0) 247 38 6.5 1.58 19.8
10 65.0 6.7 16.5 | 40(42.0) 177 36 2.9 1.46 9.9
11 79.2 7.89 165 | 33(42.0) 324 36 a.n 1.54 245
12 §19 5,16 30.0 133(37.5) 277 54 5.1 1.95 26 0
*Porosity values determined by the method of [5] are given within
brackets.

Additional properties of abrasive materials [6] not reported in the literature were de-
termined experimentally. Thus, the average pore diameter is (40-55):10"° m, its maximum
being (200-330):10"% m. The coefficient of sinuosity of the channels depends on the wall
thickness, of the specimen and varies in the range 3.9 to 9.0. The form factor of the particles
determined by the ratio obtained by simultaneously resolving Hagen-—Poiseuille and Kozeny —
von Karman equations

2‘105(1_81)01'})\’0 5
Epor sin’

averages 1.8 with not more than #257 deviation of the individual values. The characteristics

of the spec1mens used in the investigations are shown in Table 1. The values of €por> Kper,

Gmor, and 837 were determined by the methods prescribed in GOST 15079-69. The value of K Ksin
was determined by the method of {7, 8] and S was taken from {9].

Ke= (1)

. The permeability of the PRS specimens made of abrasive materials was studied in the
liquid flow range 2+107° to 96-107° m3/sec, density 1010 to 1188 kg/m3®, and viscosity 1 to
26 Pa-sec; specimen rotation speeds 1 to 167 m/sec, and mean logarithmic filtration area
2.11-107% to 8.48-1073 m?

Calculations using von Karman's equation [10] showed that, in the entire range of flow
variations, physical properties of the medium, and the rpm of the specimens, the liquid flow
through the porous wall of the specimen was laminary.

Test results showed (Fig. 1) that,gét peripheral rotation speeds >3.5 m/sec, the perme-
ability of the specimen depends on the liquid pressure in the chamber and on the material
structure (regime I). Increasing the rotation speed reduces the influence of the material
structure on the permeability of the PRS (regime II) and, at rotation speeds <10 m/sec, at-
tains a self-modulating flow regime characterized by steady flow at a given pressure and vis-
cosity of the liquid (regime III). The last regime is of utmost practical interest, since
intense drop formation on the sprayer surface is achieved in this regime. | The liquid flow in
the self-modulating flow regime could be calculated using empirical equations obtained by
processing the experimental data {11]. At pu = 11073 to 6:1073 Pa-sec

Q=33.7-10"Ap (pn-10%)~1%; (2)
at u = 6-1073 to 26:1073 Pa-sec
0=9.1-10"*Ap (n-10%) -0, (3)
The spraying of a hydrophilic liquid and the dispersion composition of the spray were
studied photographically [12] using highly sensitive film (type 22) and developer D-19a. The
results showed that, depending on the rotation speed of the PRS, a few characteristic regimes

of liquid dispersion could be identified. Photographs of these regimes are given in [13,
14].
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Fig. 1. Operational regimes of PRS made of
abrasive material: 1) p=14.7, 2) 39.2, and 3)
98.1 kPa; a) Kg = 205+10° m® (specimens 5 and
6, Table 1), b) 850:10°% m® (specimens 11 and
12), and c) 2895-10% m® (specimens 1 and 4);
and I-III) numbers of regimes.
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v o e

At low rotation speeds of the PRS not exceeding 0.8 to 1.2 m/sec, a film is formed on the
sprayer surface and flows downward; it accumulates on its lower edge in the form of a ridge.
This ridge disintegrates into large globules and drops as noticed in a similar process on a
4 disk [15]. Increasing the rotation speed of the PRS leads to a more uniform distribution of

_ !the liquid film along the height of the sprayer and formation of helical waves initially and

; | later circular waves on its surface. These form the sources of jets disintegrating into drops.

- The dispersed liquid spray formed possesses a wide size range. On further increasing the ro-
| tation speed of the PRS, the film thickness and the sizes of the jet and of the drop formed

from it decrease. Simultaneously, the extent of polydispersion decreases, dpygx/dpin = 10-15
:éto 3-6. A laminary-jet vregime of liquid spray is noticed in the range of rotation speeds 2
1 to 8 m/sec. Increasing the rotation speed beyond 8 m/sec leads to jet formation on a group

- ' of grains transforming into jet formation on individual grains. At speeds exceeding 12 m/sec,

éthe jets disappear and the drop formation on the grains becomes stable. The extent of poly-
 dispersion is minimal, dpz¢/dpin = 2.

A comparison shows that the spraying pattern of hydrophilic liquids by the PRS is similar
~_ to that of liquid spray by the PRS made of cermets [1].

An analysis of the dispersion of the sprayed liquid in the drop formation regime on the
' grain showed (Fig. 2) that the drop size distribution is associated with the PRS grain dis-
! tribution, Smax/ Smin = 2.

'; In Table 2 are given the results of processing the experimental data obtained at different
 liquid loads and rotation speeds of the sprayers.
| The average drop diameter in the regime of drop formation on the grain could be calcu-
4 lated from the equation derived by the method of analyzing the dimensions:
dn=K[66%%/ (Rw?p)]"". (4)

‘;iTesting the adequacy of Eq. (4) using the experiaental data showed that, at K = 0.52, it de-
| scribes the experimental values with a deviation of not more than *107 at 0.95 confidence .
{ level.

To calculate the average body-surface diameter of the drop (according to Sauter), the
| following equations were derived:
for PVR-250
dy=(0.07+0.5(Q-10°)+0.57/v) - 10~* m ; (5)

] for PVR-400
- ds,=(0.08+0.5(Q 10°) +1.37/v) -10~° n.. (6)

An analysis of the spray dispersion of aqueous solutions of surfactants, o = 29:1073 to

; 701073 N/m, showed (Fig. 3) that the extent of polydispersion is somewhat more compared with
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TABLE 2. Results of Average Drop Size Measurements

Q'lOs ‘ Qrirage drop diameter Index of
D-10%, m 3108, m m?/ sec v, m/sec . monodis-
’ g}ierlmen from (4  [persion, %
Water (p=1,43-10-3 Pa- , p=1010 kg/ , 6=70-10=3 N/m)
sec m3
PVR-250
81.0 0.250 33.80 8.40 200 200 93
81,0 0,250 33,80 15.10 130 140 98
51,5 0,250 26,00 9.40 140 160 99
51,5 0,250 27,00 13.50 130 130 98
355 0,250 24.80 9,30 150 140 9s
313 0,250 31.80 6.60 150 170 94
31,3 0,250 31,60 8.20 130 140 99
PVR 400 .
79,2 0,400 33.80 14.50 180 160 06
64,7 0.400 27.10 13.50 200 170 95
81,9 0,400 28,20 17.20 160 130 97

Glycerin solution in water (u=25,56-10-3Pa-sec;p=1187 kg/m3 ¢=60-10-3 N/m)

PVR -250
81.0 0.250 30,0 8.40 190 180 80
81.0 0.250 30,0 12.60 160 170 92
81.0 0,250 30.0 15.60 130 120 98
515 0.250 30.0 840 160 160 94
51.5 0.250 30.0 9,40 150 150 a5
515 0.250 30,0 10.80 140 130 97

PVR- 400
79.2 0.400 30.0 14.50 160 150 99
79.2 0.400 30.0 15.70 130 120 a9
79.2 0.400 50.0 23.30 120 110 99
79.2 0.400 30.0 14.50 140 140 96
79.2 0.400 30.0 17.60 130 120 98
79.2 0,400 30,0 21.20 110 110 99

that of a pure water spray while the quality of spraying is independent of grain size of the
specimens. For an average body-surface drop size of aqueous surfactant solutions

ds=1[(0.07+1.190) - 10°4+0.88/v] - 10~ m. (7)

The results confirm that, under conditions of wetting, the grains of the abrasive ma-
terial function as centers of drop formation. This is pointed out by the similarity of the
integral curves of grain size distribution in the specimens and the drop sizes of the liquid
sprayed and also by the relation of the average drop size with the average grain size of the
specimen (Fig. 2). This mechanism of the spraying of hydrophilic liquids from the surface
of a PRS made of abrasive material was implemented in the design of the monodispersed drop
generator [16] in the form of two disks with metallic needles placed between them along the
periphery. The needle tips are turned outward. The photographs of the liquid spray thus ob-
tained confirmed that the drops formed at the needle tips, the drop size falling in a narrow
range of 50 to 80 um.

" If in the drop formation regime at constant Rw?, the liquid flow through the PRS is
steadily increased, the drop formation frequency on the grains of the sprayer begins to in-
crease and the drops begin to fuse into a jet on attaining some critical flow Qg4

The liquid flow from a single center of drop formation (grain) corresponding to transi-
tion from the drop formation regime into a jet regime could be represented by the following
equation as in [15]:

. q=K,(n/2)Vm. (8)
The number of drop formation centers

‘ nr=F(1—fpor)Hg, (9)
Then the total fluid flow corresponding to the transition from drop forming to jet regime is
Qp=0-24K For (1—e ) (dib)*(Dd)"". (10)
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Fig. 2. Integral curves of the distribution of drop sizes in the
drop formation regime from a grain and of the material grains in
the specimens [N, proportion of drop (grain)]: 1, 2) grain size
distribution in PVR-400 and PVR-250 specimens {4]; 3) drop size
distribution (PVR-400); Q = 33.8:10"° m3®/sec; Rw? = 5630 m/sec?,
D = 64.7-10"* m, and dy, = 200 um; 4) drop size distribution
(PVR-250); Q = 27.1-10"° m®/sec, Rw? = 5630/sec?, d,, = 130 um,
and D = 81.0:107° m.

Fig. 3. [Integral curves of drop size distribution of an aqueous
surfactant solution (o = 45:107° N/m, Q = 30+10"° m3/sec, Rw? =
10,640 m/sec?, and d,, = 165 um): a) PVR-250, D = 80.7-10"° m;
and b) PVR-400, D = 64.7:1073 m.

Fig. 4. Value of critical flow: 1) PVR-250, and 2) PVR-400. Cir-
clets denote the experimental data and continuous lines the val-
ues calculated using Eq. (10).

It was experimentally established that for PVR-250

K =(011Rw*—137.8) 1077
for PVR-400

Ki=(0.052R0*-206,5) -10-2.
In Fig. 4, the experimental values of Q.. are compared with those calculated using Eq. (10).

When spraying aqueous solutions of surfactants, the wettability of the abrasive material
is impaired thus changing the character of spraying of the liquid. Thus, in spite of a sig-
nificant difference in the grain sizes of the sprayers PVR-250 and PVR-400, the disperse
structure of the spray for both of them virtually coincides (Fig. 3). Considering this fea-
ture and also the fact that PVR-250 and PVR-400 possess practically identical average pore
sizes (Table 1), it may be affirmed that the drop formation occurs from the pores when the
wetting of the abrasive material by the liquid is weak. From this could be understood the
experimentally noticed rise in the degree of polydispersion of the spray: It could be ex-
plained by the significant difference between the minimum and maximum pore sizes (Table 1).

Thus, a distinctive feature of the PRS made of abrasive material is that they effect the

liquid spray on a solid surface but not in a gaseous phase which is characteristic of most
industrial sprayers.

To optimize the PRS design, several problems including the shape and size of grains will
have to be resolved. This could be done based on the equations for complete free surface
energy of a 3-phase system in the absence of adsorption [17, 18]:

W=cngsg+os lFS 1 +01gFlg,

or taking into consideration the operational conditions of the PRS grains

w =051/5‘.1 +_Olgflg’

 where fg1 and flg are the surfaces of the\phase separation boundaries on the grain. Based

_on the surface tension determination at the phase separation boundary [19] and the minimum
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W', it may be established that not only round particles, as established in (1, 3], but also
acicular, rhomboid, rounded, and other particles oriented in the direction of liquid flow on
the PRS surface should be used as elements of the working surface. The principle was used
in the device of [16] in which the elements were acicular.

According to Eq. (4), at comparable conditions of d ~ §(8p), a surface consisting of
uniform-sized elements is ideal from the view of monodispersion [16]. For industrial condi-
tions, however, suffice to design a surface of elements of proximate sizes [20]; this agrees
with the conclusions of {3]}.

Having examined quasistationary drop formation, it may be noticed that this process
should proceed on a given element without interference from similar processes occurring on
the adjoining elements. Evidently, this is possible only when the distance between two ad-
joining elements is not less than the diameter of the drop formed on that element under the
given conditions. From Eq. (4), Rw® is a decisive value in this process (from the design
viewpoint). This conforms that the condition determining the size selection of the elements
in [3] is only an exceptional case.

On the whole, the specifications for the PRS could be formulated as follows [7].

The effective (spraying) PRS surface should consist of different-sized elements project-
ing over it. Among these elements, the surface at the drop formation center (on wetting)
should be minimal, i.e., tends to zero, and the elements should themselves alternate uni-
formly with the pores and their shape should promote flow only weakly when not wetted. The
element (on wetting) should be oriented on the spraying surface toward the resultant forces
which determine the liquid flow during drop formation. The distance between the drop forming
elements on the PRS effective surface should be not less than the given drop diameter at the
given centrifugal speed and the height of the element above the pore mouth (when not wetted)
should be more than twice the given drop diameter.

On the whole, the PRS material should possess high porosity, strength, compatibility witth
other sprayer components, ease of repair, corrosion resistance, stability at high tempera-
tures, and economy (17].

These specification were adopted when designing industrial spray-type equipment [20]
which demonstrated high operational efficiency [21].

NOTATION

d, drop diameter, m; D and R, diameter and radius of the sprayer, m; F, sprayer
surface, m?; K = 150 (1 — Epor)zg/(sséorééorK%’ geometric characteristic of the porous body;
p, liquid pressure, kPa; Ap, pressure drop in the sprayer, kPa; q, liquid flow rate from a
single grain, m3®/sec; Q, volume flow rate of the liquid, m3/sec; v, rotation speed of the
sprayer, m/sec; & and § or» Sizes of grains and pores, m; u, viscosity of the liquid, Pa-sec;
o, density of the liquid, kg/m3®; o, surface tension, N/m; and w, peripheral speed of the

sprayer, sec”*.
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OPTIMIZATION OF CHEMICAL ENGINEERING SYSTEMS WITH INDETERMINATE INFORMATION

V. V. Kafarov, V. V. Zolotorev, UDC 65.018.2.002.2
V. N. Bogdanov, A. M. Chekalln,
and V. V. \Garnov

1 é?he concept of three types of information uncertainty in chemical engineering sys-
~ tems (CES) optimization problems is introduced. The basic disadvantages of tradi=
iyer f« ,?\ tional optimization methods and existing approaches to the solution of optimization
" - S problems are formulatedﬁ Wlth a consideration ofi}nformatlon uncertainty factors.
1’ - A method of calculating the mean- integral optimization criterion is proposed and
' 4 iused to develop a CES optimization algorithm that permits the determination of op-
* g( timum values for the parameters of objects studied under real operating conditions.
" The effectiveness of the algorithm is demonstrated by solving test problems. J

. Traditional methods of solving optimization problems often provide unsatisfactory re-
k%sults from the practical point of view. This condition can stem from neglecting a series of
%objectively present uncertainty factors when the original problem is formulated. The major
- uncertainty factors are: l) uncertainty in the optimization parameters because it it impos-

sible to stabilize them precisely at an optimum level, which ma%kes it necessary to determine

o1s an optimum position within a permissible search region (PSR) that is no longer a point (which
limits traditional methods) and in some region of uncertainty whose dimensions depend on how
much the optimization parameters can deviate from their own nominal values; 2) uncertainty
in the parameters of the optimization criterion due to the fact that several quantities neces-
sary for their calculation (such as the parameters of mathematical models) can be assigned

83) . with only a certain degree of accuracy, making it necessary to account for possible deforma-

- tions in the hypersurface of a criterion due to fluctuations in the quantities that make it

q up; 3) uncertainty in the limitation parameters, often because it is impossible to assign

o.
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