HEAT TRANSFER IN FLUID FILTRATION IN A CAPILLARY-POROUS
BODY WITH VARIABLE PARAMETERS

V. I. Potapov UDC 536.244:532.517

The problem of the heat transfer in fluid filtration in a capillary-porous body with
variable physical parameters is formulated and a numerical solution is obtained. As
an example, the impregnation of wood by antiseptic liquid is considered. '

Motion of a heat carrier through a capillary-porous body is accompanied by a change in
its parameters — viscosity, temperature, concentration — and this, in turn, leads to change
in structure of the body skeleton. Because such processes are so widespread, it is of great
practical interest to study them and to develop mathematical models for them, for example, in
the control and choice of the optimal technological conditions of hydrothermal treatment of
materials, wood, and petroleum extraction [1-6]. 1In.[2-5], the heat transfer in porous bodies
with continuous parameters was investigated. Investigation of heat-carrier filtration in
capillary—porous bodies with variable parameters of the heat carrier and the skeleton has
been extremely inadequate.

The present work is intended to fill a certain gap in the study of such complex distrib-
uted heat-transfer processes in capillary-porous bodies with variable parameters.

The example considered in the analysis of the problem is the hydrothermal treatment of
wood — impregnation under pressure by antiseptic materials. The technology of the process
is relatively simple: The wood (a transmission-line support) is loaded into an autoclave and
a solution of antiseptic is fed in at a pressure of 4-15 atm and temperature up to 120°C,

The main measure of impregnation is the radial depth cf penetration of antiseptic in
the wood: The deeper the penetration, the longer the wood will resist decay. The savings
from a means of high-quality impregnation of wood would amount to millions of rubles on a
national scale, and hence the theoretical basis and automatic control of this process are of
great practical significance.

A mathematical description will now be obtained for the heat-transfer process in the
filtration of a liquid heat carrier (creosote, petroleum o0il) in a capillary-porous cylin-
drical body. TUnder the pressure of the heat carrier in the body, the gas is compressed; the
gas is assumed to be close to ideal in its properties. The viscosity of the heat carrier,
the rate of filtration, the heat~transfer coefficient, and the permeability of the skeleton
depend on the time and space coordinates.

To simplify the analysis, the following additional assumptions are made: The heat loss
to the surrounding space is small; phase transitions and internal heat sources are absent;
and the heat flux due to heat conduction in the skeleton and the heat carrier is small in
comparison with that due to convection by the heat carrier.

As is known, the structureof wood consists of a system of coaxial yearly layers. This
structure gives rise to a clearly expressed anisotropy of the skeleton structure in both
axial and radial directions. Therefore, if the analysis of the process is to be rigorous,

a two-dimensional formulation should be adopted. However, in the autoclave impregnation of
transmission~line supports, the axial component may be neglected, since 2r/L >1 (r and L

are the radius and length of the support). To investigate the radial impregnation under lab-
oratory conditions, cylindrical samples are cut from a trunk of weod in the radial direction
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Fig. 1. Block diagram of "Filter" program,

and treated in accordance with [6]. The present work considers the modeling of the heat-
transfer process in such samples. This allows the theoretical and experimental investigations
to be reliably compared. :

Thus, in view of the assumptions made, the initial equations for the cylindrical sample
of wood will take the form of relations between the main thermodynamic parameters of the pro-
cess: pressure, temperature, density, and rate of motion of the heat carrier and the per-
meability of the skeleton.

1. The equation of motion for the one-dimensional flow of heat carrier (or Darcy's law)

wix, 1) = —k, (P @ 2,
dx

(1)
"‘I=Pa/ﬂ-
2. The energy equation for the heat carrier and the skeleton
ot Ox
where - R
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3. The interpolation equation for the temperature dependence of the antiseptic viscos-
ity ~ _ :
p(O) = poexpl—b(O—0). (3)
4. The equation for the coefficient of heat transfer from the heat-carrier flow to the
capillary walls of the skeleton ‘
a = f, (w, Re, Pr, Nu). (4)

5. The equation of state of the gas held in the capillaries of the skeleton at constant
mass

p="FHV, T). - . (5)
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Fig. 2. Depth of antiseptic penetra-
tion for different initial tempera-
tures of skeleton (Z, mj; t, h): 1)

T = 60°C; 2) 20°.

6. The temperature dependence of the permeability of the skeleton [6]
4
by (T) = X a/T". (6)
=0
It is necessary to add to Egs. (1)-(6) relations between the density and porosity of the
skeleton and its moisture content. Since these relations are adequately investigated and
outlined in the specialist literature [7], there is no need to dwell on them here.

The initial and boundary conditions for Eq. (2) are of the form
8(0, x) = 0,(x); 0(2, 0) =6, (1) T(0, x) = Ty(x).

Equation (6) was obtained by analysis of the experimental data of [6] and reflects the
temperature effect of both the fluid and skeleton properties on the permeability. Since the
true permeability of the skeleton and viscosity of the fluid may be represented in the form

ko= kf“’a’

it is possible to determine k if u, is known. The experimental fluid used was nitrogen. In
the temperature range 20-120°C the viscosity of nitrogen changes insignificantly. If the
mean velocity in this temperature range is taken, the permeability of the skeleton is deter-
mined mainly by kg¢. From a physical point of view, the change in permeability of the wood
skeleton is the result of thermal deformation, partial melting of the resinous material,
blocking the capillaries, and other factors whose mechanism remains to be determined.

It is impossible to solve Eqs. (1)-(6) analytically and so a numerical central-differ-
ence method is used. The grid is rectangular, with time step At and step Ax in the space
coordinate. The process is modeled on an M-222 computer using the "Filter" program written
in Algol 60. A block diagram of the algorithm is given in Fig. 1.

At the first time step at T = 0 all the parameters of the process are calculated at the
initial temperature of the fluid and the skeleton, together with the elements of the matrices
M, N, ¢ of the system of equations

MG 98 1+ D) =N(E 98 )+ 2LE 1)

(7
€=12 ...,m7v= 6,1, ..., n),

which is obtained by discretizing Eq. (2). After solving Eq. (7), the temperature vector at
the (t + 1)~th time step is determined. The penetration depth of the fluid is calculated
from the known rate of motion and the time., At this stage, the mean-integral temperatures of
the heat carrier and the skeleton are determined and used at the next time step in calculat-
ing Egs. (1) and (3)-(6). The calculation is then repeated at the (t + 2)-th time layer and
so on.

945



$0L°0 €810 828°2 98 G 1681 6g'ql 91'0— L'9¥ 6°€01 L'e01 0‘0g
80.°0 ¥e1'o 9¢8°8 299°9 8¢81 £9°7L L1°0— 8°L¥ €501 1°%01 883
G1L°0 9810 AR 618°6 8651 80°€L 10— 9'6¥ 0201 8701 ¥°9%
80.0 emﬁo £09° 6 VA4 6v13 19°¢L gc0 £'8¥ 14901 7901 0%
$69'0 1S1°0 €S9 6L'31 €93 36 LL £v'0 0'zy 820l | S'B01 | 9'I3
669°0 as1ro S10°¥ 19°01 L19g v sl 170 1'% S'86 6°86 (]
069°0 0s1°0 81¢'e 0ge‘ . 680¢ eg'8L £3°0 6°L8 g's6 9'c6 891
189°0 8v1°0 gp0'e 261'S G631 0¢'08 gi'o 0°cg 1°¢6 €' '
990 L¥1'0 €98°6C 0¥s°y oLl GL I8 vi'o €1 €16 g*16 Gl
9290 p1°0 erp's 9006 9G¥8 cLo 18 Se'0 &'l () L'88 9‘6
869 0 eri‘o 171°¢ gec Il 9693 £6'98 i a] £6°0% 9°¢8 ¥ e8 [
669°0 4t ] eIl 1621 G63E 68eL 69°0 9'Sy L'bL €' qL L
669° 6€1°0 QIS 1 9731 SLLG 08°16 6v'0 | gyl 1°69 3’89 ¥'o
3190 €61'0 8L¥°1 get1l 18%6 ¥ 01 070 0g 68y L'eS (8
L6V0 801°0 I 6 [44] 0.9°¢ ov'g 0g . 05 03t 0

| une.w/w . 8op.y| MWU.N ‘

A 2 T, s, [ w on o . o f o D) o (1) Py
0T+ .Noﬂ..f une %d wie d . /] o Qw01 0| 0, (atghL [0e ‘(e Nsu ozhs e 44

§89001J I19Jsueial-3ed9H JO saajouwered °T TTIVL

946



The pressure of the oil (antiseptic) at the sample inlet was represented by different
functions of the time (steplike, harmonic) and the effect of various conditions on the im-
pregnation depth was investigated. The initial skeleton temperature has a large effect on
the depth of antiseptic impregnation; this is particularly evident in the impregnation of
oils in which there is a significant temperature dependence of the viscosity. In the region
of the moving front, the viscosity of o0il rises sharply and, as a result, filtration of the
0il in a cold skeleton is impeded.

The variation in the rate of filtration at different initial values of the skeleton
temperature is shown in Fig. 2. It is evident from the results of modeling that in skele-
tons of higher temperature, with all other conditions the same, the antiseptic penetrates to
a greater depth. The values of the other heat-transfer parameters for one of the curves in
Fig. 2 (To = 20°C) are shown in Table 1. The variation in the external pressure of trans-
former oil was of the form p = 4sinwt + 9. The moisture content of the wood was 25%, It is
evident from Table 1 that the process may run in the reverse direction: Negative values of
the filtration rate appear when the pressure of the "gas cushion" inside the body becomes
greater than the external pressure applied. In practice, this is observed after impregnation
of the wood when the external atmospheric pressure is less than the internal pressure, as a
result of which the antiseptic begins to be expelled from the body — "sweating," as it is
called.

Values of the penetration depth calculated from Eqs. (1)-(6) were compared with the ex-
perimental data of [6]. In a set of 12 creosote-impregnated heartwood samples of pinewood
at 90-120°C and p = 4 atm for 1 h, the mean penetration depth was 0.0059 m. Modeling by
Egqs. (1)-(6) for 72 min with other conditions equal gives a penetration depth of 0.008 m.
The computer time required was about 14 min for a grid withm = 5 and n = 50,

The results of the present work may be used for prediction of the penetration depth,
calculation of optimal conditions, control systems, and also in the analysis of heat-transfer
processes in other capillary-porous bodies.

NOTATION

6, T, temperatures of heat carrier and wood skeleton; 8, T, mean-integral temperatures
of heat carrier and wood skeleton over a section of length .; t, x, time and space coordi-
nates along axis of body; w, filtration rate of heat carrier; cy, ¢, specific heats of heat
carrier and skeleton; py, p, densities of heat carrier and skeleton; o, heat-transfer coef-
ficient per unit volume; u, Ho, Mz, viscosity, initial heat-carrier viscosity, viscosity of
nitrogen; k, radial permeability of skeleton; €, porosity; p, p:, heat-carrier pressure at
inlet to sample and pressure of "gas cushion'"; Vo, V, initial and current volumes of gas; a,
b, constants; 6o, To, B4ip, initial distributions of heat-carrier and skeleton temperature
and variation in heat—carrier temperature at inlet to porous body; kf, coefficient charac~
terizing the permeability of the sample for the given liquid or gas; A, heat-carrier thermal
conductivity; Spoff, effective heat-—transfer surface; R, gas constant; mg, number of moles of
air in porous body; Re, Pr, Nu, Reynolds, Prandtl, and Nusselt numbers.
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