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NONSTEADY FILTRATION OF SATURATED WATER
VAPOR IN DISPERSE MEDIUM

V. L. Ganzha and G, I. Zhuravskii UDC 532,546:547,912

Analytic relations are obtained for the calculation of the temperature and pressure
distribution in a disperse medium, and also the depth of the heated region in the
filtration of saturated water vapor.

Questions associated with the investigation of saturated-water-vapor filtration in dis-
perse media is of particular urgency at present in connection with the prospect of making
effective use of the method of vapor-heat treatment as a means of increasing the petroleum
yield of a bed. The main aim of the investigatiom, of course, is to obtain anmalytical rela-
tions allowing the vapor parameters in the course of filtration and its penetration depth
in the plate to be obtained,

In most works devoted to the solution of this problem (e.g., [1-4]), integrodifferential
heat-balance equations are used. However, in ignoring the hydrodynamics of the process,
this approach can obviously only give satisfactory approximation in thermal calculations
for very small AT, since it is assumed, in the absence of information on the form of the
pressure or temperature distribution, that AT =const,

In [5-8], an attempt was made to use relations obtained on the basis of a system of
differential equations [9]. However, these equations were derived for the drying of capil-
lary-porous bodies, and cannot be applied outside the scope of problems of diffusional-
filtration transfer at small pressure gradients.

The physical picture of the problem is reflected more completely and accurately in [10],
where a system of equations of nonisothermal multicomponent filtration is given., However,
its use involves serious mathematical difficulties, and moreover mathematical inaccuracy
was assumed in deriving the energy equation of the multicomponent flux.

Thus, as far as is known, relations for the calculation of saturated-vapor filtration
in a disperse medium which are both sufficiently well-founded and expedient for use are
not to be found in the literature at present,

A. V. Lykov Institute of Heat and Mass Transfer, Academy of Sciences of the Belorus-
sian SSR, Minsk. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 39, No. 3, pp. 507-
512, September, 1980. Original article submitted September 4, 1979,
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Fig. 1. Comparison of calculated
(curves 1-4) and experimental data
on the pressure distribution over
the layer height at the phase tran-
sition boundary, x=H; H=2.5 (1),
7.5 (2), 12.5 (3), and 17.5 (4) cm.
P+10°%, N/m®; x-10"2 m,

In the deriving analytical relations determining the form of the pressure and tempera-
ture distribution in a disperse medium, and also the depth of the heated zone in the fil-
tration of saturated water vapor, a number of assumptions made in earlier experimental work
[11] will be adopted. 1In particular, it is assumed that the compensation process is limited
not by heat and mass transfer but by the rate at which vapor reaches the condensation region;
that the main flux of phase~transition material is concentrated in a narrow zone at the
boundary between the moist (saturated condensate) and dry regions of the disperse medium;
that the pressure in the liquid condensate film and the vapor phase is the same; and that
vapor filtration behind the condensation front occurs in accordance with Darcy's law.

In considering filtration, the method of steady-state succession is used [12]; in this
method, nonsteady filtration is treated as a set of instantaneous steady processes with
characteristics continuously changing over time, The Clapeyron—Clausius equation is
taken as the relation between the change in pressure at the saturation line and the change
in temperature, First, consider the case of linear filtration of water vapor as an ideal
gas., '

The given problem may be formulated mathematically as follows

a _r PP g (1)
dT TAV RT dx ky
with the boundary condition t
Teoy=Ty P_py=Po (2)
The solution of Eq. (1) may be written in the form
p2 P2 p2 nr .
—InCi—|—mIhP — —+Cl=———F)% (3)
2 ni (2 4 2> k,]v
or
p2 C 1 W
—_— 1—1 —— :Co_'—‘_ X,
2(HP+2) 2T (4)
where C; and C. are constants of integration
wr
C,=Pyex -1 (5
1 0 P(RTv )
P2 pr P2 nr
) oL T (6)
C=—<wm T 1 T

The expression for determining the temperature distribution is then
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TABLE 1. Values of Coefficients

Pressure range P»10-5 N/m?
Coeff.
1-50 | so-1s0 | 150—200

A 6550 l 5640 7360

B 4 4 4

c 8,32.1022 1,97.10%2 3,35-10%

A 641 —238 —3500

B 2 2 2

c 7,7-108 1,46.108 362

Dy —0,32 —0,572 —1,233

D, —1,54-1074 —2,98-10"4 -} —3,97-107¢

Dy 7,73-1077 9,05-1077 3,46-10~7

Dy 12 459 11 518 18 620
C? ( ur )/ wr 1 nr
—exXp | —2 ——r K————Jl———-):;c_ i X.
g P RT \RT 32 2T Ry )

In deriving Eqs. (4) and (7), it is assumed that the vapor obeys the laws governing an
ideal gas; this is sufficiently accurate up to pressures of 1 MPa. At higher pressures, the
discrepancy between the behavior of water vapor and an ideal gas becomes very substantial,
In this case, according to the Clapeyron—Clausius equation, the relation between the satur-
ated-vapor pressure and temperature may be expressed as [13]

P = CT-Bexp <——i) (8)
T
and the equation of state is taken in the form
PV = ¢, m_ RT, (9)
p

where zo, a function of the temperature, may be written, with sufficient accuracy (see
below), in the form

. [ A\ 1
2g=Cexpj— —|—.
) P \ e (10
To simplify the subsequent mathematical manipulations, the structure of this equation is
taken to be similar to that of Eq. (8).

For the values of the coefficients in Eqs. (8) and (10) as shown in Table 1, for a
range of pressures (from 0.1 to 20 MPa), the maximum discrepancy between the results given
by Egs. (8) and (10) and tabular data [14] does not exceed 3%. Taking Egqs. (8) and (10)
into account, Eq. (9) is expressed in the form

o=t _cri-Bexp|(a— 4 -L]. (11)
C'R T
Thus, the system of equations for determining the form of the temperature and pressure
distribution for the filtration of a saturated vapor as a real gas takes the form

P:CT—Bexp(——fg‘-) ,

(12)
ar ]

W 1—B ’ 1
p=——CT"Bexp|(A"— A)— |, = j
C'R [ T dx ket
with the boundary conditions Tx=H=TH, Px=H=Po. After a series of transformations, and
estimating the contribution of individual terms to an accuracy of 0.5%, the solution of the
system in Eq. (12) may be reduced to the expression

exp [__ (2A—A')} 1 (4, 74
T | meda—a) | 7 Tea—a)
424 B 6B 30B - WC’ ‘ (13)
_l_FT*l__z_____z..__—-—___l_—-_._.i_.__ :—MX+CQ,
QA—AY T2 T@EeA—_a) CA_— Ay EuC?

where C» is determined from the boundary condition at x=H, i.e., at T=Tyg.
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Equation (13) describes the temperature distribution at time T behind the condensation
front when the condensation front is a distance H from the vapor inlet to the disperse

medium.

Knowing T = f(x), Eq. (8) may be used to find the pressure distribution.
of the condensation front or the depth of the heated region H can be calculated here from
the heat-balance equation but, in contrast to [1-4], the real value of AT is taken into

account

The position

H

)r = 0,0, fAde. (14)

jV( in~

Since Eq. (13) is the inverse function with respect to T=f(x), Eq. (14) is rewritten
in the form

Ty
=9 = (" o(nyar + H (Tw —To) (15)
p2Cr ;
H

where

T,
( @(T)dT = Ds(T\— Tw} + H(Ty— Tu) +

D,D; Ds\/ | 5 , 20\ [ Ds
50 o2 + ) en - 2

1 3 6 \1_ DiD, D, (1_ 2
X(Tﬁ+DTi D‘::TH)J D2 [e""( Ti) T " DT,

2 [ Dsy/ 1 2 .2 16

+D_‘é)_e"p‘“T \(T”DGT Dé)]}' (1)

Estimating the contribution to the total integral of each of the terms in Eq. (16)
shows that the last two terms in the curly brackets may be neglected. The resulting error

is no more than 0.1%.
After substituting in Eq. (16), Eq. (15) finally yields the expression

1 itn—ic DD, [ r Dg?
- i Dy (Ty— Ta) — eXpL ‘
H= Ty—T, {IVT pycr (T4 x) D% Ty )
/1., 5 2 Ds.( '20}
8 (—'?T DBT]‘ TD?T?-> ( Ty ) TH " Ds T4 N DoTH)
D,D D\ (1 12)__ of_ De 4 )1 17
7 [e"p(” ‘ﬁ)(ﬂ +DT3 tomr) TP T, T4 +DTJ+D°T2 ; a7
The coefficients D;-D, appearing in Eqs. (16) and (17) are as follows
7A 424 —6B(24— A")
D, = —B; D,y = ;
oA A : (24— Ay
2 A
Daz—iq"i‘,—ﬂDA:“‘ﬁC:—:—Ds *
(24— A" nj,C'R iy
2
s = —_k_"”C, C,= D,Cy; Dg= 24— A’; D; = A. (18)
nj,C'R
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Their values, except for the variable component of the expressions for D, and Ds, are given
in Table 1. '

The adequacy of the analytical relations obtained in Eqs. (17), (13), (8), (7), and
(4) was verified against the experimental data of [11]. The results are shown in Fig, 1,
from which it is seen that the agreement between the calculated and experimental data is
good. The maximum discrepancy does not exceed 5%, which indicates the reliability of the
relations obtained.

NOTATION

P, pressure; T, temperature; r, heat of phase transition; p, vapor density; V, vapor
specific volume; R, universal gas constant; n, dynamic viscosity; H, c90rdinate of phase~
transition boundary; x, current coordinate; T, current time; (ijp — ic), specific-enthalpy
difference between saturated vapor and bolling water at vapor inlet to layer; TH, tempera-
ture at phase~transition boundary; To, initial temperature of medium; j., specific mass
flow rate of vapor; ky, permeability of mediumi Po, initial pressure in disperse medium.
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