MOISTURE DIFFUSION IN MOIST MATERIALS

N. E. Gorobtsova UDC 532.72

The first systematic study of the moisture diffusion coefficients of various materials is re-
ported.

The moisture diffusion coefficients must be known to solve certain problems related to temperature
and moisture conditions, the design of technological processes, and the practical use of analytic mass trans-
fer solutions.

The mass transfer mechanism (mass in the form of a vapor or liquid) is governed by the nature
{physicochemical or physicomechanical) and type of binding of the absorbed material with the solid material
and by the thermodynamic conditions for the interaction of the object with the surrounding medium.

Let us consider the experimental data on the dependence of the moisture diffusion coefficients on the
moisture content and temperature of the material. A method was proposed in [5] for determining these
coefficients under isothermal conditions from the integral drying-kinetics curve:

0.8NRR
a, = “——_‘.—-——;L (1)
I (up—u)
The advantage of this method is that a, can be determined for a wide range of moisture contents from the
results of a single experiment. Study has shown that Eq. (1) can be used to determine the moisture diffu-
sion coefficients in capillary-porous, colloidal capillary-porous, and even in certain colloidal materials.

A linear dependence of 1/ a,, on the moisture

Y00 content follows from Eq. (1). Actually, the function
14 : 1/ ap = f(u) is a straight line intersecting the mois-
\ ture-content axis at the point ugy = ugy(gr) and the axis
10 N of ordinates at the point 1/ @y - ugy; we will call this
78 N P moisture content the "initial conditional moisture con-
6 \f L tent” since it is not always equal to uy —the actual ini-
95 Y tial moisture content [5]. The quantity am, may be
g4 ,5‘?"’27.. o 5 called the "conditional moisture diffusion coefficient
23 2;‘,\' ,;.1772 of the absolutely dry material." The term "condi-
% N, tional" is used because the experimental points de-
9z Py viate from the calculated points at low moisture con-
9?,,29\ tents (transfer of the moisture of mono- and poly-
\ molecular adsorption).
Y 2 3 4 6 6w s 2w 0 Yyw0° The numerical value of amyis found from Eq.
Fig. 1. Dependence of the initial conditional (1), which becomes, when u = 0,
moisture content (kg/kg) for various capillary- 0.8NRR, .
porous materials on the density of the mate- L T e (2)
rials (kg/m®). The numbers beside the points o
correspond to the numbers in the first column Moisture transfer in the material is accelerated as
in Table 2. the temperature increases. Experimental studies of
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TABLE 1. Calculated Data for the Determination of ay, of a Porous
Ceramic (Y =1684kg/m?, R = 0.774 1072 m)

| Drying rate
Material dur@ng tl'{e
period with
tempera= |, constant 1 1a ro(2) 2734 20
wre,”C | rate N, kg mo(gr) mo(2) —“,,mo( ’ (‘“‘273 ) Age1078
/xg-h &
30,0 1,53-1072 7,40.10% 7,78.10% 0,951 8,07 59,7
39,1 2,616.1072 4,20.108 4,55.10% 0,923 14,50 60,8
47,8 4,941.1072 2,12.10% 2,40.10% 0,883 25,40 53,8
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Fig. 2. Dependence of ay, (m?/h, filled symbols) and 1
/ey (h/m?, open symbols) on the moisture content (kg/kg)
for a porous ceramic at various temperatures: 1) 30.0°C;
2) 39.1; 3) 47.8.

the moisture diffusion coefficients at various temperatures have shown that these coefficients have rather
strong dependences on the absolute temperature (they are proportional to ™ {2, 4, 5, 9, 13, 14, 21, 23].

Accordingly, under the conditions up = ug and R = const, Eq. (1) can be rewritten
1 T \™*" 7
__:Ao( ) (1__5‘__) (3
(21 273 Ugo

\

_l____30<1___‘_7_). (4)

[ U

or, at constant temperature,

There is considerable interest in a numerical determination of Eoo- The initial conditional moisture
content characteristically decreases with increasing density of the absolutely dry capillary-porous ma-
terial according to a power law (Fig. 1):

Uy =51.0 v °7° (5)

or

. - —0.75
Ugyp = B! Yo .

(6)

After the expression for ug in Eq. (6) is substituted into Egs. (3) and (4), the latter become

1 T \™" 0.75 =
2 =2 1—B 1), 7
a, °( 273 ) ( o) (0
—al = By (1 —B YY" u). (8)
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TABLE 3. Calculated Data for the ay, of Capillary-Porous Materials
at Various Temperatures

. 1o Experimental data
Material Yo | £ °C| u, %[A,-10%% n

of:
1. Sand with particle size 50~120u | 1530 21—40| 9241 1,61 13,0| Myrashko
2. Refractory fireclay brick 1900 |34—47 8—16 3,30|16,6{ MEI
3, Cellular concrete 450 {22—45(10~—40] 3,86 {11,0| Dubnitskii
4. Mixed~binder porous concrete 71220—40110—30| 23,8 |19,0{ Huang Fu~Ch'in
5, Diatomaceous dust 510 |50—65/10—60| 40,4 |20,0| Dubnitskii - .
6. Mixed~binder cellular concrete 885 |24—34| 535/ 51,2 |26,0/Huang Fu~Ch'in
7. Ceramics 1684 [30—48( 4-16| 58,1 [20,0| Zhuravleva

TABLE 4. Calculated Data for the ay, of Colloidal Capillary-Porous
and Colloidal Materials at Constant Temperature

Material Yo ¢, °C W% | o |Bp107® i’{g’sx ‘ Experimental data of:
Beet pulp — - | 40—80 | 0,88 |0,020/50,00 |Parfenopulo
Cotton wool 300--330 {40—60{ 50—90 | 1,02 (0,028(35,7! [Shchekoldin
Peat — 21 50--250 | 4,00 | 0,043 /23,26 |Murashko

Wheat flour, 72% 700 28 | 12—16 | 0,21 {0,134} 7,46 |Bab'ev

Sunflower husk — — | 15—40 | 0,47 |{0,500| 2,00 |Predtechenskii

Complex upland
peat, degree of

decomposition

R=5% 51 — 1800—2000|25,00 | 0,550} 1,82 |Korchunov
Woody lowland

peaf, R = 30% — — |300—500 | 5,30 {0,800} 1,25 |The same
Complex upland

peat, R = 20-25% — — 1400—700 | 8,20 | 1,300/ 0,77 |The same
Hemp — 38 | 64—337 | 5,00 ;1,54 | 0,65 |Khomutskii
Loam 1520 21 | 12--31 |0,33]1,64 | 0,61 {Murashko
Ambary - o— | 38 | 8-—43217,00 1,87 | 0,53 |Khomutskii
Clay 1280 21 | 21—34 | 0,38 (2,65 | 0,38 {Murashko

The use of Egs. (3) and (4) to determine ay, has been checked for various materials; Eqgs. (7) and (8) have
been checked for capillary-porous materials (Tables 1-5).

We will now illustrate the practical use of this procedure. We will use the experimental data re-
ported by Zhuravleva on the isothermal drying of porous concrete [8]; ay, was determined from the equa-
tion given by Ermolenko [7], so in this case we have all the necessary quantities which appear in Egs. (1)
and (2).

The ay = f(\?) curves plotted as 1/amy vs u at various temperatures level off, intersecting the mois-
ture-content axis at the point ugy = 0.19 kg/kg and the axis of ordinates at several points 1/ amy(gr), each
of which corresponds to a definite material temperature (Fig. 2). :

From Egq. (2), we can determine the method of calculating the intersection 1/ Cyp(2) of the 1/ apy = f(a)
lines with the axis of ordinates (Table 1). A comparison of the numerical values of 1/ amy(gr) and 1/ @my(y)
shows that they differ only insignificantly.

For the calculation of the 1/ amy(gr) = {(T) dependence (Fig. 2), the power of the dimensionless tem-
perature is assumed equal to 20, so

20
Ay = (_—T ) —58.1-10°.
mo(gr) 273

Accordingly, in a determination of ay, for a porous ceramic, the following simple dependence may be as~
sumed (within the ranges 0.04 =u = 0.16 and 30 =t = 48):

1 T -20 Zt-
— == 105 — —_—
2, ~9%8.1-10 ( 573 ) (1 0.19 )

Alternatively,if it is assumed that the value Goo = 0.19 kg/kg obtained graphically (Fig. 2) can be found within
an error of 2.1% (Table 2) from Eq. (5), then we have

.  ~20 _
L ss1108 (—%-) (1— 0.0196v3™ .

D
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TABLE 5. Calculated Data for the a, of Colloidal Capillary-Po-
rous and Colloidal Materials at Various Temperatures

. _ Experimental data
Material Yo i, °C u, % | U |A4,:10°5 n
of:
Neva clay 1650 {2132 6—1510,214} 0,61 | 11,8 |Isaev
Osinovskii cla 1820 {16—35| 6—1810,264 1,20 8,4 | The same
Charsov Yar clay 1850 | 35—6510—25{0,320| 1,50 | 6,9 » =
Revda clay 1650 | 23—35{10—2510,279| 1,65 9,01 » w
Beskudnikovo clay — |20—38} 8—20|0,260( 2,63 | 10,0 n «
Polynkovskii clay 1865 | 23—42110—2710,348) 2,90 | 6,4 ) » =
Leningrad clay — |22—35(14—-2810,2801 3,26 | 20,0 { ~ "
Vasyutin clay 1750 | 20—42110—25{0,300; 4,40 | 11,1 | =~ =
Loam 1520|21—40112—32|0,326 | 5,27 | 14,0 { Murashko
Macaroni dough — | 30—65|30—43 | 0,500 |4000,0] 6,0 | Orlova [4]

The experimental data on @y, for capillary-porous materials were treated in a similar manner. The
results calculated from Eqs. (7) and (8) are shown in Tables 3 and 2, respectively.

The capillary-porous colloidal materials used were clays from various regions and other materials;
the colloidal material was macaroni dough.

Tables 4 and 5 show the experimental data calculated from Eqs. (3) and (4) for ay,. It should be noted
that all these materials could be treated by dependences (3), (4), and (7), (8) over a wide range of moisture
contents (Tables 1-5). Only at low moisture contents was there a discrepancy between the experimental
and calculated data.

For practical purposes, the following relation, based on Eqs. (1) and (2), can be used for the dimen-
sionless moisture diffusion coefficient:

amo;l_ U

- = (©)
am Ugp
Substituting aoo from (5), (6) into this last expression, we find the following for capillary-porous materials:

a

mo. -1 —0.0196 3" 1, (10)
am
%o 1 __B Vo (11)
am

The applicability limits of relations (1)-(11) cannot be specified precisely because of the extreme
complexity of the ay, = f(u) dependence. This complexity occurs because moisture bound in different man-
ners with the solid skeleton of the material separates from the different layers of the material, and the

total moisture flux consists of the separate fluxes moving under the influence of various forces.

This procedure for calculating a,, can presumably be extended to the region of physicomechanical
binding of moisture and, partially, as experiment has shown, to physicochemical binding; i.e., this proce-
dure applies tothe moist and partially hygroscopic state of a material. Studies of 50 different materials
confirm that this procedure may be widely used for calculating @,,. There is therefore a good basis for
hoping that Eqs. (1)-(11) will find application in the development of methods for intensifying moisture trans-
fer.

NOTATION
ap, is the moisture diffusion coefficient, m?/h;
amo: Amo(gr): dmo(z) are, respectively, the conditional moisture diffusion coefficient of the abso-

lutely dry material, the same determined graphically, and the same cal-
culated from Eq. (2), m%*/ h;
o _ B is the mean integral moisture content, kg/kg;

0 Wogs Uoo(5) » Yoo(gr) = oo(e) are, respectively, the initial (actual) moisture content, the same (conditional),
the same [calculated from Eq. (5)], and the same [ determined graphically or
calculated from Eq. (6)], kg/kg;
is the integral drying rate in the initial (constant-rate) period, kg/kg -h;

t, T are the material temperatures. °C and °K, respectively.

Yo is the density of the absolutely dry material, kg/m3;"

u
u
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is the power of the dimensionless temperature;
is the constant numerical coefficient, equal to three for an infinite plate, four for an infinite
cylinder, and five for a sphere [12];

Ay, By, B are the numerical coefficients which are constant for a given type of material;

[N

=
© W oo ~1 DU W

11.
12.
13.

14.
15.

16.
17.
18.
19.

20.
21.
22.
23.
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is the characteristic dimension, i.e., the radius of a cylinder or sphere, or half the thickness
of an infinite plate, m;
is the hydraulic radius, m.
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