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Abstract. We present results of development of mathe-
matical models of external mass exchange in extraction of
desired products from vegetable raw materials and
mathematical models for the determination of the
minimum time of achievement of the equilibrium state of
the system and the current concentration of a soluble
substance for their using in the optimization of operation
of solid-phase extraction equipment.
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1. Introduction

The design of extraction equipment was aways
connected with the search of new methods and forms of
providing the efficient interaction of phases, which are
determined by the hydrodynamics created by working
elements of the apparatus. Despite the range of diverse
problems of individual stages of design, there exist general
approaches and criteria of determination of the process
efficiency of the designed apparatus. Among these, first of
all, we should mention mass-exchange characteritics that
are system-used in al stages of design of extractors: deter-
mination of the working volume of the apparatus, power of
the drive, the design of working mixing and, sometimes,
transporting devices, which set a certain hydrodynamic
dtructure of the working flow in the apparatus.

The use of traditional methods for the
determination of the intensity of external mass exchange
based on the consideration of elementary processes for
bodies of the simplest geometric shape under conditions
of constant convection beyond the body simplifies too
much the determination of the identity of theoretical and
experimental data, in particular, in the evaluation of the
kinetic coefficients. On the other hand, the consideration

for al the factors that influence the process
(hydrodynamics of the extractant flow around the body,
velocity field, and extractant concentrations around a
particle, geometric features of a particle, its diffusion
features, etc.) complicates the choice of the method for the
determination of mass-exchange characteristics that are
most important for extraction.

The authors put forward the urgent problem of
development of new experimental express methods for the
determination of mass-exchange characteristics of
extraction equipment of different modifications. In our
opinion, the method that uses the process of interaction of
a system of solid bodies with liquid, e.g., the process of
dissolution of salts in the liquid medium by the diffusion
mechanism (without precipitation of the solid phase,
evolution of the gas phase, and chemical transformations),
deserves attention. The results of this method take into
account only external mass exchange, the efficiency of
which is provided by the perfection of the design of the
extractor and its individual € ements, but do not take into
account internal diffusion movement of the desired
component inside the solid phase, which is determined by
the technological conditions of the process (temperature,
particle size, dadticity of particles, water duty, etc.).

2. Experimental

Previoudy [1] we used general approaches of
P. Loboda [2] for the study of the influence of low-
frequency mechanical vibrations of a vibromixing device
on the rate of dissolution of mode specimens of
substances with the diffusion type of dissolution, namely,
aluminum sulfate crystalline hydrate Aly(SO4)3-18H,0,
and now, extending these investigations, we are using
them for the condition of periodic and continuous
extraction of desired components from vegetable raw
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materials with the aim to develop mathematical models
for other variants of saturation of the working medium of
an extractor by the dissolved experimental substance.

Investigations were performed with the use of
model specimens of aluminum sulfate of specified
cylindrical shape (with the diameter of 14-10° m and the
height of 22-10° m) with ends protected with a special
coating by the technique described in [1] on laboratory
periodic and continuous vibroextractors according to the
schemes shown in Figs. 1 and 2, respectively.

For instance, in the thermostatted cylindrical body
(1) of the periodic vibroextractor (Fig. 1) 0.31 m in
diameter and 0.4 m in height, a vibromixing system
consisting of a flexible container (7) of special design [3],
fixed on a sieve support (8), and connected by a rod (5)
through the upper perforated disk (6) with a vibrodrive (4)
is located. Experimental specimens (10) intended for
dissolution were fixed in a holder (11) of a bar (12) and
together with it were dipped into the specified point of
measurement. The specified coordinates of the point of
measurement were provided by the adjusting device (2)
with rulers (3) in theradial direction R from the axis of the
apparatus with a step of 20-10% m and in the vertical
direction h with a step of 50-10° m. The height of the
column of the extractant H remained constant and equal to
0.180 m for al water duties. Investigations were
performed by using leaf tea raw material, which was
charged into the perforated flexible container (7) with
water duties (10:1)~(30:1) with the step of (10:1). The
frequency of vibrations of the vibrosystem was varied
from 3 to 9 Hz at the fixed amplitude of 20-10° m,

The experimental continuous vibroextractor (Fg.
2) was made in the form of a cylindrical shell (1) with the
diameter D = 0.3 mand the height H = 1.5 m from organic
glass and stainless deedl. Inside the shell, vibromixing
devices (7) of specia design [4] consisting of a perforated
disk with a board along the periphery, transporting
elements and filtering elements (8) are located. The
vibromixing devices (7) are alternately fixed on vertical
rods (5) with the possibility of executing longitudinal
reciprocal movements (through the vibrodrive 11) with
the frequency of 1 to 10 Hz and the amplitude of 5, 10,
and 1510° m (discretely). Experimental specimens
intended for dissolution (10) were fixed in the holder of a
bar (4) and were dipped through a guide glass pipe (3)
into the specified point of measurement. The height of the
extractant column H in the apparatus remained constant
for all water duties. Experiments were carried out by using
cone hop (solid phase), which was charged under the
lower transporting device with water duties of (10:1) to
(30:1) with the step of (10:1). Under the action of the
energy of low-frequency mechanical vibrations of the
vibromixing system on the two-phase system, it separated
into a solvent cake and extract, as described in[5].
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For the periodic and the continuous process, we
used portable water at the temperature of 293K as an
extractant; the specified dissolution time (dwell time) of
experimental specimens in it was 60 s, and the masses of
the specimens before and after dissolution were
determined. It should be noted that the dissolution of
chemically homogeneous  (individual)  substances
proceeds on the externa surface, and, during extraction of
components from the vegetable raw material, the external
surface of their particles hasan irregular structure, and the
dissolution process of components propagates into their
internal layers. It is clear that the evaluation of the
efficiency of externa mass exchange by the given
procedure has a certain error, which is relatively
insignificant in practical application in the design of the
apparatus and optimization of the process in it. The
dissolution rate of the chemically homogeneous substance
depends on the resistance to diffusion transfer from the
internal layers of particles of the raw material to the
interface and resistance to dissolution of the substance on
the surface of particles and to removal of the substance
from the surface of the particle into the bulk of the
solvent. Fig. 3 illustrates the concentration distribution of
a component near the surface of dissolution. Since, in this
case, the stage of dissolution is limiting, the concentration
of the substance on the surface of the specimen (particle)
is the saturation concentration, and the mass transfer
coefficient is practically equal to the dissolution

coefficient K, which is determined from the main
differential equation of mass transfer

dm=K,, xF(t)4C, - C(t))dt (1)
where m is the mass of the dissolved substance of the
specimen, C,, and C(t) are the saturation concentration

of the substance in the boundary layer of the specimen and
the current concentration of the substance in the main
mass of the solvent, respectively, F(t) is the current
surface of dissolution of the specimen, and t is the
current time of dissolution.

Taking into account the aforesaid [1], we obtained
the following equation for the determination of the

dissolution coefficient K, for the condition of dissolution

when the mass of the specimen does not exceed its mass
under the conditions of the equilibrium state of the

specimen-solvent system, i.e, G, <n" or G, <C */:
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where G, and n" are theinitial mass of the specimen and
its mass under the conditions of equilibrium of the system,
respectively, C* is the equilibrium concentration of the
substance, V is the working volume of the apparatus,
F (t) isthe current area of the surface of the specimen, g

is the change in the mass of the specimen for the time
from the moment of dipping into the working point and to

Vegatble raw material

Extractant

Extract

TN

Fig. 1. Scheme of an experimental periodic vibroextractor:
body of the apparatus (1); adjusting device (2); rulers (3);
vibrodrive (4); rod (5); perforated disk (6); flexible container
(7); sieve support (8); mesh barrier (9); experimental
specimen (10); holder of the specimen (11)

and bar (12)
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'
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the moment of removal fromit (change in the mass for the
time (Dt, +Dt,), Fig4), G, (t) is the measured mass of

the specimen removed from the reactor, and
p=,/C %/ -G, is the redesignation of the complex of
magnitudes [1].

The scheme shown in Fig. 4 illustrates the time
characteristics of the experimental measurement.
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Fig. 2. Scheme of an experimental continuous
vibroextractor: body (1); rulers (2); guide glass pipe (3); bar
(4); rods (5); tray (6); vibromixing device (plate) (7);
transporting and filtering el ement (8); mesh barrier (9);
vibrodrive (10); frame (11); connecting branch pipe with a
charging device (12) and specimen (13)

Fig. 3. Scheme of concentration distribution of the dissolved
substance near the surface an experimental specimen:

F(t) — the varying surface of dissolution of the specimen;
C(t) —the current concentration of the substancein the main
working flow of the extractant; C* and Cy — the equilibrium
concentration and the saturation concentration of the
substance on the surface of the specimen, respectively;

d —the thickness of the diffusion layer
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Fig. 4. Scheme of the distribution of the dwell time of a specimen in the working volume of the apparatus:
t, —the contact time of the specimen with the surface of the extractant in the working volume of the apparatus,

t, and t —theinitia timeand final time of the dwell of the specimen at the specified point of measurement,

respectively; Dt,, Dt , and Dt, —theduration of dipping of the specimen, duration of holding
at the point of measurement, and duration of remova from the working volume

of the apparatus, respectively: Dt, =

ty- to); Dt=(t-t,); Dt,

=(t-t); t —thetotal timeof contact

of the specimen with the extractant in the working volume of the apparatus t = (Dt ,+DE+ Dt 2)

The next stage of consideration of the dissolution
conditions of the experimental specimen of aluminum
sulfate is the case where its initial mass G, exceeds the
current equilibrium mass of the substance n’, i.e,
G,>n or G,>C %/ (the second condition).

For this purpose, we perform the corresponding

transformations of Eq. (21) from [1], which describes the
change in the mass of a specimen withtime Dt .

MO — a0 - )

fm(t,) =0,

3)

Kn X ().

Vx[G,
To solve Eq. (3), we use the method of separation
of variables, according to which the last eguation is

represented in the form:
dm(t) _
Ja- m) xb- m)
where m is the mass of the substance dissolved for the
time Dt =(t- t,).
Integrating the last equation, we get

where w= a:Go-g; b=m =n'-3J,

t
D= 0— axt-t). (4)
w,va- mxb-m)

Let us first find the indefinite integral of the left-
hand side of the latter equation. For this purpose, we
perform the replacement of the variables, namely,
y=a- m, dy=-dm, and obtain:

Dzo—‘ dm =
va- mxb- m)
oY d(/y)

Ofo-ary) - B-ary

The next replacement of the variables z=./y

(4a)

andy = 7" enablesusto get:

_ oy Uz
D_205-{:1+22 O (a b)’

To obtain a tabulated (standard) integral, we
perform the last replacement of the variables:

b=+va-b;, a-b=b?
Note: this replacement of the variables will be true
on conditionthat G, >n’.
Let us continue transformations as follows:
- b)

- 2>ﬁz ><0z b2:
oy dz _
=02 Qz-b)xz+b)

o oxA 1 é1 1 ud
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Thus, in view of the last result, with regard for Eq.
(3), Eq. (4) hasthe form:

o dm _1,Ra- m+b§ _
\/ mb-m b "§/a-m- b
)} é/a- m(t)+bu Ineﬂ/a m(t)+buiJ ©
e fa-my-by  eya- m,)- ba'i;
=a(t- t)) =axtt.

Let us determine m(t) from the last equation. For
this purpose, we reduce Eq. (5) to the form:

eJa m(t)+bU
@/a m(t) - bg
éJ/a+bu

=ax(t- t)+|ne—u
eva- b
whence we obtain:
Ja- mit) +b
Ja- mt) - b -

a+bo

)gabfa

Multiplying the left-hand and the right-hand side of
Eg. (6) by («/a- m(t) - b), we get .Ja- m(t) +b=
=jxya- mt)-b)or a- mt)x1- j)=-bxl+j).

Dividing the last equation by (1- j), we obtain:

D) (0D
- t bv
JasmO) =0 Ty TP

By squaring the left-hand and the right-hand side of
the last equality, we get

(6)

where j =t

. .2
a- m(t) =b? >§e1—”9

éi-1g
whence m(t) =a- b2>€ej +18 @)
&i-1p
Note: taking into account that
At t) a+b0 -
Va- b3
we have:
DA o) a+b0 aa\/a‘*b >1
% Ja- bra §Va- bra
The last inequality is true, because

(Ja+b)>(a-b), and, thus, 2% >0; Therefore,

(\/5- b) >0. This note justifies the validity of the last
algebraic transformations.
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To determine finally the mass of the specimen
m(t) , we modify the expression:

a+b
x =~ +1

Ja-b
A1) o a+b -1

Ja-b

Taking into account the validity of the trans-
formations

Va+b J5+Ja_ _(a+ya-b)’ _

@A)
j+1_

j-1

Ja-b +a-a- a- (a- b)
(\/a‘l‘\/a—) a>b>(tto)>(\/a+\/a7)2+b
b ab%tto)%\/a_k\/a_i)Z_

accordingto Eq. (7) andinview of a=G, - g b=m,

b=va-b=[G,- m - 9 a=fn’S :
2 V %G,

we finally find the following equation for the calculation
of m(t):

=g -3.8 -3¢
m(t) =G, > géo m

0,
255

é% 62 UZ

2 \/Go- q+\/GO- m-92 +moeswq
A 2% u

& a (8

.2

&

P a a6 . v
gai/Go'q"'\/Go' m _Hi -m ,e-g%t-to)g
B2 25 0

Where

g=ax=" ©

Egs. (8) and (9) describe the dynamics of the
change in the mass of the dissolved substance (specimen)
in the apparatus in the case where G, >n'.

To determine the dissolution coefficient K., which

is an analog of the mass-transfer coefficient, we return to
formula (5), from which we get:

1xg &/a- mt) +b6 Inaaﬁm
g«/a m(t) - b E@-
Whence we determine the parameter a
€z /a- m(t) +b ol
gg/a- m(t) - bfal:il',

H=a(t-ty)

i
T
1 T
a= X In
T
i
i

b(t- t,)
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.1 & W moeop{Ja-b)g
) R
) ggJG m)- 4 \/G m - g%gjeo-g- Go—m*—ggg
K F() eé\/G - - - )E\/ 3 Joni- 2%‘2(10)

Vi,

q(t' to)

G,-m -2
\}" 2

For convenience of representation of Eg. (10), the
following notation is introduced:

P :\/Go- @-im - %, 1=0;1 (11)
Then wefinally have:
G,- m(t)- - +R{R-R)
Vx/G, gg\/i :( U(12)

"TEOR(-t) e
R ) @g /G m(t)-—- P:(P+P)
E
where m(t) — the mass of the dissolved substanoe of the
specimen in the apparatus at the moment of time t and

g%o - m(t) - gg is the mass of the specimen after its
2

removal from the apparatus at the moment of time t .
Thus, the mass of the substance of the specimen
dissolved for the dwell time at the working point, i.e. for

Dt =(t+t,), is determined from the material balance

(under the taken condition of equality of the changes the
mass of the specimen during its delivery to the working

point ¢, and during its removal from it q,, i.e,

a=a,=3

-G - -G - 90_ . _q
G(t)=G, - n(t) =G, g?n(t)+25 G, - m()- - (13)

With regard for (13), Eq. (12) for the determination
of the mass-transfer coefficient takes the form:

_ VxGyx ( G(t)+P)(P-P)ﬂ

"TEOREL) | ( GO- R)(R+R,)Y

For practica calculations (with an admissible
aror), F(t)» F,.

Let us consider the last third case where the initial
mass of the specimen G, is equal to the current
equilibrium mass of the substance in the working volume
of the apparatus, i.e, G, =n" or G, =C" %/ (Eq. 2).

For this purpose, we return to Eq. (5). Taking into

account that in this case a=b the integrand in eguation
(4a) issmplified and takes the form:

(14)
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-2)(()_:_2 . ===

z &z z Jy Ja-m
In the case of using the last expression, A takes the

form:
t

dm 2 [ _
Ofa-mea- m J ml,
>§r —_ \/5 —a(t t,) (15)
whence we separate m(t) :
;:la(t_t)+i or
a- mt) 2 " Ja
[a- mt)] = € a(t t)+\/,_
Then m(t):a-?a(t t)+\/,_ or
ag
.2
T 2g-9 2
m(t) =G, - g ¢ - 2 T (1w
¢a Go-i(t-to)+25

If we denote R, =

O
3
N2
1]
O
Ox-
<
]
o

- q
R= GO-E

then, finally,
.2

k=< 2R, 0
LR (- 1)+ 2,

Let usdetermine K, inthiscasefor G, =n'.
From Eq. (15) we have
2 e 1

B (t - to) g\/m

Whence

« = G 9 11T
" F(t)%tt)q\/ q \/ g+
gCom 57 MB 4Gom 2

In Eq. (17), we substitute the time t for (t, - Dt):

m(t) =G, - g - (16)

1 0_K, F(1)

ngV\F

o:

(17)

< %G, & 1 10
"= E - b- ) §/50 D) R
and finally get:
G § 1 1% (18)

Km
FOA6-D0 ¢ 5,8 R
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This equationistruefor G, =C" »/.
Let us now return to Eqg. (15) and substitute the
time t for (t- Dt); thenweget:

/ t+ +R{R-R)
K = V)‘\/Gio % &0 —( U(19)
m F(t)PO(t-tO-Dt) eae
Sg\/Gv(t)F- (F’1+F€J)EI
ﬂ

This equationistruefor G, >C" »/.

Comhbining Egs. (2), (18), and (19) we obtain a
generalized computational equation for the determination
of the mass-transfer coefficient K, for three analyzed
cases of theratio of the masses of the dissolved substance

V3G,

L 20
o F(t)>(t-t0-Dt)>U(t) (20)
Where
:: Eg,/Gv(t)+2+P—(P P)ﬂ
T2 2 & (G, >C W)
iR gaeev(t)+9-p9(p+|:)g
: ég 2 OE 17 Mo H
I & 5 10
126 ¢py g\/GV(t)“ngj R
U(t)—:Egarctgs—H- arctgng%, (G, <C %)
g : o
i@ 0
':'2g; %: (G, =C" ).
P Gen+d
tI'he equations of system (21) contain

P =G CW ; Ji_ NN

F, =2px(t,)*; r(t,) is the radius of the specimen
before dipping into the apparatus, G, (t) is the measured
mass of the specimen after its removal from the apparatus.

The obtained system of Egs. (20)—(21) can be used
in the physical or the mathematical modeling of the
periodic or continuous extraction process for the
evaluation of the external mass exchange in the two-phase
solid body—iquid system under different conditions of
saturation of the working volume of the apparatus by the
experimental substance.

In our scheduled and realized experiments (under
the conditions of periodic and continuous vibroextration),
the mass-transfer coefficients K, were determined from

the equation of the obtained mathematical model (20), i.e.,
for the dissolution conditions where the mass of the

specimen does not exceed its equilibrium value (G, <n’).
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3. Results and Discussion

From the obtained experimental data we deter-
mined the dependence of the mass-transfer coefficient K,
on the effective Reynolds criterion that takes into account
the hydrodynamic regime of extractant flow around the
investigated specimen of the soluble substance in the
volume of the apparatus K,, = f (Re,) .
The effective Reynolds criterion was determined
from the following equation:
Re, = Mde 22)

nl'[
where w, =w,h — the mean integral velocity of pulsing
flows (generated by the vibromixing device) over the
working volume of the apparatus; d, — the equivalent

diameter of the specimen of the soluble substance; n, —
the kinematic viscosity coefficient of the solvent near the
surface of dissolution; w, =2Af (1- €)/e — the initial
velocity of pulsing flows of the working medium in the
vibration period [5]; e—the part of the free cross-sectional
area of the working apparatus in the zone of location of
the vibromixing device; A and f — the amplitude and
frequency of vibrations of the vibromixing system,
respectively; h :]/(1+ L/D)"™ - the damping coefficient
of vibrations of pulsing flows of the working medium
(solvent) at the distance L from their source for the

continuous  vibroextractor; h=1/(1+R/D)" - the

damping coefficient of vibrations of pulsing flows of the
working medium (solvent) at the distance R from the
symmetry axis of the vibrating device (for the periodic
process); D — the diameter of the apparatus,
m=2+0.5x0°nf + gB — the exponent that takes into

account the character of propagation of waves in the solid
body-liquid system [6], where m is the dynamic viscosity
coefficient of the extractant, B is the specific load of the
apparatus with respect to the solid phase, and g =0.006
is the constant coefficient at B.

Individual results of our experiments on the
determination of the influence of turbulent pulsing jets
generated by overflow elements of vibrotransporting
devices during continuous and periodic extraction on
external mass exchange were generalized in the functional

coordinates Sh/Sc™® = f(Re,) by linear dependences
with a varying angle of inclination and are shown, as an
example, in Fig. 4. In the presented function,
Sh=K,xd./D, is the Sherwood criterion, which
characterizes the ratio of the intensity of the process

caused by convection to the intensity of the process
caused by diffusion (under conditions of the stationary
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medium), i.e., the influence of vibrations on the rate of
mass transfer; Sc=n, /D, isthe Schmidt criterion, which

characterizes the ratio of the intensity of diffusion of a
pulse (viscosity) to the intensity of diffusion of the
substance, i.e, in this case, the relative role of molecular
processes of transfer of the momentum and of the transfer

of the mass of the substance by diffusion; n, is the
kinematic viscosity coefficient of the solution; D, isthe

diffusion coefficient of the specimen.

Asisseen from Fig. 4, pulsing flows (line 3) for the
periodic process at indggnificant numbers Re, (to 80) have
a somewhat larger efficiency of action than for the
continuous process even in the absence of the solid phase.
Obvioudly, this is affected by the design of the apparatus
and by the fact that turbulization is realized in the smaller
working volume. At the same time, further intensification
(increase in Re,) does not lead to an increase in external
mass exchange: here, experimental points begin to locate
stably horizontally, i.e., the structure of the flow becomes
closer to the structure of ideal mixing.

For the continuous process, the pattern is somewhat
different. The graphs (lines 1 and 2) change the slope
angle depending not only on the intensity of vibrations or

Sh

Se o o o
160 f—a =
=) ol o o »

20 '/’.

50 100 150 200

. L L L I N
250 300 350 400 450 Re,

4. Conclusions

The obtained results and proposed methods for
the determination of the level of external mass exchange
can be used to determine and justify the mode in which
the process of continuous or periodic vibroextraction
should be carried out under production conditions and
evaluate the perfection of the design of the extractor in
optimization of its operation.
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Fig. 5. Generalization of results of investigations of external
mass exchange under conditions of periodic and continuous
vibroextraction with the use of model specimens. e — continuous
vibroextraction with a solid phase (1); m — continuous
vibroextraction without a solid phase (2); o — periodic
vibroextraction with a solid phase (3) and periodic
vibroextraction without a solid phase (4)
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PO3POBJIEHHS MATEMATHUYHUX MO/IEJIEN
30BHIIIHBOI'O MACOOBMIHY B YMOBAX
BIGPOEKCTPATYBAHHS 13 POCJTMHHOT
CUPOBUHH

Anomauia. Ilpeocmasneno pesynomamu po3poo6-
JIEHHS. MameMamuyHux mMooeneu 306HIUHbLO20 MACOOOMIHY
npu GUIYYEHI YiIbOGUX KOMNOHEHNIG I3 POCIUHHOI CUPOGUHUL,
a makodc MamemMamuyHux mooenei Onid GUSHAYEHHs MiHi-
MAbHO20 Yacy OO0CACHEHHS PIBHOBANCHO20 CIMANY CUCTHEMU
ma nomouHoi KOHYeHmpayii po34uHHoi peyosuHu, — oA ix
3acmocy8antst npu onmumizayii pobomu meepoopazo6oi
excmpakyitiHoi anapamypu.

Kniwouoei cnoea. mamemamuuni mooeni, maco-
8i00aua, oughysis, 6I0poeKcmpazy8anHsi, KOHYEHMpPayis.





