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KINETICS OF THE REMOVAL OF LIQUID FROM CAPILLARY-
POROUS BODIES IN A FLUIDIZED BED UNDER
NONISOTHERMAL CONDITIONS

E. N. Prozorov UDC 66.015.23.936.8

A theory of mass transfer in capillary-porous bodies is proposed which allows for thermogradi-
ent transfer of a bound substance in liquid form. The results obtained are used to calculate the
process of drying of ceramic articles in a fluidized bed.

Existing methods of calculating processes of drying of capillary-porous bodies under isothermal and non-
isothermal conditions are based mainly on analytical solutions of the system of differential equations of heat
and mass transfer known from the phenomenological theory of irreversible processes [1, 2]. The main obstacle
to the wide use of these equations is the considerable nonlinearity of the problem- the dependence of the kinetic
coefficients appearing in them on the concentration of the bound substance and the temperature {3-5]. Under
isothermal drying conditions (in the case of bodies of small size), calculations with allowance for the dependence
am = £(u, t) are made by zonal methods [4]. In the presence of a temperature gradient within the material being
dried, the number of criteria determining the kinetics of the process grows considerably [6], and it becomes
impossible to use the zonal method of calculation. In such cases one artificially separates the heat- and mass~
exchange processes and allows for the influence of the temperature field on the kinetics of the mass transfer
using functions obtained from experiment for the relation between the volumetric-mean concentration and tem-
perature [7], which are subsequently used in calculations of transfer processes in systems having a solid phase
under quasi~isothermal conditions. However, numerous experimental data give evidence of temperature gradi-
ents which exert considerable influence on the kinetics of the drying process [8-10].

Moreover, it should be noted that a phenomenological examination of the stated problem does not allow
one to characterize the fluxes of the bound substance in a porous body.
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Fig. 1. Model of capillary-
porous body and calculating dia-
gram for first stage of the pro-
cess.

In contrast to the well-known reports {1, 2], we will seek solutions on the basis of an investigation of the
flow of a bound substance in the form of a liquid in the pores of a model capillary-porous system with allowance
for film transfer. In doing this we will be confined to consideration of the case when transfer in the vapor phase
can be neglected. Such conditions occur, for example, in the low-temperature heat treatment of ceramic arti-
cles [11], when the binding is paraffin.

As the model pore structure we use a system consisting of capillaries of two different radii; R, and R,,
joined over the entire length (Fig. 1). Such a model fully corresponds to a number of ceramic materials for
which a pore size distribution of a bimodal character has been established experimentally [12-14].

Before the final firing, articles made of commercial ceramic are subjected to low-temperature heat
treatment to remove from them the organic binder, in the given case paraffin. The process of removal of the
binder proceeds most efficiently in a medium of disperse fluidized adsorbent [15], when a capillary-porous body
is submerged in a fluidized bed at a temperature which excludes the evaporation of the liquid, external mass
transfer takes place through the drawing up of liquid by porous particles colliding with the surface of the solid
body [16].

Let us write the equations for the liquid fluxes in the model capillary-porous system. In narrow capil-
laries one observes a viscous flow of liquid due to the difference between the pressures at the menisci of the
wide capillaries and the surface of the porous body,

PR: _ Ap (1)

MEEUT—

where AP = Py—20(xy)/R;. In wide capillaries the liquid flows in the form of a film under the action of the gra-
dient of the disjoining pressure. In contrast to isothermal mass transfer {16], however, flow also occurs in the
films under the action of the temperature gradient, which is significant inside the solid body. Adopting the hy-
pothesis of additivity of these fluxes, we can write [17]

. _ 20k ol | ph® 9o OT

B 3T]R1 ox ’ ’Y]Ri oT Tix— =n + T

(@)

In (2), I = P—0/R, is the disjoining pressure.

Let us examine the liquid fluxes in Eq. (2) separately. Taking the isothermy of the disjoining pressure
for nonpolar liquids in the form [18]

1= Aln3, (3)

after differentiation of (3) and its substitution into the first term of Eq. (2), we obtain

j1— — 204 ok @)
T]Rih 0x
We rewrite (4) in the form
olnh . Ny -
= e— —_— =, 5
ox 204 (5)
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Fig. 2. Dependence of surface ten-
sion of paraffin ¢ (dyn/cm) on tem-~
perature.

where @ is a constant which does not depend on x. Integration of (5) over h in the limits of hy— h(x;) and overx
in the limits of x;— L, with allowance for the relations

AI/B ] Al/s 20'()50)
hF(;,a—m)m' = (- T BT TR ©
[ R— Xo T T
Ry Ry

which follow from (3) gives, after the necessary transformations,

1 Pe—o(LYR,

=a (L — x). (7)
3 o (%o)/R; o (k=)

Using (5), we obtain the equation for the flow in the film under the action of the pressure gradient in the form

i = ln{P" —o(L)/R, } 24 ' (8)
o (x%)/ Ry 3R (L — xp)

In connection with the fact that the temperature in a porous body varies over the thickness, the surface tension
of the liquid also will be different in different cross sections. The temperature dependence of ¢ for commer-
cial paraffin of brand A, presented in Fig. 2, was established experimentally by the method of liquid rising in
capillaries.

Thus,
o=c(To)+%;,—AT=oo—ﬁ<T—To), 9)

where 8 =— 80/8T is the tangent of the slope angle of the experimental straight line. In accordance with (9) we
obtain the following expressions for ¢ at the surface of the body and for the meniscus levels of wide capillaries,
respectively:

o(l) = o, — B(Ta —Ty), (10)
6 (x5) = 0o — BT (%) — Tl (11)

We will be confined to consideration of the solution for an unbounded plate. For this case the temperature T(X,,
T) can be written in the form [19]

Ta— T (x,, Fo) 2 Xy P (12)
[l S . Wi A ‘ —(— Dt cos u, =2 exp (— u;Fo).
Ta—T, N ( ) cosu I p (— pxFo)

n=1

After a small time interval (Fo= 0.45), the ferms of the series higher than the first can be neglected, as shown
in [19], and one can use the simplified expression
Ta—T(x, Fo) 2 Xy

25 v 13)
—— COS My —~ exp{— piFo), {
Ta—T, e He L p (= piFo)

in which the first root of the characteristic equation is p, = 7/2. Substituting Eqs. (10), (11), and (13) into (8)
gives the final equation for calculating the flow of film moisture in wide capillaries under the action of the pres.
sure gradient. The thermogradient flow in films is written as follows:
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Since jiy does not depend on the coordinate, the right side of (14) also does not depend on x. Consequently, the
flow can be referred to the surface of the porous body (x= L). The film thickness hy, at the surface of the body
is described on the basis of (6). Using this dependence, for the flux jj, we will have

C ppA?’? oT (L, =) ) (15)
== R, —c Ry 0%

The value of the derivative 8T (L, 7)/8x at the surface follows from Eq. (13):

dT (L, Fo) = 2(Ta —Ty) exp (___n_z Fo) . v (16)
ax L 4

The total fluxes in the wide and narrow capillaries of the system are written as

7 — Fy(j1 +jn) _ 2p4n, ln{ PO—G(L)/Ril . pBA2/3n, oT (L, 1) , amn
: F 3R (L — X,) o (%0)/R; R (P, — o (LYR)? ox
7, — __PRiny (P _ 2olx) } (18)
T By U R, |-

Since all the liquid supplied to the surface of the body is drawn off by porous particles colliding with it, the
fluxes from Egs. (17) and (18) can be equated to the external moisture flux, for which an expression was ob-
tained earlier [16],

in which o is the coefficient of external mass exchange; Wg, Wp, surface moisture of the body and of the par-
ticles; Pp, capillary potential of the particles. Thus, we can write

Jy 4 Iy = aWs (1 — WpV Pp— P, (20)

The equation which we lack, for determining the pressure P, at the surface, is obtained from the condition of
lowering of the menisci of liquid in wide capillaries:

nyp Z:“ = —aW; (1—W,)V Pp—P,. (21)

We will consider the case of a sufficiently large number of porous particles, which makes it possible tosetw, =
0 in future calculations. The surface moisture of the capillary-porous system in the first stage of the process
is written under the assumption that the film thickness is small in the mouths of wide capillaries:

Ws =m 2y + ne & 11y, (22)
) R, : .

Substituting the expressions for the fluxes into (20), after the necessary transformations we obtain, with allow-
ance for (22), the equation

_dx _ w g q200r —y(dxd) —o(L)Ry
& L—x | o (xo)/ Ry {
2 \
i I
4
T {2077 — ¥, (dxg/dTE — 20 (%g)/R 1327 + L —x {20/r — v, (dxo/d)2 — 20 (x,)/R,}, (23)

which establishes the dependence between the amount of liquid in the capillary-porous system and the rate of
fall of the menisci in the wide capillaries.

The condition under which falling of the menisci in the narrow capillaries will not yet occur has the form
Py="Pye = 20/R, Or x,= Xge. At the initial time the porous body is completely filled with liquid and Py = 0. After
a brief time interval, however, a pressure P(0) = 20/R, is established in the narrow capillaries (16]. The posi-
tion of the menisci in the large capillaries at which the menisci in the small capillaries start to fall (the start
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Fig. 3. Dependence of dimensionless intensity of mass transfer on dimen-
sionless coordinate of meniscus in narrow capillaries; 1) nonisothermal;
2) isothermal conditions.

Fig. 4. Comparison of calculated and experimental values of intensity of
liquid removal; 1) isothermal; 2) nonisothermal conditions; (dw/dT), 1/
sec.

of the second stage of the process) can be obtained from (23) by the substitution DPpe = 20/R2. Equation (23) can
be solved on a computer using the Runge— Kutta method [20]. For this purpose it is more convenient to repre-
sent it in dimensionless form:

_dn g I { 20/r — 33 (dzy/d,)t — o (LY/R, }_
dr,  1—12, o (Zo)IR:
To—Toy exp | — o ZT0To0 (24)
B v3(Ta ,To)exp( i I2 ) i {26”__?;( dz, )2_ 20 (Z,) }
{20/r — y2 (dzoldT2 — 0 (Z)/R}® ~ 1—2, dr, Ry
The following notation is adopted in Egs. (23) and (24):
2pA ( np \? 284%° X T
Y:-—m»h* sz), 'Ya——m?]—, o*‘E’To—‘,c—"mv
Rénz . ’ L? . Too ,
Yy = VLT ViToos Y2 =TYa 5 V3=9Y3 5 V4= ViToo-
fl18'|'] Too L

In Fig. 3 we present the results of calculations of the dimensionless rate of fall of the menisci, dz,/dr,
as a function of (Zg,— Z,) for steatite ceramic. The calculations were made for the following conditions: R, =
107° m; Ry=0.5-10""m; r=10"°m; p=820 kg/m’; A=10"1erg; T,=373°K; a=0.9710-° kg/m" sec -
N%% L=5-10-3 m; B=0.072-103 N/m °K; 0;=25'10"° N/m; 7y, =120 sec; ;=300 W/m?.°K; A=4.5 W/
m-°K; 7 =10-%2 N-sec/m? with (straight line 1) and without (2) allowance for the nonisothermal flux. As seen
from Fig. 3, the presence of a temperature gradient considerably reduces the intensity of the process of re-
moval of the bound substance.

Introducing the average moisture, corresponding to the degree of filling of the pore space with liquid,
@ = ny + ny-Zg, (25)

we can change from a dependence of the type of i(Z;) to equations of the formi(w). The results of calculation of
the mass-transfer intensity dw/d7 as a function of the volumetric moisture are shown in Fig. 4. The experi-
mental data for steatite ceramic (points) were obtained during the removal of paraffin binder in a fluidized bed
under nonisothermal and isothermal conditions. In the latter case the specimen, in the form of a plate, was
heated in the fluidized bed without mass transfer. The comparison of the experimental and calculated values of
dw/dt indicates their satisfactory agreement with allowance for the tentative nature of the adopted values of the
parameters appearing in the expression for «. '

If the porous body has a large enough extent, then when x; = x)e the second stage of the process starts—
the absence of menisci in the narrow capillaries. This stage should correspond to a sharp decrease in the in-
tensity of liquid removal [21].
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NOTATION

t, T, temperature; ay,, coefficient of moisture conductivity; p, n, o, density, viscosity, and surface ten-
sion of liquid; h, thickness of liquid film; II, disjoining pressure; A, Hamaker constant; «, coefficient of ex-
ternal mass exchange; o, coefficient of heat transfer; 2, coefficient of thermal conductivity; Fo, Fourier
number; w, volumetric moisture content of porous body; Wg, surface moisture content of body; n=n, +n,,
porosity; r, pore radius in the particles; F=F,+ F,, surface area of porous body; R, R,, radii of wide and
narrow capillaries; u, moisture content; xg, Xye» coordinates of menisci in wide capillaries and at end of first
stage, respectively; P, Py, pressures at surface of body and at end of first stage, respectively.

LITERATURE CITED

1. A.V. Lykov, Drying Theory {in Russian], Energlya, Moscow (1968), p. 45.

2. A, V.Lykov and Yu. M. Mikhailov, The Theory of Heat and Mass Transfer [in Russian], Gosénergmzdat
Moscow— Leningrad (1963), p. 23.

3. E. N. Prozorov, S. P. Rudobashta, and V. T. Borislavskii, "Expenmental investigation of mass conduc-
tion in the process of heat treatment of commercial ceramic," Tr. Mosk. Inst. Khim. Mashinostr., No.
46, 9294 (1973).

4. A. N. Planovskii, S. P. Rudobashta, and G. S. Kormil'tgin, "Determination of the region of the regular
mode in problems of mass conduction," Teor. Osn. Khim. Tekhnol., 6, No. 3, 459-462 (1972).

5. V. T. Borislavskii, "Influence of physical properties of the liquid on mass conduction during drying of
capillary-porous materials," Author's Abstract of Candidate's Dissertation, Mosk. Inst. Khim. Mash-
inostr. (1974).

6. E. N. Prozorov, V. F. Utkin, and A. A. Platonov, "A method of calculating transfer processes in solid
porous bodies," Tr. Nauchno-Issled. Inst. Avtopriborov, No. 40, 15-18 (1976).

7. A.N. Planovskii, "Mass exchange in systems having a solid phase," Teor. Osn. Khim. Tekhnol., 6, 832~
841 (1972).

8. A.YV. Lykov, Heat and Mass Transfer in Drying Processes [in Russian], Gosénergoizdat, Moscow (1956),
p. 83.

9. A. M. Globus, "Experimental investigation of the phase composition of the moisture of soils and earths
moving under the influence of a temperature gradient," Dokl. Akad. Nauk SSSR, 132, 918-920 (1960).

10. M. P. Volarovich, N, I. Gamayunov, and P, N. Davidovskii, "Investigation of the kinetics of heat and mois-
ture conduction in disperse materials using gammascopy," Kolloidn. Zh. 27, No. 1, 3-7 (1965).

11. E. N. Prozorov, "On the realization of the process of preliminary heat treatment of ceramic articles in
a fluidized bed," Steklo Keram., No. 1, 30-32 (1978).

12. B. A. Larionov and L. S. Slobodkin, Contact Mass Exchange in the Heat Treatment af Commercial
Ceramic [in Russian], Nauka i Tekhnika, Minsk (1969), p. 68.

13. L. B. Rothfeld, "Gaseous counterdiffusion in catalyst pellets,"” AIChE J., 9, 19-24 (1963).

14. E. N. Prozorov, A. A. Platonov, and V. S. Glazachev, "Investigation of the pore structure of intermediate
products of ceramic articles from the aspects of the drying process," Aviotrakt. Elektrooborud., No. 3,
12-14 (1979).

15. E. N. Prozorov, "On mass exchange between a fluidized bed and a submerged surface," Izv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnoo., No. 7, 1114-1199 (1976).

16. E. N. Prozorov, V. M. Starov, and N. V. Churaev, "Kinetics of the removal of liquid from capillary-porous
bodies by fluidized porous particles, Report 1," Inzh.-Fiz. Zh., 34, No. 3 (1978).

17. O. A. Kiseleva, V. M. Starov, and N. V. Churaev, "Calculations ‘of film flow under the action of a tempera-
ture gradient in conical capillaries," Kolloidn. Zh., 39, No. 6, 1164-1167 (1977).

18. 1. E. Dzyaloghingkii, E. M. Lifshits, and L. P, Pitaevskii, "The general theory of van der Waals forces,"
Usp. Fiz. Nauk, 73, 381-420 (1961).

19. A. V. Lykov, ThE_'_I‘heory of Heat Conduction [in Russian], Vysshaya Shkola, Moscow (1967), p. 191.

20. H. H. Rosenbrock and C. Story, Computational Technigues for Chemical Engineers, Pergamon Press,
Oxford— New York (1966).

21. E. N. Prozorov, V. M. Starov, and N. V. Churaev, "Kinetics of the removal of liquid from capillary-porous
bodies by fluidized porous particles, Report 2," Inzh.- Fiz. Zh., 34,No. 4, 660-666 (1978).

726



