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This paper shows that the factors determining the magnitude of the
reverse flow of moisture, which compensates the moisture transfer due
to the temperature gradient, have a decisive influence on the final
form of the moisture-content profile in horizontal, closed, disperse,
nonisothermal systems.

The prediction of the effect of temperature distri-
bution on the distribution of moisture content in a
porous medium by means of the rapidly developing
theory of intercomnected heat and mass transfer [1, 2]
is difficult owing to the inadequate development of
methods of determining the functional relationships
between Df and DT of the vapor and liquid phase, on
one hand, and the factors affecting them, on the other.
In current theories of transfer the hysteresis of the
relationships ®(U) and D @) is ignored.

At the present state of the theory of nonisothermal
moisture transfer in porous materials the collection
and analysis of experimental data characterizing the
most important features of moisture thermotransfer*
in porous media will facilitate the establishment of
relationships between the generally accepted charac-
teristics of porous materials and their behavior in a
temperature field, and will also assist the development
of appropriate classifications.

As far as we know, no such classifications exist at
present, since it is not quite clear what properties
or characteristics of a porous material favor the re-
distribution of the moisture content due to a tempera-
ture gradient, and what factors oppose such a re~
distribution. The main reason for this situation is the
diversity of mechanisms of moisture transfer in unsat-
urated porous media or, to be more precise, the
existence of vapor and liquid isothermal and thermal
transfer of moisture. Effective vapor and liquid trans-
fer of moisture is promoted by various (often opposing)
properties of the porous material and, hence, an in-
adequate knowledge of the phase composition of the

*For brevity this term will henceforth be used to
mean moisture transfer due to a temperature gradient.

moisture flux in nonisothermal moisture transfer pre-
vents the assessment of a porous material as regards
moisture thermotransfer a priori, on the basis of its
properties.

We tried to classify various porous materials as
regards moisture thermotransfer by investigating the
phase composition of the moisture flux by direct meth-
ods and by comparing some characteristics of the
porous material with the redistribution of moisture in
it due to a temperature gradient.

EXPERIMENTAL

The investigated materials, which differed appre-
ciably from one another in the properties which sig-
nificantly affect vapor and liquid transfer of moisture,
and some of their characteristics are listed in Table 1.

In the experiments, which were described in [3, 12],
the same thermal regime with a linear, steady-state
temperature distribution was created simultaneously
in several (up to 12) columns containing the investi-
gated material. From moisture-coordinate plots for
experiments of different duration we were able to
investigate the kinetics of the moisture distribution in
the system, to determine the onsetof a quasi-stationary
moisture distribution, and to calculate g, AUgp,, and
II as functions of Ui, y,a, and other experimental con-
ditions.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

One method of investigating the mechanisms of
moisture thermotransfer is to determine the rate
(flux density) of this process and to compare it with
the flux rates of known transfer mechanisms, such as
the rate of vapor diffusion. The change in moisture
distribution in porous material depends on the inter-~
action of fluxes due to the moisture gradient and the
temperature gradient [1]. In steady-statlc conditions
in a horizontal closed system which initially had a
uniform moisture content these fluxes are in opposi~
tion. Henee, the true rate of moisture thermotransfer

Characteristics of Investigated Porous Materials

Moisture content, % by weight
Sis £ T - S i Cation ex-
Material _u,e Of par- . ' with moisture pecific change ca-
ticles or ag- maximum . surface e
regates, mm | hygroscopi potential 33 m2) pacity.
rregates, scopic
] ek & Jikg & mg-equf100 g
|
Quartz sand 0.25—0.50 0.1 2.0 1.5 0.1
Heavy loam 1 4.8 33.0 9.9 16.2
Chernozem, 1 6.5 37.0 97.5 37.5
heavy loam
Crushed porous clay filler 1 0.3 9.2 2.1 0.7
Crushed fireclay
(PKM) 1 0.2 1.6 2.0 U.5
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Fig. 1. Indices of effectiveness of moisture thermotransfer a) q; b) AUgp; ¢) I

as functions of Uy; 1) Heavy loam,y =1.22 g -cm™?; 2) the same, y=1.05 g-cm

—3.

3

3) ecrushed PKM fireclay; 4) porous clay filler; 5) quartz sand; 6) chernozem,

(specific flux density) can only be determined approxi-
mately in certain specific conditions.

We will discuss one of the methods of determining
the rate of moisture thermotransfer by considering
the case of the kinetics of the moisture distribution
in several columns loaded with quartz sand with Uj
much greater than the maximum hygroscopic mois-
ture content. In the first 10—20 hr after the establish-
ment of a constant temperature distribution (which
takes 1.5—2.5 hr) the moisture gradient in the middle
section of the column is negligibly small, and all the
other factors are practically constant. During this
period the reverse transfer of moisture due to the
moisture gradient can be neglected, andthe rate of
moisture thermotransfer can be regarded as constant
in a first approximation. This rate can be determined
by calculating the flux through the considered section
from the graphs in Fig. 1a. Itis 3.33 g+ em ™%+ sec™!
for Ui = 1% (by weight), dT/dx = 1 deg/cm, Tgy = 22°C,
and a = 0.42. The rate of moisture thermotransfer in
this sand for Ui = 3% and ¢ = 0.39 in the same tempera-
ture conditions is 4.81-g-cm™?- sec™l. The same meth~
od is used to determine the rates of moisture thermo-
transfer in the other investigated materials withvalues
of Uj corresponding to the region situated immediately
on the left of the maxima of the curves shown in Fig.
1a.

We will mention another method which we have used
to estimate the rate of moisture thermotransfer in
porous materials with moderate initial moisture con-
tent. Three columns of material with the same Uj,
appreciably greater than the maximum hygroscopic
moisture content, are subjected to the action of a
temperature gradient for a time which is small in
comparison with that required for the establishment
of the steady-state moisture distribution. We then
determine the changes in U and the moisture transfer
through the middle section of the first column A.
Column B is removed from the apparatus at the same
time as A and, after the temperatures have leveled out
(in 1-2 hr), is subjected for the same time as before
to the action of a temperature gradient of the same
magnitude as before but acting in the opposite direc-
tion. The third column Cis removed from the appara-
tus at the same time as A, is kept in isothermal con-
ditions, and is analyzed for moisture content at the
same time as B

In column A the mean rate of thermotransfer va
is less than the actual rate vT owing to the effect of
the reverse flux which is due to the moisture gradient
and has a mean rate vI. In column B the mean rate
of thermotransfer ¥p is greater for the same reason
than the actual rate VT owing to the superimposed
rate of flow due to the moisture gradient, the rate of
which VI is the same in the first approximation as in A,
In column B during the period spent in the igothermal
state the moisture content levels out at a mean rate
Vi, which is also approximately equal to ;I'

On the basis of this we have

v = (0, + 7)) 2, (1)

op= (o, —7)2 (2)

In such an experiment for loam with Uj = 9.8% in the
temperature conditions given above we obtained the
following values for the densities of the different fluxes:
VA =5.02% 107" g-em 2. sec™!. Vg = 6.34 X 107, v =
=5.68% 107, ¥ =0.66x 107", ¥;=0.70 x 107",

The rate of vapor diffusion due to a temperature
gradient was determined from the transfer of moisture
through layers of the same materials made hydrophobic
by treatment with silicone preparations [3]. In our
experiments with a temperature gradient of 1.0 deg/cm
and a mean temperature of 22° C vy was 0,9-1.4-

+ 107" g+ cm™ - sce”!, which was 110-130% of the
values calculated for the experimental conditions from
the equation for vapor diffusion in porous media {4].

The measured rates of total moisture thermotransfer
exceeded the experimentally determined vapor diffusion
rates by a factor of 3—8.

Like several other investigators, who have sug-
gested thatthe higher rate of moisture thermotransfer
in comparison with vapor diffusion is due to thermo-
transfer of the liquid phase, we attempted to detect
the latter. For this purpose we labeled the liquid phase
with the nonabsorhable radioactive tracer Na,S$850, or
a Co%¥ chelate. However, in the case of moisture ther-
motransfer in positive temperature conditions, the
resultant transfer of the tracer was in a direction op-
posite to the resuliant moisture transfer. In the case
of thermotransfer with freezing we obhserved a trans-
fer of the tracer in the freezing front, and this was
greater, the higher the initial moisture content of the

system. The transfer of the tracer to the "warm" end
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of the column, which was also observed in this case,
confirmed the existence of two fluxes of the liquid
phase in a freezing porous system: towards the freez-
ing front and towards the warm boundary owing to the
circulation of water in the melted region [12].
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Fig. 2. Plot of mean specific mois-

ture flux in chernozem against ini-

tial moisture content (% by volume)

for aggregates of diameter 1 mm
(1) and 0.5 mm (2).

We will deal more fully with the effect of the me~
chanical tomposition, structure, specific surface,
bulk density, and total and free porosity on moisture
thermotransfer in closed systems.

In closed systems composed of moist porous ma-
terials the creation of temperature gradients does not
necessarily give rise to appreciable moisture gradients.
If the system has sufficiently high capillary moisture
conduction the moisture circulation [5], which is clearly
revealed by tracer experiments, ensures the rapid
and total return of the moisture transferred by the
thermal flux to the cold boundary of the system. Such
moisture thermotransfer without the appearance of
appreciable moisture gradients has no significant effect
on the main thermophysical and mechanical properties
of the material, although it may alter some properties
of the system, such as the distribution of soluble sub-
stances in it and the electrical conductivity.

The most interesting from the engincering view-
point are systems and conditions in which moisture
thermotransfer leads to a change in the moisture dis-
tribution. Such moisture thermotransfer can be called
effective.

The effectiveness of moisture thermotransfer, which
is distinguished by a change in the moisture distri-
bution due to the temperature distribution, is usually
assessed from the value of the thermogradient co-
efficient 6 [1], which is numerically equal to the ratio
of the moisture differential to the temperaturc dif-
ferential in the system with a steady-state distri-
bution of U and T. However, as experimental data
show, a linear temperature distribution is gencrally
associated with a nonlinear moisture distribution.
Hence, 6 in practice is an integral characteristic of
the system which does not reveal all the features of
the behavior of different capillary-porous materials
in a temperature field.

In view of this, we introduce additional character-
istics of moisture thermotransfer which in standard
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test conditions can serve as comparative quantitative
indices of the effectiveness of moisture thermotransfer.
Such characteristics are AUj, q, AUch, and II. The
position of the maximum of plots of these indices
against Uj is frequently used as a characteristic index
(Fig. 1,a,b, c).

From an analysis of experimental plots with due
regard to the characteristics of the investigated ma-
terials we can draw some conclusions regarding the
factors responsible for the effectiveness of moisture
thermotransfer in closed disperse systems similar to
those investigated (porous silicate materials).

In spite of the opinion expressed in the literature
[6], neither the effectiveness nor the rate of moisture
thermotransfer depends directly on the cation exchange
capacity or the cation composition. The maximum rates
of effective moisture thermotransfer in closed systems
—of the order of 1078 g * em™ * sec™ for a gradient
of 1.0 deg/cm—have been observed in a porous cer-
amic with a low exchange capacity and in chernozem
with a high content of exchangeable cations.

The specific surface in itself generally does not
determine the effectiveness of moisture thermotransfer
(Fig. 1). An increcase in the specific surface of poly-
disperse systems lacking a macrostructure leads to
a shift of the initial moisture content corresponding
to the maximum effectiveness of moisture thermo-
transfer into the region of larger values of U;. An
explanation of this effeet will be given below.

Figure 1 (curves 1 and 2) shows the effect of y on
the effectiveness of moisture thermotransfer in heavy
loam. A reduction in vy leads to an increase in the
effectiveness of moisture thermotransfer—to an
increasein ¢, AUcbh, and II in the former range of Uj,
and this inerease is greater, the higher Uj. In ad-
dition, there is an cxtension of the range of effective
moisture thermotransfer towards higher Uj.

The effect of structure on the effectiveness of
moisture thermotransfer in chernozem aggregates of
diameter 0.5 and 1.0 cm is clearly revealed by Fig.

2 and by a comparison of the data on moisture thermo-
transfer in porous clay filler and a porous ceramic
(PKM) (curves 3, 4, Fig. 1).

An increase in the diameter of the chernozem
aggregates, which leads to a reduction in the effective
specific surface, increases the effectiveness of mois-
ture thermotransfer (Fig. 2). These two coarsely
disperse ceramic systems, which have similar prop-
erties and in the experiments had similar values of
v and total porosity, differ in the structure of the
individual particles, which are of the same size. In
porous PKM ceramic the granules have holes right
through them, whereas in porous clay filler the gran-
ules have blind pores on the surface. The data of TFig.
1 show that the presence in porous clay filler of nu-
merous blind pores, which can retain moisture, but do
not permit a through flux of liquid, cnsures a higher
cffectiveness of moisture thermotransfer.

Systems which have a macrostructure—porous
clay filler and PKM, despite their small specific
surface, which is closc to that of quartz sand, are
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much superior to the latter as regards effectiveness of
moisture thermotransfer. The predominance of
through pores in PKM, which increase the penetrability
for the liguid flux, leads to a pronounced reduction
of the range of U; where moisture transfer is ef-
fective.

In view of the effect of v and structure on the ef-
fectiveness of moisture transfer it was of interest to
find out if these factors have a decisive effect on the
magnitude of the direct thermal flux of moisture DTVT
or on the reverse flux DIVU due to the VU produced
in the closed system. For this purpose we investigated
the relationship between ¥ and a (or ) for heavy loam
with the same initial moisture content by weight and
in different temperature conditions. The obtained
relationship in the range ¢ = 0.28-0.50 {y = 0.95—

130 ¢g- cm®) was approximated satisfactorily by the
equation v, = 1,57 + 107° a*ge cm™?« secl,

It is known that the moisture conduction of an un-
saturated porous medium for the liquid phase decreases
appreciably with reduction of v [8]. The conductivity
for the liquid thermocapillary flux is proportional to h
and the perimeter of the water films per unit area of
section perpendicular to the flux [7]. The first of these
quantities in different columns of the experiment was
constant, while the second decreased with reduction
of v. Hence, the increase in v with reduction of ¥
cannot be attributed to the increase in the thermo-
capillary flux or thermal diffusion of liquid. Thus,
the increase in the effectiveness of moisture thermo-
transfer with reduction in y cannot be attributed to
increased transfer of the liquid phase. According to
theory [4] and experiments [14] Dy increases lin-
early with a.

Hence, we can conclude that the pronounced in-
crease in the effectiveness of moisture thermotransfer
with reduction of y, particularly at high Uj, is due
only in small part to the increase in vapor thermo-
transfer and is due mainly to the retardation of the
reverse flux of the liquid phase resulting from the
gradient of U in the system. The behavior of the re-
verse moisture flux is also responsible for the above-
mentioned shift of the value of Uj for most effective
moisture thermotransfer towards higher values with
increase in the specific surface of microstructured
polydisperse materials (Fig. 1). The greater the
specific surface of the material the higher the weight
moisture content U, which ensures a value of h such
that the conductivity of the system for the reverse
liquid flux is sufficient to compensate the moisture flux
due to the temperature gradient.

In conclusion we make some deductions regarding
the relationships between particular characteristics
of porous materials and effective moisture thermo-
transfer in them.

Measurements of the rate of moisture thermotransfer
in closed systems and an analysis of the flux rates in
circulating systems withcut a moisture gradient [9-11]
show that the true rate of moisture thermotransfer in
different porous materials varies in a comparatively
narrow range—from about 1 - 10 to1- 10~f g -
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Differences in the structure of porous materials
and in the properties of the solid phase when temper-
ature gradients act mainly affect the effectiveness of
moisture thermotransfer, i.e., the results of inter-
action of the direct (due to the temperature gradient)
and reverse moisture fluxes. Alteration of the bulk
density and structure of a porous material without
altering its specific surface is a good method of
regulating the effectiveness of moisture thermo-
transfer.

The range of U;j in which effective moisture thermo-
transfer occurs is narrowest in structureless mono-
disperse systems. In microstructured and polydisperse
porous materials the width of this range and the mois-
ture content of the most effective moisture transfer
become greater with increase in the specific surface.

The highest value of AU; is attained in macro-
structured systems where AUj is affected most by
the size and structure of the aggregates or granules.
With increase in the number of blind pores or specific
surface of the aggregate the effectiveness of moisture
thermotransfer becomes greater.

A reduction of v of a particular porous material with
a fixed moisture content by weight leads to an increase
in all the indices of effectiveness of moisture thermo-
transfer.

The value of Il is greatest in weakly hygroscopic
monodisperse and structured materials where it
reaches 50% in the region of small Uj. It is in this
region of moisture contents that the change in moisture
content of a porous material most affects its thermo-
physical characteristics.

The effectiveness of thermotransfer increases with
increase in temperature gradient and mean tempera-
ture (in the region of positive temperatures).

These statements apply to horizontal closed systems.
For moisture transfer in vertical disperse systems in
the region of positive temperatures the following cases
should be distinguished:

1. In the range moisture content where vapor dif-
fusion and the combined vapor-liquid mechanism of
moisture thermotransfer [2] predominate, the rel-
ative direction of the thermal flux and the force of
gravity does not significantly affect the effectiveness
of moisture thermotransfer, particularly in macro-
structured systems.

2. In moister systems where the direction of the
thermal flux is opposite that of the force of gravity the
region of effective moisture thermotransfer is similar
to that for horizontal systems.

3. When the directions of the force of gravity and
the thermal flux are the same the region of effective
moisture thermotransfer is extended in the direction
of greater Uj.

As distinct from moisture thermotransfer at posi-
tive temperatures, the effectiveness of moisture
transfer in a freezing material is increased by all
factors which increasethe penetrability of the system
for the liquid phase [13, 14].

—and depends mainly on their moisture
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NOTATION

U is the moisture content of material, % by weight;
AUgp is the difference of moisture content at bound-
arics of nonisothermal system, % by weight; AUj is the
range of initial moisture contents within which moisture
thermotransfer is effective; Uj is the initial moisture
content, % by weight; Dy, DI, are the coefficients of
diffusion of vapor and capillary diffusion of liquid,
respectivelv; T is the temperature; x is the coordinate;
¢ is the mean specific moisture flux,g- ecm™2-sec™1; 1l
is the moisture transferred as a percentage of total
moisture content of system; v is the bulk density,
g-em™ g is the porosity free from water as fraction
of total volume; h is the thickness of water films; &
is the potential of moisture transfer in isothermal ™
conditions. The subscripts T and T denote isothermal
and thermal, respectively.
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