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An analysis is presented for the process and for the solution of a prob-
lem dealing with the distribution of moisture in a body in the diffusion
drying of concrete; consideration is given to the effect of gravitation
under conditions in which there is no hydration, carbonation, andaging
in the material; moreover, the transport coeffients are constants.

In an external force field (such as, for example, a
gravitational field) a disordered motion of the diffusion
type is imposed on the ordered motion of moisture in
disperse media. In the absence of gravitational forces,
the transfer of mass in capillary-porous uniform struc-
tures is isotropic. In the mathematical formulation of
the phenomenon we can therefore use a diffusion equa-
tion with constant coefficients. A bibliography and
some of the solutions for such problems are cited in
[2]. The numerical solutions in the form of nomo-
grams for a number of moist materials and, in parti-
cular, for concrete were presented by the author at
the symposium [3]. Under the considerable influence
of a gravitation field, the transfer of moisture in dis~
perse media becomes more complicated, it may be
anisotropic in nature (see, for example, [14]), and in
drying, the direction in which the moisture moves
may prove to be significant.

In a number of papers, in the mathematical formu-
lation of the motion of moisture in porous media, our
attention was drawn to the particular importance of
the term describing the action of the force of gravity
[5-8]. However, in calculating the transfer of mois-
ture through fine-pore media, and particularly in the
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theory of drying and in the mathematical formulation
of the problem pertaining to the diffusion transfer of
mass, the effect of gravity is usually neglected. It is
therefore stated in the Luikov monograph [9] that the
transport of moisture from a liquid or a vapor incap-
illary-porous colloidal structures is in the nature of
diffusion. In the description of this motion, the diffu-
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Fig. 1. Predicted scheme: a)case
1; b) case 2.

sion equation contains no term for the force of gravity.
Neither is the gravitational component considered in
the writings of Luikov and Mikhailov {10], nor in those
of Dicke, Roll, and Weber [19]. The generally held
view is that the smaller the dimensions of the pores,
the greater the quantity of accumulated moisture inthe
porous medium and the smaller the effect of gravita-
tion. The theory of adsorption confirms the validity of
this standpoint. Krischer {11] noted that the effect of
gravitation could be neglected even in the drying of a
bed of sand exhibiting an average particle dimension
of 0.2 mm. Luikov [20] writes that with an accuracy to
6% the effect of the force of gravity is insignificant
when the pores exhibit a dimension less than 107 %cm.
The effect of the force of gravity is also neglected in
many engineering calculations [19].

It would seem from the above-cited data that we
are justified in neglecting the motion of moisture under
the action of the force of gravity in the drying of con-
crete in which pore dimensions generally range in an
interval of values from 10° to 10 angstroms. The
author was of this opinion until 1964. At the RILEMA
symposium, Professor S. Irmei (of the Haifa Institute
of Technology, Israel) raised a question about the
absence of a gravitation term in the mathematical for-
mulation of the problem on the transfer of mass in the
report submitted by the author [1]. The subsequent
discussion aroused interest in this question and pro-
vided the basis for the current study.

We note that soil scientists are constantly engaged
in the study of gravitational effects.

Preliminary processing of the experiments carried
out at our laboratory demonstrates that the effect of
gravitational forces on the process of drying concrete
can be measured; however, individual variations in the
properties of the various specimens may significantly
influence the gravitational effect.

As the basic relationship describing the transport
of moisture, we employed an equation of diffusion
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which took into consideration the effect of the force of
gravity on the drying process and this force is natu~
rally assumed to be independent of the body dimen-
sions:

= —FkgradC + k,Ci,. 1)

By introducing a new variable
C—(C,

N:
Co—C,

we can present Eq. (1) in the form

J C.,
= —Fkgrad N 4+ kN iy + kgl .
C,—C. g gV 1g ggco_ce

Jy=

The last term in the right-hand member of Eq. (2)
can be neglected when the vapor pressure of the mois-
ture is in equilibrium with the partial pressure of the
vapor in the ambient air and, consequently, the mois-~
ture is not in motion. If at the conclusion of the pro-
cess the "equilibrium moisture" or a part of it is
moved under the action of the force of gravity, the
definition of Cg is not entirely exact. Certain lengthy
experiments have demonstrated that there is no true
equilibrium state in concrete. In the following we will
not consider the last term in (2).

The rate of change N, as is well known, can be
represented in the following manner:

ON ON

a—h = klegradN —kg 5;“; (3)

where k and k. are assumed constant (in the general
case they may even be variable), while the z-axis
coincides with the direction of the gravitational force.
With introduction of the dimensionless variables
z k hky

X=—, a=- , and {=
{ byl

Eq. (3), for an unbounded plate, can be written as
follows:

N _, N N

or ox® dx (4)

The product ot is the Fourier number: Fo = at.

In a slightly different form, Eq. (4) was first de-
rived by T. De Kudre (Ann. der Phys., 1894). In the
yvears following it was repeatedly used to study the
various diffusion processes in the gravitational field
[12-18]. It was assumed in the derivation of Eq. (1)
that the drying of concrete is an isothermal process
and that the transport of bound moisture under the
action of gravity is insignificant; moreover, it was
assumed that there is no hydration, carbonation, and
aging in the drying process, and that the transport
coefficients are constant. In addition, it was assumed
that the concrete is a macroscopic, isotropic, and
homogeneous medium.

For the remainder of this discussion it is advis-
able to impart a somewhat different form of notation
to Eq. (1):

aN"—N —N=0. (5)

INZHENERNO-FIZICHESKII ZHURNAL

We will examine a horizontal infinite plate of unit
thickness, assuming one of its surfaces to be mois~
tureproof, i.e., impermeable to a flow of moisture.
We are thus confronted with two problems:

1. The free surface is turned up (x = 0). If the co-
ordinate x is reckoned in the direction of the gravita-
tional flux (Fig. la), the boundary conditions are
written as follows:

when x =0, N =0 and when x=1,aN' —N = 0. (6)

2. The free surface is turned down (x = 1) (Fig. 1b),
so that the boundary conditions assume the form:

when x=0, aN'—N =0and when x=1 N =0. (7)
The initial conditions in the two problems are the fol-
lowing:

whent=0, N=1. (8)

In the problems under consideration we present the
derived relationships for the moisture-content distri-
bution N(x,t), the time variation in the average mois~

1

ture content N{f) = j N(x, f)dx , and the moisture
0

flow through the free surface J(t) = aN' — N.
The 1-st problem:

Nx, t) =

sath, (tr2e ()
S :].
1 4 40222 —20

V1 +4a%2
x .
X exp (—mnt—[—2—) sin A, x; (9)

L

N =

a
8ah, (— 1) 2exp (_—2)
= I+
El+4a2x2—2a - V1+4‘127~§ X

» 402h,
I 4022

exp (—w,1); (10)

J(t) =

= Buip2 (= 1r2ex (— %)
S NP, SRR R «
pee

d 1+ 40220 V1 +40%2

X exp (—w,8) (x=0). (11)

The "+" in the cited formulas pertains to o > 1/2,
while the "—" pertains to 0 < o = 1/2. Some of the
results from calculations on the basis of formula (9)
are shown in Figs. 2 and 3.

In the solutions for (9)—(11) we see that A is a char-
acteristic root of the equation

tga = 204,

so that the trivial solution A = 0 does not satisfy the
boundary conditions.

I o > 1/2, the first root can be defined by a trial-
and-error method. The series for A, has the form



JOURNAL OF ENGINEERING PHYSICS 103

a4

az Y\\\i \\ 201>
§§ e

N

a6 \ N\

a8

R

Tig. 2. Local dimensionless moisture content N of body versus dimensionless
coordinate x for 1-st case at various values of dimensionless time t (o =1).
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Fig. 3. Local dimensionless moisture content N of body versus
dimensionless eoordinate x for 1-st case at various values of
dimensionless time t (¢ = 5).
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Fig. 4. Local dimensionless moisture content Fig. 5. Local dimensionless moisture content
N of body versus dimensionless coordinate x N of body versus dimensionless coordinate x
for 2-nd case at various values of dimension- for 2-nd case at various values of dimension-
less time t (@ =1). less time t (@ = 5).
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Fig. 6. Mean dimensionless moisture content N of body

versus Fourier number Fo ( case 1; - - - case2);
l)a=1;2)a=5;3) =50
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where

@, = (2n + ) n/2when 0<<a < 1/2

} n=1,2,3, ..
¢ = (2n—1)n/2when ¢ >1/2

The error in the determination of A, is equal to
|AL, | = O (a~*p ")whena » 1.

The constant wy, is related to Ay by the equation

o, = (1 + 40%2)/4a.

(12)
The 2-nd problem:
Nx f) =
e ey
= n "
X eXp (—m,.l‘— »(;x ) Sitl by (1 — x); (13)
N(t) =
N e,
| 407D + 20 V.1 + 4022
X% exp (—w, £ (14)
J{) =
_ 2 8a’A? {1 (=1 Zexp ((1/2)} y
dad 1 -+ 40%)2 - 20 V1 +4a®2
X exp(—w,f) (x=1). (15)

Some of the results from our calculations accordingto
formula (13) are shown in Figs. 4 and 5.

The positive roots of the solutions for {13)—(15) are
the characteristic roots of the equation

tgh = —2ah.

Here A = 0 also fails to satisfy the conditions. We can
determine A, from the approximate equation

1 ! 1
A= — pi—
n=Pnt % ( 4q? + 2403

) ¢,° +

i i 1
- + ) —5y
K ( 2 12a* ¢ 16000 )

where ¢, =(2n — /2, n=1,2,3,... The error in
the determination of A, is of the same order as in the
previous problem, with the constant wy determined
from relationship (12). The calculations on the basis
of the above-cited solutions were carried out on an
Elliot 803A digital computer. Some of the results from
the calculation according to formulas (10) and (14) are
shown in Fig. 6.
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Figure 7 shows the experimental curves for the
drying of moist plates (7.4 cm in diameter and 1.5 cm
in thickness) made from a standard cement solution
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Fig. 7. Mean dimensionless moisture content
N of body versus time h; v = 5-7 m/sec; ¢ =
=40%; T =20° C; (for notation, see Fig. 6).

{the cement-to-water ratio is 0.56; the cement mass
to solid-phase ratio is equal to 1 : 1.2; the maximum
dimension for the standard solid-phase particles
(quartz) is equal to 1.4 mm; the average force of com~
pression on a specimen 4 em® in volume is 4.07 + 10
N/mz). The preliminary experiments on the effect of
the force of gravity were carried out by the author
over a period of eight weeks. A diagram of the exper-
iment is shown in the upper part of the figure. The
plates were kept in a wind tunnel in a horizontal posi-
tion during the course of the experiment to eliminate
natural convection. The experiment was begun pre-
cisely at the instant at which the vapor pressure of the
surface moisture of the specimen was in equilibrium
with the partial vapor pressure of the ambient air.

The curves in Fig. 7 yield the following average
approximate values: k = 21071 m%/gec; kg =7 10710
m/sec; o =2.

In conclusion, we note that these experiments are
only preliminary and the derived results are in need
of further refinement,

NOTATION

C is the moisture content {concentration of free
water and steam in concrete), kg/m3; Cy is the initial
moisture content, kg/m3; C, is the equilibrium mois-
ture content, kg/m3; C is the moisture content aver-
aged with respect to material volume, kg/m3; Fo is
Fourier number; h is the time, sec; ig is the unit vec-
tor in the direction of gravitation; J is the specific
moisture flow, kg/mzsec; Jy is the linear velocity of
molecular moisture flow, m/sec; J(x,t) is the dimen-
sionless moisture flow; k is the moisture conductivity
or diffusivity coefficient, m?/sec; k. is the gravita-
tional "mobility " of moisture, m/sec; ! is the charac-
teristic dimension (here, thickness of plate), m; N is
the local dimensionless moisture content; N is the
mean dimensionless moisture content in the body;

0( ) is the order of the quantity; t is the dimensionless
time; T is the temperature, ° C;xis thedimensionless
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coordinate; v is the velocity, m/sec; z is the coordi-
nate in the gravitation direction, m; ¢ is the dimen~
sionless parameter; A is the error; ¢, is the odd
multiplier; ¢ is the relative air humidity, %; 'denotes
the x derivative; - denotes the t derivative. '
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